

  coatings-09-00452




coatings-09-00452







Coatings 2019, 9(7), 452; doi:10.3390/coatings9070452




Review



Robust Super-Hydrophobic Coating Prepared by Electrochemical Surface Engineering for Corrosion Protection



Peng Bi 1,†, Hongliang Li 1,†, Guochen Zhao 2,*, Minrui Ran 3[image: Orcid], Lili Cao 4, Hanjie Guo 1,* and Yanpeng Xue 3,*





1



School of Metallurgical and Ecological Engineering, University of Science and Technology Beijing, Xueyuan Road 30, Beijing 100083, China






2



Shandong Provincial Key Laboratory for High Strength Lightweight Metallic Materials, Advanced Materials Institute, Qilu University of Technology (Shandong Academy of Sciences), Jinan 250000, China






3



National Center for Materials Service Safety, University of Science and Technology Beijing, Xueyuan Road 30, Beijing 100083, China






4



School of Mechanical and Energy Engineering, Zhejiang University of Science and Technology, Liuhe Road 318, Hangzhou 310023, China









*



Correspondence: zhaogch@sdas.org (G.Z.); guohanjie@ustb.edu.cn (H.G.); yanpengxue@ustb.edu.cn (Y.X.)






†



These authors contributed equally to this work.









Received: 22 May 2019 / Accepted: 16 July 2019 / Published: 18 July 2019



Abstract

:

Corrosion—reactions occuring between engineering materials and their environment—can cause material failure and catastrophic accidents, which have a serious impact on economic development and social stability. Recently, super-hydrophobic coatings have received much attention due to their effectiveness in preventing engineering materials from further corrosion. In this paper, basic principles of wetting properties and corrosion protection mechanism of super-hydrophobic coatings are introduced firstly. Secondly, the fabrication methods by electrochemical surface engineering—including electrochemical anodization, micro-arc oxidation, electrochemical etching, and deposition—are presented. Finally, the stabilities and future directions of super-hydrophobic coatings are discussed in order to promote the movement of such coatings into real-world applications. The objective of this review is to bring a brief overview of the recent progress in the fabrication of super-hydrophobic coatings by electrochemical surface methods for corrosion protection of engineering materials.
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1. Introduction


Engineering materials such as steel, aluminum (Al), magnesium (Mg), titanium (Ti), and their alloys are conventional metals employed in industry due to their significant mechanical and physical performance. However, in real service, corrosion may cause partial or complete destruction due to the chemical/electrochemical reactions of engineering materials and their environment [1]. Serious corrosion will not only lead to material failure, but also cause catastrophic accidents which may have serious impacts on economic development and social stability [2]. In developed countries, the national cost of corrosion generally represents approximately 1–5% of the gross national product (GNP) [3].



Raising awareness of the importance of corrosion protection, various methods are applied on corrosion control engineering, such as development of novel corrosion resistant materials, corrosion inhibitors, coating and surface modifications, as well as electrochemical cathodic protection. Among these methods, coating is a simple and effective way for corrosion protection with low cost. In the past several years, various coating techniques have been studied—like chemical vapor deposition (CVD) [4], plasma treatment [5,6,7,8], thermal spray [9], electrochemical methods [10,11,12,13,14,15,16,17,18], sol–gel [19,20], magnetron sputtering [21,22,23], etc. The above-mentioned methods mostly involve post-treatment or high temperatures in the fabrication process, which can damage the coating and/or substrate with relatively low melting points [24]. Therefore, among various techniques, electrochemical methods are the better choice for corrosion protection due to the merits of mild processing conditions, low cost, and applicability for large-scale production.



Super-hydrophobic surfaces, inspired by the lotus leaf [25], play a significant role in the fundamental research of functional materials [26,27]. In general, super-hydrophobic surface has water contact angle (WCA) larger than 150° and water sliding angle (WSA) below 10°, which is regarded as nearly perfect non-wetting [28]. Due to their special wetting properties, super-hydrophobic surfaces have been widely investigated in broad potential applications, such as anti-corrosion [29,30,31,32,33,34], anti-fouling [35,36], anti-icing [37,38], self-cleaning [27,39,40], oil–water separation [41,42], energy conversion [43], and catalysis [44]. Especially, the unique water repellency property of super-hydrophobic surfaces makes them practical to serve as an effective barrier to prevent the engineering materials underneath from further corrosion.



In this review, the whole layout was organized as follows: the basic principle of wetting properties on solid surface and corrosion protection mechanism of super-hydrophobic coatings are firstly described in Section 2. The fabrication of super-hydrophobic coatings by electrochemical surface engineering including electrochemical anodization, micro-arc oxidation, electrochemical etching, and deposition are presented in Section 3. The corresponding advantages and disadvantages of each method are also summarized. In Section 4, stabilities of super-hydrophobic coatings are discussed. Finally, perspectives on further development of artificial coatings are presented in Section 5.




2. Basic Principle of Wetting Properties and Corrosion Protection Mechanism of Super-Hydrophobic Coating


2.1. Basic Principle of Wetting Properties


Wetting property is one of the important parameters of the solid surface. When liquid droplets contact a solid surface, an appropriate and stable angle of contact is formed on the liquid–solid interface, which is defined as contact angle. Thomas Young described the trigonometric relations between the surface tensions and the contact angle in 1805 in his essay [45], as can be expressed as


γs−γsl=γl·cosθ



(1)




where γs, γl, γsl are the tensions of the solid surface, liquid surface, solid–liquid interface, respectively, and θ is the contact angle, shown by Figure 1a.



However, wetting properties of realistic surfaces are more complex since such surfaces are generally rough and chemically heterogeneous. Wenzel explained the wetting phenomenon as a thermodynamic process from the view point of specific surface energy [46]. The net energy decrease determined wetting speed; net energy decrease was greater for the rougher surface, which suggested surface wettability should be strengthen. Figure 1b shows Wenzel wetting state. A surface ratio named “roughness factor” (r) was introduced as the actual surface area divided by geometric surface area in his work. Then actual contact angle θA could be calculated by


cosθA=r cosθ



(2)




From the definition of roughness factor, r is always no less than 1. Therefore, as 0°< θ < 90°, then θA ≤ θ, similarly as 90° < θ < 180°, then θA ≥ θ. Using another word, wettability—including hydrophilicity and hydrophobicity—can be enhanced by surface roughness increasement. When actual WCA is greater than 150°, the surface shows super-hydrophobicity.



Although Wenzel provided a strategy in fabricating superwetting surface, i.e., increasing roughness, the solid–liquid contact area was also increased resulting in a “sticky” surface in the Wenzel state [47]. Moreover, Equation (2) breaks down at relatively large r (|rcosθ|>1), since in such case air is trapped within the surface rough structures. Therefore, Cassie and Baxter developed another model to describe wetting on porous surface [48], extended Wenzel’s statement, namely Cassie–Baxter wetting state as shown by Figure 1c. The liquid droplet was suspended on such surface due to the contact with the solid surface and gas phase [49]. Then apparent contact angle should be described as


cosθA=fsl cosθy+fl cosθg



(3)




where, fsl and fl are contacting area fractions of solid–liquid interface and liquid–gas interface in wetting part. The absolute values of both fsl and fl are less than 1, and the sum of fsl and fl is equal to 1. θy is Young’s contact angle and θg is liquid–gas contact angle (always 180°). Thus, Equation (3) can be substituted as


cosθA=fslcosθy+1−1



(4)







Cassie–Baxter equation tells us that introducing air pockets or reducing the solid–liquid contact fraction by increasing the surface roughness can forcibly enlarge the apparent contact angle, even if the solid material is naturally hydrophilic.



Super-hydrophobicity, introduced in 1976 by Reick [50], is a special wetting phenomenon which has extreme water-repellency. Normally, the super-hydrophobic surface has a WCA of at least 150°. However, contact angle can hardly exceed 120° on a smooth surface [51], even on extremely low surface energy materials, e.g., silicone resin of 22 mN/m, fluorine resin of 10 mN/m [52]. Barthlott and Neinhuis investigated the micro morphologies, surface chemicals of more than 200 water-repellent plant species and their self-cleaning abilities [25,53]. Demonstrated by the leaf of the Nelumbo nucifera, the waxy surface texture was indispensable in giving rise to water-repellency and self-cleaning of the plant. Water was suspended on the top of leaf rough structure and rolled off easily (evaluated by sliding angle) as well as remove any contaminants from the surface [28]. They named this mechanism the “lotus-effect”, but the fundamental mechanism was not mentioned [25]. The super-hydrophobic mechanism was clearly explained in 2002, the ‘lotus-effect’ with high contact angle and low sliding angle, resulted from micro- and nanoscale hierarchical structures: nanostructures contributed to high contact angle and nano- and microstructures effectively reduced WSA [54].




2.2. Corrosion Protection Mechanism of Super-Hydrophobic Surface


Given their water repellency for corrosion protection, super-hydrophobic surfaces have been widely applied on many metals and alloys—e.g., aluminum, magnesium, steel, titanium, zinc, copper, and so on [49,55,56,57,58,59,60]. The corrosion resistance mechanism of super-hydrophobic surfaces can be summarized as follows: when super-hydrophobic surface immerses into a corrosive medium, an air layer is formed within the valleys among the rough structures between the super-hydrophobic surface and liquid phase, which minimized the contact area as a barrier remarkably hinders the corrosion of metal and alloy surface [61]. As illustrated by Figure 2, the air layer retained on super-hydrophobic surface prevents the chloride ions in seawater from attacking metal surface, therefore providing effect corrosion protection [62]. This mechanism has been widely demonstrated by electrochemical impedance spectroscopy (EIS). Super-hydrophobic surfaces always have high impedance modulus value in the Nyquist plots, representing high polarization resistance. The trapped air hindered the electron transfer between the metal and solution resulted in an effective corrosion protection for engineering materials.





3. Electrochemical Surface Engineering


As it known to all that special micro-nanostructures and modification with low surface energy materials are pointed out to be the critical factors to fabricate the biomimetic super-hydrophobic coating. Among the applicable techniques, electrochemical methods offer outstanding advantages such as mild processing conditions, low-cost, time-efficiency, as well as large-scale production. Herein, several electrochemical methods—including electrochemical anodization, micro-arc oxidation, electrochemical etching, and electrochemical deposition—are introduced.



3.1. Electrochemical Anodization


Electrochemical anodization is a simple and effective approach that can be used to develop hierarchical micro/nanoscale oxide layer at the top surface of valve metals and these alloys [63]. The metal oxide layer is generated from the reaction between metal ions and the electrolytes under a high voltage provided by an external power source [64]. Their characteristics of micro/nanoscale oxide layer are strongly dependent on electrochemical parameters such as the electrolyte compositions (phosphoric acid, sulfuric acid, or oxalic acid) and temperature, applied voltage, anodization time, and distance between the working electrode and the counter electrode [65]. After producing hierarchical micro/nanoscale structures, modification with low surface energy materials is necessary to endow its super-hydrophobicity. Electrochemical anodization possesses many advantages for developing super-hydrophobic surfaces on valve metals because the production processes are easy to perform, highly efficient, relatively economical, and suitable for large-scale manufacturing.



Recently, numerous chemically-stable and mechanically-robust super-hydrophobic surfaces have been produced via the electrochemical anodization technique and subsequent modification process. Aluminum and titanium are the typical substrates for fabricating super-hydrophobic surfaces by this method. For example, Kondo et al. constructed super-hydrophobic surfaces on different kinds of aluminum alloys by electrochemical anodization in concentrated pyrophosphoric acid solution and subsequent chemical modification [66]. Electrochemical anodization of aluminum alloy could cause the growth of massive anodic aluminum nanofibers which were developed with the reaction time (Figure 3a). Figure 3b illustrates the surface morphology of pure aluminum anodized for different times. A labyrinthine structure with oxide walls was observed at the initial stage of anodization. When the anodizing time reached to 4 min and 10 min, honeycomb oxide structures and rod-shaped oxides were observed on the surface, respectively. Larger bundle structures were appealed on the surface after anodizing for 30 min. As the reaction time increased, the structures of the other two kinds of Al alloys gradually changed, similar to the transform of structures of pure aluminum. All Al alloys obtained the super-hydrophobicity after modified by low surface energy chemical reagents.



Zhang et al. fabricated a new anti-corrosion hierarchical alumina structure based on self-congregated nanowires through high-speed hard anodization technique on the high purity aluminum foils [29]. Figure 4a showed the fabricating process, the pure aluminum plates were pretreated first to obtain electropolished aluminum surface (EP surface) and then the anodization process was carried out in phosphoric acid solution under a constant voltage (120 V) to get super-hydrophilic (SHPL) surface. After that, the as-anodized sample was modified under the immersion of a 1% ethanol solution for 10 min and then dried at 120 °C. The as-prepared super-hydrophobic (SHPB) sample showed Dianthus caryophyllus-like structure (Figure 4b) and displayed WCA of 168°, showing excellent water repellency. The EIS results showed that the impedance modulus of SHPB surface was greater than 108 Ω·cm2, which was much higher than that of EP and SHPL surface (Figure 4c). The corrosion inhibition efficiency was reached up to 99.99%, exhibiting the outstanding corrosion resistance of the SHPB surface. Besides, the as-received SHPB surface presented outstanding thermal stability to hot water droplets, which could retain contact angle higher than 150° under water droplets of 90 °C (Figure 4d).



Besides favorable corrosion resistance, abrasion performance is another important aspect needed to be considered in coating production. Peng and co-workers fabricated a robust super-hydrophobic aluminum surface possessing outstanding chemical stability and mechanical durability as well as resistance to many kinds of hot liquids. The coating was produced at 0.3 M oxalic acid electrolyte with a current density of 0.16 A/cm2 within 10 min under room temperature, then modified with PDES (1H, 1H, 2H, 2H-perfluorodecyltriethoxysilane) [67]. After abrasion for 50 cycles, the nano-scaled structures of the PDES-modified surface were still retained and the WCA still remained above 150° both after ultra-sonication and abrasion test (Figure 5a–c). Moreover, the as-fabricated surface exhibited the improved corrosion resistance due to the promising water repellency. As shown by potentiodynamic polarization curves in Figure 5d, the corrosion current density (Icorr) of the PDES-modified surfaces, 1.31 × 10−11 A/cm2, is two times of magnitude lower than that of the bare surfaces (9.70 × 10−8 A/cm2).



As is known, anodizing voltage has a great impact on the surface morphology of the coating. The effects of different anodizing voltages on the final contact angle have been investigated on a super-hydrophobic aluminum surface with prominent anticorrosive property via one-step anodization and chemically modification with stearic acid [68]. The WCA increased with the increase of the anodizing voltage until reached a peak at 25 V, and then declined. Excessive increase in voltage also leads to side effect on the size and order of the pores on the surface, which can decrease the uniform surface roughness. Combined with the suitable surface roughness of anodized aluminum and the following chemical modification, super-hydrophobic surface with contact angle of 152° ± 0.3° was received. At the optimized conditions, the result of electrochemical tests performed by 3.5 wt % NaCl solution showed that the Icorr of bare Al substrate and super-hydrophobic Al surface were 1.9 μA/cm2 and 0.0562 μA/cm2, respectively. The inhibition efficiency of super-hydrophobic Al surface was 97%, indicating the excellent corrosion resistance of super-hydrophobic surface.



Similar studies were conducted on anodized TiO2 coatings [69]. Differ from the super-hydrophobic aluminum surface, the super-hydrophilicity of the Ti surfaces can be continuously enhanced with the increment of the anodization voltage from 20 V to 80 V without decline. Besides the anodizing voltage, parameters like electrolyte temperature also influence the final super-hydrophobicity. The increase in electrolyte temperature could improve the surface super-hydrophilicity in the low range of anodization voltages (<40 V). However, when the voltages rose up to 60 V, it showed the opposite trend. Suitable anodization voltage and electrolyte temperature can balance the growth and dissolution of the roughness surface structure, thereby producing the favorite superhydrophobic Ti surface. The WCA and WSA on the best super-hydrophobic TiO2 surface were recorded as 160° and 2°, respectively. Moreover, the as-prepared super-hydrophobic Ti surfaces exhibited outstanding corrosion resistance in acidic, neutral, and alkaline aqueous solutions. The electrochemical reaction mechanism in super-hydrophobic Ti surface fabrication has been reported by Gao et al. [12]. They fabricated a super-hydrophobic Ti surface with a WCA of 158.5° ± 1.9° using anodization technique and subsequent modification with the fluoroalkylsilane (FAS). Anodization process was performed in a 1.5 mol/L NaOH and 0.15 mol/L H2O2 mixed solution at a DC voltage of 10 V within 30 min. During this process, the main electrochemical reaction was the anodic oxidation of Ti into TiO2 and transformation of TiO2 into Na2TiO3, as the equations


Ti + 4OH− → TiO2 + 2H2O + 4e−



(5)






TiO2 + 2NaOH → Na2TiO3 + H2O



(6)







The anodic oxidation reactions occurred immediately after the immersion of Ti alloy, and the chemical dissolution occurred due to the instability of TiO2 in alkaline or acidic environment. The measurements by immersion and abrasion suggested that the as-received super-hydrophobic surfaces possessed good stability under various harsh conditions.



Combining electrochemical anodization with nano-silver deposition and post modification, Zhu et al. produced an anticorrosion super-hydrophobic film on Ti substrate [70]. With an appropriate immersion time of 7 h, micro-nano roughness structures was obtained. The WCA was reported to be 154°. Also, the corrosion resistance of super-hydrophobic surface was studied. As shown in Figure 6a, the specimen covered by the super-hydrophobic surface present much larger impedance semicircles whose diameter is around a few thousand of kΩ·cm2. However, the pure Ti sample showed a small semicircle. At the frequency of 0.01 Hz, the super-hydrophobic sample displayed a high impedance modulus |Z| value of 1.319 ×103 kΩ·cm2, which was nearly six times as large as that of the untreated Ti substrate (Figure 6b). Additionally, the super-hydrophobic sample presented more positive corrosion potential (Ecorr) and lower Icorr compared with that of the untreated Ti (Figure 6c). The Nyquist plots and Bode plots, as well as polarization curves, demonstrated that the presence of the super-hydrophobic surface can effectively reduce the anodic dissolution of the Ti substrate and inhibit the development of corrosion.




3.2. Micro-Arc Oxidation Coating


Micro-arc oxidation (MAO), also named as plasma electrolytic oxidation (PEO), is an electrochemical process to develop oxide coatings on metals. MAO employs high voltage plasma to modify the multi-layered ceramic structure which shows high hardness, high anti-corrosion behavior and strong adhesion to the metal surface [71,72,73]. The present of micro-pores on the coatings can provide the structure to fabricate super-hydrophobic surface. However, it can also increase the tendency to absorb the corrosive medium and penetrate into the substrate, which restrict its anti-corrosion applications [74]. Thus, in order to reduce or seal the micro-pores, many researchers combined MAO with other techniques.



Cui et al. fabricated a MAO/zinc stearate (ZnSA) composite coating with micro plate-like structure by MAO processing and electrochemical deposition method [75]. The hydrophilic coating was produced first by MAO in phosphate-containing electrolyte, then followed by the roughness control process and low surface energy material deposition to obtain the super-hydrophobic coating. After a short heating process, the MAO/ZnSA composite coating was received. As shown by Figure 7a,b, MAO coating with micro-pores provide mechanical connection for the super-hydrophobic coating and the MAO coating was sealed by the super-hydrophobic coating. The as-received white MAO coating shows a typical porous morphology with micro-pores and micro-cracks, while the surface of MAO/ZnSA coating exhibits whiter and rougher than the MAO sample (Figure 7b). The obtained super-hydrophobic coating showed a significant increase in contact angle of above 153° compare to the MAO of 37.5°. Based on the immersion tests, the MAO/ZnSA coated sample appealed no obvious corrosion pits after immersed in 3.5 wt % NaCl solution for 85 h, demonstrating excellent performance of corrosion resistance. Moreover, the relationship between the immersion time in NaCl and corresponding contact angles of the coating revealed that the contact angles change from 153.5° to 128.0° after immersion for 85 h, thus the long-term stability of the MAO coating need to be enhanced further.



In another study, a super-hydrophobic surface on MAO coating on Mg-1Li-1Ca magnesium alloy with good performance of long-term stability was obtained by surface modification with stearic acid (SA) [76]. The porous structure of MAO coating was hydrophilic and the contact angle was below 35°. After SA modification, it was covered with thick petal-like clusters and exhibited super-hydrophobicity with contact angle over 155°, which was attributed to the high surface roughness of MAO coating as well as low surface energy of SA coating. As can be seen in Figure 8a, the sectional view of the MAO/SA coating showed a relatively dense and uniform structure with no obvious interface between the super-hydrophobic layer and the MAO coating, indicating that SA penetrating into the MAO layers and seals the micro-pores/cracks completely. Figure 8b presented the polarization curves of samples under different treatments, the Icorr of the substrate, MAO coating and MAO/SA coatings were in descending order and the Icorr of the MAO/SA coatings decreased with the extension of heating time. The Icorr of MAO/SA-7h coating was about 3 orders of magnitude lower compared with the bare substrate, suggesting a lower corrosion rate after surface modification. Also, the EIS results showed a significant increase in impedance modulus for MAO/SA coatings, revealing a higher corrosion resistance. Moreover, after 7 days’ immersion in 3.5 wt % NaCl solution, the surface structures of the MAO/SA 7 h coating were still similar to the non-immersion specimen and the contact angle remained higher than 145°. As such, the fabricated MAO/SA coating demonstrated satisfactory stability and can perform well in long-term protection.



Similarly, Cui et al. [74] reported a simple process for synthesizing hydrophobic surface on AZ31 Mg alloy by MAO and surface modification of stearic acid. Combining with the rough micro-pore structures of MAO coating and the low surface energy of stearic acid monolayer, the super-hydrophobic surface with a maximum WCA over 151° was obtained after 10 h of modification (Figure 9a). The MAO-coated Mg alloy showed more positive Ecorr and much lower Icorr than the uncoated substrate (Figure 9b), revealing a decreased corrosion susceptibility and a reduced corrosion rate.



The corrosion resistances of uncoated and coated alloys were investigated by EIS. As shown in Figure 9c, the MAO coating modified for 5 h (H-MAO) exhibited the largest diameter of the capacitive loop and no low-frequency inductive loop compared with the uncoated and unmodified coatings, which means a better corrosion resistance.



MAO method is also widely applied on Ti alloys. Jiang et al. [77] produced super-hydrophobic TiO2 coatings on biomedical Ti-6Al-4V alloys by utilizing the MAO technique and super-hydrophobic treatment in 1H, 1H, 2H, 2H-perfluorooctyl-trichlorosilane (PFOTS) solution. The surface roughness Ra of the polished Ti-6Al-4V alloys was only 0.253 μm, while it increased remarkably to 0.535 μm after MAO treatment and further modification. Benefit from the increased surface roughness, the WCA of Ti-6Al-4V sample dropped slightly after MAO treatment and increased drastically after modification (Figure 10a), showing a high WCA over 153°. The potentiodynamic polarization curves shown by Figure 10b reveals that the Ecorr of super-hydrophobic sample was about 0.2 V nobler than the uncoated Ti-6Al-4V sample, while the Icorr was reduced by one order of magnitude compared with that of uncoated sample, exhibiting an enhanced corrosion resistance. The super-hydrophobic TiO2 coatings also exhibited better hemocompatibility and biocompatibility due to the reduced hemolysis ratio and platelets adhesion. As shown in Figure 10c, it is obvious that the surface of the uncoated alloy was adhered by a plenty of platelets while the platelets adhered on the surface of MAO sample reduced significantly and almost no platelet can be observed on the MAO + TFOS sample, indicating an enhanced hemocompatibility after MAO treatment and further super-hydrophobic treatment.




3.3. Electrochemical Etching


Etching is also a common technique to realize super-hydrophobic surfaces on various metals, such as titanium, stainless steel, aluminum and their alloys, etc. By electrochemical/chemical etching, hierarchical mirco-nano structures can be obtained. However, direct chemical etching is time consuming. Here, we mainly focus on electrochemical etching method.



For the preparation of super-hydrophobic titanium surfaces, Lu et al. reported the formation of surface microstructures via electrochemical etching in neutral sodium chloride electrolyte and subsequent modification by FAS to gain low surface energy [10]. The as-prepared Ti surfaces showed the super-hydrophobic properties with contact angles over 163°, and exhibited high stability and abrasion resistance. The same group also reported that the Ti surfaces can acquire both super-oleophobicity and super-hydrophobicity at the same time by adjusting the electrochemical etching parameters in NaBr solution [78]. Figure 11a–d showed that the droplets of the super-oleophobic and the super-hydrophobic Ti surface are both in spherical shape with contact angles greater than 150° in water and glycerol, while the liquids were spread out on unprocessed surface. This economical and environmentally-friendly electrochemical etching method is identified as a promising method suitable for industrial production of super-oleophobic and super-hydrophobic Ti surfaces for future applications in many fields.



Stainless steel (SS) is a basic alloy widely applied in industrial, living and medical fields due to its low price and reliable mechanical properties. With the growing need for high-performance SS, fabrication of super-hydrophobic coatings on SS with corrosion resistance properties arouse many researchers’ concern. Recently, Song et al. developed a simple and low cost approach to prepare super-hydrophobic surfaces on mold steel GCr15 substrate by electrochemical etching and FAS modification with WCAs over 167° [79]. The bare substrates after electrochemical etching were covered with passive films composed of two-dimensional micro/nano rough structures, which is beneficial to fabricate super-hydrophobic surfaces. Jang et al. prepared a nanostructured stainless steel 316L (NT SS316L) surface by electrochemical etching for biomedical applications [80]. The NT SS316L surface showed nanopores with pore diameters between 20–25 nm which inhibited bacterial adhesion (Figure 12a,b). This electrochemical surface modification method can form outstanding passive layer on the surface of SS316L, which can improve corrosion resistance. The potentiodynamic polarization tests showed the as-received SS316Lsamples (AR-SS316L) exhibited localized corrosion with break down potential of 0.53 V (Figure 12c), while the local breakdowns of NT-SS316L samples were not observed. Additionally, the Ecorr of NT SS316L is about 0.3 V nobler than the as-received SS316L sample, suggesting a less corrosive structure after surface modification.



Other researchers also applied electrochemical etching method on aluminum surface. Yang et al. reported a two-step electrochemical-etching method combining electrochemical-etching and masking technology to fabricate super-hydrophilic dimple patterns on etched super-hydrophobic Al substrates [81]. The super-hydrophobic layer exhibited high Ecorr due to the adhesion of the bubbles on the surface and the flat super-hydrophilic dimples can be controlled by switching different etching voltages. The findings will contribute to the design of new fog harvest devices. Chen et al. fabricated super-hydrophobic surfaces on aluminum film by electrochemical etching and myristic acid modification with WCA greater than 165° [82]. The results of potential polarization tests revealed that the anti-corrosion property of the super-hydrophobic surfaces were improved remarkably. Based on the data extracted from the polarization curves, after the super-hydrophobic treatment, the Ecorr positively shifted from −0.87 V to −0.28 V and the Icorr dropped significantly for three times of magnitude, demonstrating that the Al coating had lower corrosion susceptibility and less corrosion rate in the natural environment.




3.4. Electrochemical Deposition


Currently, electrodeposition technique has aroused many concerns in fabricating super-hydrophobic surfaces due to its advantages compared with conventional coatings, such as simplicity, controllability, affordability, and ease of large-area modification. Moreover, the inherent connection of coating and base material is promising to enhance the mechanical robustness and corrosion properties, which is essential in practical applications.



For magnesium alloy, She et al. reported a robust and stable super-hydrophobic surface on AZ91D magnesium alloy by electrodeposition of nickel and chemical modification process [83]. The obtained surface showed pinecone-like hierarchical structure with WCA over 163° and can maintain the WCA above 150° after mechanical abrasion for 0.7 m under applied pressure of 1.2 kPa with 800 grit SiC sandpapers. It can still show super-hydrophobicity after long term expose in atmosphere for 240 days. The super-hydrophobic surfaces possess superior corrosion resistance in neutral 3.5 wt % NaCl solution, with only 0.003% of the corrosion rate of bare alloy in the potentiodynamic polarization test.



However, the above-mentioned two-step method requires the fabrication of a transition-metal layer and modification with the low-surface-energy material, which is complicated and time consuming. To solve this problem, Liu et al. developed a rapid one-step electrodeposition method to fabricate anticorrosion super-hydrophobic surface on Mg−Mn−Ce alloy by electrodepositing [11]. They studied the effect of deposition voltage and deposition time on the morphology and wettability of the coatings, finding that hierarchical structures were constructed at 30 V. The electrodeposition time can be as short as 1 min to obtain a super-hydrophobic surface and the papillae continued to agglomerate to form homogeneous hierarchical papillae structures until the electrodeposition time reached 20 min, all the contact angles were larger than 155° (Figure 13a). The super-hydrophobic surface exhibited strong corrosion resistance after immersion in corrosive aqueous solutions. The potentiodynamic polarization test results of the Mg alloy surfaces with and without treatment showed that all the Ecorr shift nobly and Icorr decreased drastically after electrodeposition process (Figure 13b). Moreover, the Nyquist plots in Figure 13c confirmed that the super-hydrophobic surface showed much higher impedance values comparing with the bare alloy. To evaluate the mechanical stability, an abrasion test shown in Figure 13d was analyzed. The results revealed that the as-received surface can hold a contact angle over 150° after abrasion length of 0.4 m, suggesting a good mechanical durability.



For controllable fabrication of super-hydrophobic surface on copper substrate, Su et al. [60] reported a novel and low-cost method by electrodeposition in traditional Watts bath and modification process (Figure 14a). The surface roughness increased from 0.08 μm for the Cu substrate to 1.86 μm for the deposited Ni surface, followed by a slightly decrease to 1.18 μm after surface modification process. The increased roughness of deposited layer contributed to the formation of superhydrophobic surface, which showed pine-cone-like hierarchical micro-nanostructure with a WCA of 162° ± 1°, possessed high microhardness and outstanding wear resistance after mechanical abrasion against 800 grit SiC sandpaper for 1.0 m at 2.4 kPa. When the applied pressure increased to 6.0 kPa, the pine-cone-like structure was partially damaged and the contact angle of the surface decreased (Figure 14b–e). Moreover, the super-hydrophobic surface exhibited good chemical stability both in acidic and alkaline environments. It is shown in Figure 14c that the Cu substrate showed higher Ecorr and lower current density after Ni electrodeposition. The EIS test revealed that the impedance value of the super-hydrophobic surface is 75 times higher than that of the bare Cu substrate (Figure 14d), confirming the excellent corrosion protection properties of the super-hydrophobic surface.



Similarly, a robust copper-based super-hydrophobic surface with cauliflower shaped fractal morphology was prepared by Jain et al. via an electrodeposition route [84]. The inherently generated super-hydrophobic surface showed extreme water repellency with CA above 160° (Figure 15a). The as-received coating exhibited slight reduction in Ecorr and one order of magnitude lower Icorr in comparison to a bare copper substrate, indicating a significant increase of anticorrosion properties (Figure 15b). Moreover, the super-hydrophobic surface maintained integrity after the mechanical abrasion tests, showing favorable wear resistance (Figure 15c,d).





4. Stability of Super-Hydrophobic Coating


So far, the fabricating strategies of super-hydrophobic surfaces have been developed a lot as discussed above. However, the instability of super-hydrophobicity seriously hinders its practical applications. Generally, super-hydrophobicity highly depends on both surface energy and micro-nano hierarchical structures. Such structures of surfaces are mechanically weak and stop functioning when facial chemicals are changed in various engineering conditions [85]. The surface energy could be easily increased with chemical attacks in aqueous acid, alkaline, salt solutions, or organic solvent. Meanwhile, the porous structures always get defects when mechanical damage applied on the surface. Additionally, normal ultraviolet (UV) irradiation and temperature variation may cause degradation of hydrophobic chemicals on surface. In this view, one of the future trends in developing super-hydrophobic surfaces with long-lasting corrosion resistance is to improve their stabilities [51]. Most recently published works have focused on improving the mechanical stability, chemical stability, and long-term durability of super-hydrophobicity. In this section, we discuss several types of stability as reference for the future fabrication of robust super-hydrophobic coatings.



4.1. Mechanical Stability


Improving mechanical stability is a key issue in fabricating robust super-hydrophobic surface. In other words, enhancing structural stability contributes to resist the external force to maintain original facial structures. The recently reported manners have been used to character such stability includes: linear abrasion [86], tape-peeling [55], knife scratching [87], finger pressing [88], bending [89], etc. Although so many approaches have been published for testing, there is still lack of standardization to make comparison of different surfaces. A general strategy to evaluate mechanical stability was suggested by Tian et al. (Figure 16). They reported that the linear abrasion test appears to best fulfill this requirement [90], which also is the most common applied manner to test robustness of super-hydrophobic surface in recent years [49,55,85,86,87,91,92,93].



For instance, Lu et al. created an ethanol-based suspension containing perfluorooctyltriethoxysilane coated dual-scale TiO2 nanoparticles, which could be coated onto steel surface to create super-hydrophobicity by facile spray, dipping, or painting [85]. The paint directly coated on substrate could be easily removed by finger-wipe, whereas the double-sided tape-bonded paint (double-sided tape treated substrate and paint) could still retain its super-hydrophobicity after finger-wipe, knife-scratch, etc. Above all, the super-hydrophobicity of robust paint was not lost in the 0.4 m linear abrasion length (similar as Figure 16), which had potential in large-scale industrial applications. The linear abrasion test also applied on the surface of Ni-WC-WS2 composite coating [94]. Such super-hydrophobic coating was fabricated by electrodeposition on mild steel with a WCA of approx. 170°. WS2 nanoparticles (NPs) as solid self-lubricant could significantly reduce the coefficients of friction between solid–solid contacts, while WC NPs were hard materials to increase the abrasive resistance. Thus, the abrasive resistance of coating was further enhanced: with a bearing capacity ≥10,000 mm abrasion length on the 360# grit aluminum oxide paper under 3 kPa during the test.



Wang et al. carried out a facile oxidation to fabricated FAS-17 modified steel hierarchical surface [86]. The surface could withstand abrasion by 400 grids SiC sandpaper for 1.1 m under 16 kPa without losing super-hydrophobicity. Tam et al. applied co-electrodeposition process on nickel to synthesized a super-hydrophobic nanocrystalline nickel-polytetrafluoroethylene (Ni-PTFE) composite coating [95]. Due to the dual-scale surface roughness with lotus leaf-like morphology formed by the embedded PTFE particles in Ni matrix, the composite coatings possessed excellent wear resistance in abrasion test. The results in Figure 17a,b showed that, on 400 grit SiC sandpaper, the Ni-PTFE composites can only remain a high WCA above 150° for about 3 m of abrasion length and gradually decreased to about 130° after 18 m of abrasion. However, on the 800-grit sandpaper, stronger stability of super-hydrophobic properties was observed, the WCA of the Ni-PTFE composite coating can retain 150° after 48 m of abrasion under the applied pressure of 2.0 kPa. Xue et al. presented a electrodeposition route for super-hydrophobic Co–Ni coatings on carbon steel substrate which exhibited outstanding wear resistance [96]. The Co–Ni coating with micro-nano structures deposited at −1.7 V showed the highest surface roughness with Ra of 7.77 μm, which was much higher than that of −1.0 V (0.63 μm) and −1.4 V (1.71 μm). It shows that higher surface roughness structures can be favored to be generated by adjusting the applied potential to a more negative direction. The results of abrasion testing showed that the super-hydrophobic properties kept well after 12 m of abrasion under 5 kPa pressure (Figure 17c–f), which showed that the abrasion resistance was remarkably improved by the increase of Co content.



Before being applied on a large-scale, super-hydrophobic surfaces should pass the examinations of other mechanical tests, such as hand twisting, tape-peeling, knife scratching. Test selection varies by the application of surface. Generally, particles or debris peeled off from the substrate indicates the structures are damaged and super-hydrophobicity may be failed [97]. Porous, loose, and uncompact surfaces can hardly bear such tear force (~300 N/m), whereas there is little influence on the surfaces like fluorination treated aluminum oxide [55], methyltrichlorosilane-Fe [89], FAS-17 modified rough steel [86], HVOF TiO2/h-BN coating [97], and micro-nanostructure PDMS/SiO2 composite coatings on Mg substrate [88], which demonstrates their robustness.




4.2. Chemical Stability


Most super-hydrophobic surfaces need to be modified by organic chemicals to minimize the surface energy. These surface modification agents might be degraded in harsh condition, which may cause increase of surface energy and decrease of super-hydrophobicity [87]. Thus, chemical stability of coating should be investigated in acid and base (or aqueous with various pH value), even aqua regia [87,98,99,100,101], salt aqueous [100,101,102,103], and organic solvent [85,87]. Besides, UV irradiation [86,104] and temperature variation [87,105] also should be taken into consideration which might cause degradation of surface chemicals.



To improve corrosion resistance of aluminum, Lv et al. used NaClO to the surface of aluminum and acquired super-hydrophobic surface after passivated by hexadecyltrimethoxysilane [103]. The sample maintained high contact angle (about 160.8°) after 7 days immersing in 3.5 wt % NaCl aqueous solution. The work reported by Qian et al. showed solution pH and salt aqueous including NaCl, MgCl2, NaI, and CH3COONa, have limited influence on the wetting properties of silica-based super-hydrophobic coating on AZ31B Mg Alloy [102]. Particularly, the organics like C2H5OH, C17H33COONa, and sodium dodecylbenzene sulfonate had obvious detrimental effects on the wetting properties. Khorsand et al. prepared super-hydrophobic nickel–cobalt alloy coating by a two-step-electrodeposition [100]. In the stability test, the coating was immersed into H2SO4 with pH of 2, NaOH with pH of 13 and neutral 3.5 wt % NaCl solution for 24 h. The results showed only in basic solution, the WCA decreased drastically with the increase of immersion time, which suggested the coating possessed favorable chemical stability in acidic and saline solution. Other products with super-hydrophobicity such as Zr-based MOFs [101] and silica gel [87] showed an excellent chemical stability in aqueous solution with various pH values ranging from 1 to 13, NaCl (0.5 M), Na2SO4 (0.5 M), n-hexane, xylene, butyl acetate, and acetone.



As for UV stability, UV exposure test was carried out for the super-hydrophobic steel surface [86]. The super-hydrophobic steel surface was prepared by FAS-17 modification of hierarchical steel. The C–F bonds of FAS-17 had a high bond energy (485 kJ/mol) which could not be broken by UV light. Thus, such surface still exhibited super-hydrophobicity with a contact angle of 151° and a sliding angle of 9° after 50 h of exposure under UV light, which suggested an excellent UV stability (Figure 18a). Xu et al. exploited a kind of transparent porous silica coating with the help of electrodeposited PEDOT template [106]. The coating showed super-hydrophobicity with excellent thermal stability. Its super-hydrophobicity remained constant in various temperatures ranging from 22 to 400 °C, see Figure 18b, and was lost when fluorosilane started decomposing at more than 400 °C.



Liu et al. reported super-hydrophobic fluorinated ZIF-90 showed high thermal stability in the temperature range 80–300 °C, and most bio-alcohol could be recovered and removed from mixture at 20 °C, which was very promising to be used as an effective and reusable adsorbent for bio-alcohols recovery from aqueous solution [105].




4.3. Long-Term Durability


The long-term durability is one of the most important properties for super-hydrophobic surface in actual applications, which determines the maximum lifespan of such functional surface. Generally speaking, the durability test is to measure the effective time of the surface having stayed in an unwetted state, which is always carried out at normal conditions, including atmospheric air [56,100,103,107], highly humid air [108], and water [107].



Ke et al. fabricated FAS-17 modified Al/Fe2O3 nanothermite film by electrophoretic deposition [108]. They put the film into humidity chamber with 60% relative humidity for 20 days. Due to infiltration of water vapor and air, the WCAs decreased slowly and the coating lost super-hydrophobicity after 7 days, but still showed strong hydrophobicity in the end of the test (about 145°). As for long-term water immersion, the copper-based super-hydrophobic blocks fabricated by Feng et al. [107] kept strong water repellent after immersing in water for a month, the WCAs of electrodeposited Ni-Co alloy super-hydrophobic coating on AA5052 aluminum increased from 151.3° to 160.0° during 15 weeks of exposure in open air, rather than decreased [109], and the HDYMS modified AA5083 aluminum could keep its water-repellent super-hydrophobicity stable in 12 days of 3.5 wt % NaCl immersion [110].





5. Perspectives


The mechanical durability and chemical stability of the as-prepared super-hydrophobic coatings needs to be further studied. Some possible directions to fabricate robust super-hydrophobic coatings are summarized as follows:



Self-healing coatings: One of the efficient ways to improve the durability and stability of the coatings is to endow it with self-healing ability. Generally, based on the healing mechanism, the repair process is divided into two categories: autonomous and non-autonomous. The healing effect and mechanism of the self-healing coatings have been elaborately discussed elsewhere [111]. For non-autonomous coatings, the external intervention, such as UV and heat, is indispensable to self-recovery. Under suitable stimuli, non-autonomous coatings can accurately repair the destroyed region. For the autonomous healing coatings, self-healing agents or inhibitors embedded in the coating layers can continuously provide corrosion protection at the defected region when the coating is damaged. For instance, corrosion inhibitors, along with polymerizable healing agents, can be mixed and packaged together in microcapsules. Figure 19a showed smart-coating-combined microcapsules containing linseed oil by the in situ polymerization method with polyelectrolytes layers entrapped benzotriazole (BTA) corrosion inhibitor. After application to the carbon steel surface, the coating exhibited self-healing property, which can release linseed oil under the stimulation of mechanical impact or release BTA by pH change [112]. Another novel study confirmed that the graphene oxides microcapsules containing linseed oil endowed self-healing properties to the waterborne polyurethane coatings (Figure 19b) [113]. Figure 19c,d depicted the self-healing process of the coating on cold-rolled steel, the rupture of microcapsules induced the polymerization of PDMS within the crack, resulting in recovery of corrosion protection [114].



Slippery liquid-infused porous surface (SLIPs): Inspired by Nepenthes pitcher plant, Wong et al. first designed slippery liquid-infused porous surface, which was conceptually different from the lotus effect [115]. In contrast with a super-hydrophobic surface with lotus-like structures, SLIPs use the micro/nanostructure to lock in place the infused lubricant instead of air (Figure 20). Therefore, SLIPs can withstand higher external pressure showing longer service life than the traditional super-hydrophobic surface. Additionally, SLIPs appealed outstanding liquid and ice-repellency, self-healing property, and corrosion resistance. These properties endow SLIPs with advantages in practical application for the corrosive environments.



Multi-functional: Water repellency and anti-corrosion is the already achieved function of the super-hydrophobic surfaces. The future super-hydrophobic surfaces must combine the above-mentioned properties with additional functions, such as super-oleophobicity and anti-biofouling. That is, the surface is multifunctional.




6. Conclusions


Super-hydrophobic surfaces have received continuous attention in corrosion protection engineering, especially for long-time service safety under sensitive medium. Basic fundamentals for fabricating super-hydrophobic surfaces lie on the formation of rough micro/nanostructures and low surface energy materials. The corrosion protection of the super-hydrophobic surface is obtained by the air layer forms between the rough structures, which acts as a barrier between the alloy surface and corrosive medium.



In this review, we summarized the most currently used methods and techniques—including electrochemical anodization, micro-arc oxidation, electrochemical etching and deposition—to achieve surface roughness. After modification, the corrosion resistance and durability of super-hydrophobicity coatings were improved compared with bare substrate. Moreover, the mechanical and chemical stability of super-hydrophobic coating were discussed while the long-term stability of them still need to be enhanced. The development of robust super-hydrophobic coatings with anti-corrosion properties lies on the recent progress in self-healing coatings, slippery liquid-infused porous surface, as well as multi-functional coatings.







Funding


This research was funded by Fundamental Research Funds for the Central Universities China, grant number FRF-TP-18-009A1 and Shandong Province Key Research and Development Plan, grant number 2017CXGC0404.




Conflicts of Interest


The authors declare no conflict of interest.




References


	



Chang, R.M.; Kauffman, R.J.; Kwon, Y. Understanding the Paradigm Shift to Computational Social Science in the Presence of Big Data. Decis. Support Syst. 2014, 63, 67–80. [Google Scholar] [CrossRef]

	



Hou, B.; Lu, D. Corrosion Cost and Preventive Strategies in China. Strategy Policy Decis. Res. 2018, 33, 601–609. [Google Scholar] [CrossRef]

	



Hou, B.; Li, X.; Ma, X.; Du, C.; Zhang, D.; Zheng, M.; Xu, W.; Lu, D.; Ma, F. The Cost of Corrosion in China. NPJ Mater. Degrad. 2017, 1, 4. [Google Scholar] [CrossRef]

	



Pu, N.; Shi, G.; Liu, Y.; Sun, X.; Chang, J.; Sun, C.; Ger, M.; Chen, C.; Wang, P.; Peng, Y.; et al. Graphene Grown on Stainless Steel as a High-Performance and Ecofriendly Anti-Corrosion Coating for Polymer Electrolyte Membrane Fuel Cell Bipolar Plates. J. Power Sources 2015, 282, 248–256. [Google Scholar] [CrossRef]

	



Shao, F.; Zhao, H.; Zhong, X.; Zhuang, Y.; Cheng, Z.; Wang, L.; Tao, S. Characteristics of Thick Columnar YSZ Coatings Fabricated by Plasma Spray-Physical Vapor Deposition. J. Eur. Ceram. Soc. 2018, 38, 1930–1937. [Google Scholar] [CrossRef]

	



Song, C.; Liu, M.; Deng, Z.; Niu, S.; Deng, C.; Liao, H. A Novel Method for In-Situ Synthesized TiN Coatings by Plasma Spray-Physical Vapor Deposition. Mater. Lett. 2018, 217, 127–130. [Google Scholar] [CrossRef]

	



Zhang, B.; Song, W.; Guo, H. Wetting, Infiltration and Interaction Behavior of CMAS towards Columnar YSZ Coatings Deposited by Plasma Spray Physical Vapor. J. Eur. Ceram. Soc. 2018, 38, 3564–3572. [Google Scholar] [CrossRef]

	



Minařík, M.; Wrzecionko, E.; Minařík, A.; Grulich, O.; Smolka, P.; Musilová, L.; Junkar, I.; Primc, G.; Ptošková, B.; Mozetič, M.; et al. Preparation of Hierarchically Structured Polystyrene Surfaces with Superhydrophobic Properties by Plasma-Assisted Fluorination. Coatings 2019, 9, 201. [Google Scholar] [CrossRef]

	



Kear, B.H.; Kalman, Z.; Sadangi, R.K.; Skandan, G.; Colaizzi, J.; Mayo, W.E. Plasma-Sprayed Nanostructured Al2/TiO2. J. Therm. Spray Technol. 2000, 4, 483–487. [Google Scholar] [CrossRef]

	



Lu, Y.; Xu, W.; Song, J.; Liu, X.; Xing, Y.; Sun, J. Preparation of Superhydrophobic Titanium Surfaces via Electrochemical Etching and Fluorosilane Modification. Appl. Surf. Sci. 2012, 263, 297–301. [Google Scholar] [CrossRef]

	



Liu, Q.; Chen, D.; Kang, Z. One-Step Electrodeposition Process to Fabricate Corrosion-Resistant Superhydrophobic Surface on Magnesium Alloy. ACS Appl. Mater. Interfaces 2015, 7, 1859–1867. [Google Scholar] [CrossRef] [PubMed]

	



Gao, Y.; Sun, Y.; Guo, D. Facile Fabrication of Superhydrophobic Surfaces with Low Roughness on Ti-6Al-4V Substrates Via Anodization. Appl. Surf. Sci. 2014, 314, 754–759. [Google Scholar] [CrossRef]

	



Xue, Y.; Wang, S.; Zhao, G.; Taleb, A.; Jin, Y. Fabrication of Ni Co Coating by Electrochemical Deposition with High Super-Hydrophobic Properties for Corrosion Protection. Surf. Coat. Technol. 2019, 363, 352–361. [Google Scholar] [CrossRef]

	



Ban, C.; Shao, X.; Ma, J.; Chen, H. Effect of Mechanical Attrition on Microstructure and Property of Electroplated Ni Coating. Trans. Nonferrous Met. Soc. 2012, 22, 1989–1994. [Google Scholar] [CrossRef]

	



Ban, C.; Shao, X.; Wang, L. Ultrasonic Irradiation Assisted Electroless Ni-P Coating on Magnesium Alloy. Surf. Eng. 2014, 30, 880–885. [Google Scholar] [CrossRef]

	



Ban, C.; Wang, F.; Chen, J.; Zhu, S. Effect of Mechanical Attrition on Structure and Property of Electroplated Ni-P Coating on Magnesium Alloy. Electrochemistry 2019, 87, 89–93. [Google Scholar] [CrossRef]

	



Ban, C.; Hou, J.; Zhu, S.; Wang, C. Formation and Properties of Al2O3-ZrO2 Composite Anodic Oxide Film on Etched Aluminum Foil by Electrodeposition and Anodization. J. Mater. Sci. Mater. Electron. 2016, 27, 1547–1552. [Google Scholar] [CrossRef]

	



Ban, C.; He, Y.; Shao, X.; Wang, L. Anodizing of Etched Aluminum Foil Coated with Modified Hydrous Oxide Film for Aluminum Electrolytic Capacitor. J. Mater. Sci. Mater. Electron. 2014, 25, 128–133. [Google Scholar] [CrossRef]

	



Chen, X.H.; Chen, C.S.; Xiao, H.N.; Cheng, F.Q.; Zhang, G.; Yi, G.J. Corrosion Behavior of Carbon nanotubes-Ni Composite Coating. Surf. Coat. Technol. 2005, 191, 351–356. [Google Scholar] [CrossRef]

	



Yang, X.F.; Tallman, D.E.; Gelling, V.J.; Bierwagen, G.P.; Kasten, L.S.; Berg, J. Use of a Sol-Gel Conversion Coating for Aluminum Corrosion Protection. Surf. Coat. Technol. 2001, 140, 44–50. [Google Scholar] [CrossRef]

	



Weng, J.; Zuo, X.; Liu, L.; Wang, Z.; Ke, P.; Wei, X.; Wang, A. Dense Nanocolumnar Structure Induced Anti-Corrosion CrB2 Coating with (001) Preferred Orientation Deposited by DC Magnetron Sputtering. Mater. Lett. 2019, 240, 180–184. [Google Scholar] [CrossRef]

	



Thangavel, E.; Dhandapani, V.S.; Dharmalingam, K.; Marimuthu, M.; Veerapandian, M.; Arumugam, M.K.; Kim, S.; Kim, B.; Ramasundaram, S.; Kim, D. RF Magnetron Sputtering Mediated NiTi/Ag Coating on Ti-alloy Substrate with Enhanced Biocompatibility and Durability. Mater. Sci. Eng. C 2019, 99, 304–314. [Google Scholar] [CrossRef] [PubMed]

	



Yi, P.; Zhu, L.; Dong, C.; Xiao, K. Corrosion and Interfacial Contact Resistance of 316L Stainless Steel Coated with Magnetron Sputtered ZrN and TiN in the Simulated Cathodic Environment of a Proton-Exchange Membrane Fuel Cell. Surf. Coat. Technol. 2019, 363, 198–202. [Google Scholar] [CrossRef]

	



Feng, L.; Zhang, H.; Wang, Z.; Liu, Y. Superhydrophobic Aluminum Alloy Surface: Fabrication, Structure, and Corrosion Resistance. Colloids Surf. A Physicochem. Eng. Asp. 2014, 441, 319–325. [Google Scholar] [CrossRef]

	



Barthlott, W.; Neinhuis, C. Purity of the Sacred Lotus, or Escape from Contamination in Biological Surfaces. Planta 1997, 202, 1–8. [Google Scholar] [CrossRef]

	



Ma, M.; Hill, R.M. Superhydrophobic Surfaces. Curr. Opin. Colloid Interface Sci. 2006, 11, 193–202. [Google Scholar] [CrossRef]

	



Bhushan, B.; Jung, Y.C. Natural and Biomimetic Artificial Surfaces for Superhydrophobicity, Self-Cleaning, Low Adhesion, and Drag Reduction. Prog. Mater. Sci. 2011, 56, 1–108. [Google Scholar] [CrossRef]

	



Roach, P.; Shirtcliffe, N.J.; Newton, M.I. Progess in Superhydrophobic Surface Development. Soft Matter 2008, 4, 224–240. [Google Scholar] [CrossRef]

	



Zhang, B.; Hu, X.; Zhu, Q.; Wang, X.; Zhao, X.; Sun, C.; Li, Y.; Hou, B. Controllable Dianthus Caryophyllus-Like Superhydrophilic/Superhydrophobic Hierarchical Structure Based on Self-Congregated Nanowires for Corrosion Inhibition and Biofouling Mitigation. Chem. Eng. J. 2017, 312, 317–327. [Google Scholar] [CrossRef]

	



Cho, E.; Chang-Jian, C.; Chen, H.; Chuang, K.; Zheng, J.; Hsiao, Y.; Lee, K.; Huang, J. Robust Multifunctional Superhydrophobic Coatings with Enhanced Water/Oil Separation, Self-Cleaning, Anti-Corrosion, and Anti-Biological Adhesion. Chem. Eng. J. 2017, 314, 347–357. [Google Scholar] [CrossRef]

	



Liu, T.; Chen, S.; Cheng, S.; Tian, J.; Chang, X.; Yin, Y. Corrosion Behavior of Super-Hydrophobic Surface on Copper in Seawater. Electrochim. Acta 2007, 52, 8003–8007. [Google Scholar] [CrossRef]

	



Barkhudarov, P.M.; Shah, P.B.; Watkins, E.B.; Doshi, D.A.; Brinker, C.J.; Majewski, J. Corrosion Inhibition Using Superhydrophobic Films. Corros. Sci. 2008, 50, 897–902. [Google Scholar] [CrossRef]

	



Yu, S.Q.; Ling, Y.H.; Wang, R.G.; Zhang, J.; Qin, F.; Zhang, Z.J. Constructing Superhydrophobic WO3@TiO2 Nanoflake Surface Beyond Amorphous Alloy Against Electrochemical Corrosion on Iron Steel. Appl. Surf. Sci. 2018, 436, 527–535. [Google Scholar] [CrossRef]

	



Hsu, C.; Nazari, M.H.; Li, Q.; Shi, X. Enhancing Degradation and Corrosion Resistance of AZ31 Magnesium Alloy through Hydrophobic Coating. Mater. Chem. Phys. 2019, 225, 426–432. [Google Scholar] [CrossRef]

	



Oldani, V.; Del Negro, R.; Bianchi, C.L.; Suriano, R.; Turri, S.; Pirola, C.; Sacchi, B. Surface Properties and Anti-Fouling Assessment of Coatings Obtained from Perfluoropolyethers and Ceramic Oxides Nanopowders Deposited on Stainless Steel. J. Fluor. Chem. 2015, 180, 7–14. [Google Scholar] [CrossRef]

	



Ferrari, M.; Benedetti, A.; Cirisano, F. Superhydrophobic Coatings from Recyclable Materials for Protection in a Real Sea Environment. Coatings 2019, 9, 303. [Google Scholar] [CrossRef]

	



Farhadi, S.; Farzaneh, M.; Kulinich, S.A. Anti-Icing Performance of Superhydrophobic Surfaces. Appl. Surf. Sci. 2011, 257, 6264–6269. [Google Scholar] [CrossRef]

	



Cao, L.; Jones, A.K.; Sikka, V.K.; Wu, J.; Gao, D. Anti-Icing Superhydrophobic Coatings. Langmuir 2009, 25, 12444–12448. [Google Scholar] [CrossRef]

	



Fürstner, R.; Barthlott, W.; Neinhuis, C.; Walzel, P. Wetting and Self-Cleaning Properties of Artificial Superhydrophobic Surfaces. Langmuir 2005, 21, 956–961. [Google Scholar] [CrossRef]

	



Kadlečková, M.; Minařík, A.; Smolka, P.; Mráček, A.; Wrzecionko, E.; Novák, L.; Musilová, L.; Gajdošík, R. Preparation of Textured Surfaces on Aluminum-Alloy Substrates. Materials 2019, 12, 109. [Google Scholar] [CrossRef]

	



Song, J.; Huang, S.; Lu, Y.; Bu, X.; Mates, J.E.; Ghosh, A.; Ganguly, R.; Carmalt, C.J.; Parkin, I.P.; Xu, W.; et al. Self-Driven One-Step Oil Removal from Oil Spill on Water via Selective-Wettability Steel Mesh. ACS Appl. Mater. Interfaces 2014, 6, 19858–19865. [Google Scholar] [CrossRef]

	



Chen, N.; Pan, Q. Versatile Fabrication of Ultralight Magnetic Foams and Application for Oil-Water Separation. ACS Nano 2013, 7, 6875–6883. [Google Scholar] [CrossRef]

	



Yan, X.H.; Zhao, T.S.; An, L.; Zhao, G.; Zeng, L. A Crack-Free and Super-Hydrophobic Cathode Micro-Porous Layer for Direct Methanol Fuel Cells. Appl. Energy 2015, 138, 331–336. [Google Scholar] [CrossRef]

	



Shi, S.; Wang, M.; Chen, C.; Gao, J.; Ma, H.; Ma, J.; Xu, J. Super-Hydrophobic Yolk-Shell Nanostructure with Enhanced Catalytic Performance in the Reduction of Hydrophobic Nitroaromatic Compounds. Chem. Commun. 2013, 49, 9591. [Google Scholar] [CrossRef]

	



Young, T. An Essay on the Cohesion of Fluids. Trans. R. Soc. Lond. 1805, 65–87. [Google Scholar] [CrossRef]

	



Wenzel, R.N. Resistance of Solid Surface to Wetting by Water. Ind. Eng. Chem. 1936, 28, 988–994. [Google Scholar] [CrossRef]

	



Tam, J.; Palumbo, G.; Erb, U. Recent Advances in Superhydrophobic Electrodeposits. Materials 2016, 9, 151. [Google Scholar] [CrossRef]

	



Cassie, A.B.D.; Baxter, S. Wettability of Porous Surfaces. Trans. Faraday Soc. 1944, 40, 546–551. [Google Scholar] [CrossRef]

	



Zhao, G.; Xue, Y.; Huang, Y.; Ye, Y.; Walsh, F.C.; Chen, J.; Wang, S. One-Step Electrodeposition of a Self-Cleaning and Corrosion Resistant Ni/WS2 Superhydrophobic Surface. RSC Adv. 2016, 6, 59104–59112. [Google Scholar] [CrossRef]

	



Reick, F.G. Substrate Coated with Super-Hydrophobic Layers. U.S. Patent 3931428, 6 January 1976. [Google Scholar]

	



Zhang, D.; Wang, L.; Qian, H.; Li, X. Superhydrophobic Surfaces for Corrosion Protection: A Review of Recent Progresses and Future Directions. J. Coat. Technol. Res. 2016, 13, 11–29. [Google Scholar] [CrossRef]

	



Tuteja, A.; Choi, W.; Mabry, J.M.; McKinley, G.H.; Cohen, R.E. Robust Omniphobic Surfaces. Proc. Natl. Acad. Sci. USA 2008, 105, 18200–18205. [Google Scholar] [CrossRef]

	



Neinhuis, C.; Barthlott, W. Characterization and Distribution of Water-Repellent, Self-Cleaning Plant Surfaces. Ann. Bot.-Lond. 1997, 79, 667–677. [Google Scholar] [CrossRef]

	



Feng, L.; Li, S.; Li, Y.; Li, H.; Zhang, L.; Zhai, J.; Song, Y.; Liu, B.; Jiang, L.; Zhu, D. Super-Hydrophobic Surfaces: From Natural to Artificial. Adv. Mater. 2002, 14, 1857–1860. [Google Scholar] [CrossRef]

	



Lu, Z.; Wang, P.; Zhang, D. Super-Hydrophobic Film Fabricated on Aluminium Surface as a Barrier to Atmospheric Corrosion in a Marine Environment. Corros. Sci. 2015, 91, 287–296. [Google Scholar] [CrossRef]

	



Xu, W.; Song, J.; Sun, J.; Lu, Y.; Yu, Z. Rapid Fabrication of Large-Area, Corrosion-Resistant Superhydrophobic Mg Alloy Surfaces. ACS Appl. Mater. Interfaces 2011, 3, 4404–4414. [Google Scholar] [CrossRef]

	



Zhang, F.; Zhao, L.; Chen, H.; Xu, S.; Evans, D.G.; Duan, X. Corrosion Resistance of Superhydrophobic Layered Double Hydroxide Films on Aluminum. Angew. Chem. Int. Ed. 2008, 47, 2466–2469. [Google Scholar] [CrossRef]

	



Liu, H.; Szunerits, S.; Xu, W.; Boukherroub, R. Preparation of Superhydrophobic Coatings on Zinc as Effective Corrosion Barriers. ACS Appl. Mater. Interfaces 2009, 1, 1150–1153. [Google Scholar] [CrossRef]

	



Liu, T.; Yin, Y.; Chen, S.; Chang, X.; Cheng, S. Super-Hydrophobic Surfaces Improve Corrosion Resistance of Copper in Seawater. Electrochim. Acta 2007, 52, 3709–3713. [Google Scholar] [CrossRef]

	



Su, F.; Yao, K. Facile Fabrication of Superhydrophobic Surface with Excellent Mechanical Abrasion and Corrosion Resistance on Copper Substrate by a Novel Method. ACS Appl. Mater. Interfaces 2014, 6, 8762–8770. [Google Scholar] [CrossRef]

	



Wu, L.; Zhang, X.; Hu, J. Corrosion Protection of Mild Steel by One-Step Electrodeposition of Superhydrophobic Silica Film. Corros. Sci. 2014, 85, 482–487. [Google Scholar] [CrossRef]

	



Mohamed, A.M.A.; Abdullah, A.M.; Younan, N.A. Corrosion Behavior of Superhydrophobic Surfaces: A Review. Arab J. Chem 2015, 8, 749–765. [Google Scholar] [CrossRef]

	



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. [Google Scholar] [CrossRef]

	



Vazirinasab, E.; Jafari, R.; Momen, G. Application of Superhydrophobic Coatings as a Corrosion Barrier: A Review. Surf. Coat. Technol. 2018, 341, 40–56. [Google Scholar] [CrossRef]

	



Darmanin, T.; de Givenchy, E.T.; Amigoni, S.; Guittard, F. Superhydrophobic Surfaces by Electrochemical Processes. Adv. Mater. 2013, 25, 1378–1394. [Google Scholar] [CrossRef]

	



Kondo, R.; Nakajima, D.; Kikuchi, T.; Natsui, S.; Suzuki, R.O. Superhydrophilic and Superhydrophobic Aluminum Alloys Fabricated Via Pyrophosphoric Acid Anodizing and Fluorinated SAM Modification. J. Alloys Compd. 2017, 725, 379–387. [Google Scholar] [CrossRef]

	



Peng, S.; Tian, D.; Yang, X.; Deng, W. Highly Efficient and Large-Scale Fabrication of Superhydrophobic Alumina Surface with Strong Stability Based on Self-Congregated Alumina Nanowires. ACS Appl. Mater. Interfaces 2014, 6, 4831–4841. [Google Scholar] [CrossRef]

	



Mokhtari, S.; Karimzadeh, F.; Abbasi, M.H.; Raeissi, K. Development of Super-Hydrophobic Surface on Al 6061 by Anodizing and the Evaluation of its Corrosion Behavior. Surf. Coat. Technol. 2017, 324, 99–105. [Google Scholar] [CrossRef]

	



Liang, J.; Liu, K.; Wang, D.; Li, H.; Li, P.; Li, S.; Su, S.; Xu, S.; Luo, Y. Facile Fabrication of Superhydrophilic/Superhydrophobic Surface On Titanium Substrate by Single-Step Anodization and Fluorination. Appl. Surf. Sci. 2015, 338, 126–136. [Google Scholar] [CrossRef]

	



Zhu, M.; Tang, W.; Huang, L.; Zhang, D.; Du, C.; Yu, G.; Chen, M.; Chowwanonthapunya, T. Preparation of Superhydrophobic Film on Ti Substrate and its Anticorrosion Property. Materials 2017, 10, 628. [Google Scholar] [CrossRef]

	



Yerokhin, A.L.; Nie, X.; Leyland, A.; Matthews, A.; Dowey, S.J. Plasma Electrolysis for Surface Engineering. Surf. Coat. Technol. 1999, 122, 73–93. [Google Scholar] [CrossRef]

	



Cai, J.; Cao, F.; Chang, L.; Zheng, J.; Zhang, J.; Cao, C. The Preparation and Corrosion Behaviors of MAO Coating on AZ91D with Rare Earth Conversion Precursor Film. Appl. Surf. Sci. 2011, 257, 3804–3811. [Google Scholar] [CrossRef]

	



Lin, C.S.; Fang, S.K. Formation of Cerium Conversion Coatings on AZ31 Magnesium Alloys. J. Electrochem. Soc. 2005, 152, B54. [Google Scholar] [CrossRef]

	



Cui, X.; Lin, X.; Liu, C.; Yang, R.; Zheng, X.; Gong, M. Fabrication and Corrosion Resistance of a Hydrophobic Micro-Arc Oxidation Coating on AZ31 Mg Alloy. Corros. Sci. 2015, 90, 402–412. [Google Scholar] [CrossRef]

	



Cui, L.; Liu, H.; Zhang, W.; Han, Z.; Deng, M.; Zeng, R.; Li, S.; Wang, Z. Corrosion Resistance of a Superhydrophobic Micro-Arc Oxidation Coating on Mg-4Li-1Ca Alloy. J. Mater. Sci. Technol. 2017, 33, 1263–1271. [Google Scholar] [CrossRef]

	



Zhang, C.L.; Zhang, F.; Song, L.; Zeng, R.C.; Li, S.Q.; Han, E.H. Corrosion Resistance of a Superhydrophobic Surface on Micro-Arc Oxidation Coated Mg-Li-Ca Alloy. J. Alloys Compd. 2017, 728, 815–826. [Google Scholar] [CrossRef]

	



Jiang, J.Y.; Xu, J.L.; Liu, Z.H.; Deng, L.; Sun, B.; Liu, S.D.; Wang, L.; Liu, H.Y. Preparation, Corrosion Resistance and Hemocompatibility of the Superhydrophobic TiO2 Coatings on Biomedical Ti-6Al-4V Alloys. Appl. Surf. Sci. 2015, 347, 591–595. [Google Scholar] [CrossRef]

	



Lu, Y.; Song, J.; Liu, X.; Xu, W.; Xing, Y.; Wei, Z. Preparation of Superoleophobic and Superhydrophobic Titanium Surfaces via an Environmentally Friendly Electrochemical Etching Method. ACS Sustain. Chem. Eng. 2012, 1, 102–109. [Google Scholar] [CrossRef]

	



Song, J.; Huang, W.; Liu, J.; Huang, L.; Lu, Y. Electrochemical Machining of Superhydrophobic Surfaces on Mold Steel Substrates. Surf. Coat. Technol. 2018, 344, 499–506. [Google Scholar] [CrossRef]

	



Jang, Y.; Choi, W.T.; Johnson, C.T.; García, A.J.; Singh, P.M.; Breedveld, V.; Hess, D.W.; Champion, J.A. Inhibition of Bacterial Adhesion on Nanotextured Stainless Steel 316L by Electrochemical Etching. ACS Biomater. Sci. Eng. 2017, 4, 90–97. [Google Scholar] [CrossRef]

	



Yang, X.; Song, J.; Liu, J.; Liu, X.; Jin, Z. A Twice Electrochemical-Etching Method to Fabricate Superhydrophobic-Superhydrophilic Patterns for Biomimetic Fog Harvest. Sci. Rep. 2017, 7, 8816. [Google Scholar] [CrossRef]

	



Chen, Z.; Shuai, M.; Wang, L. Cathodic Etching for Fabrication of Super-Hydrophobic Aluminum Coating with Micro/Nano-Hierarchical Structure. J. Solid State Electr. 2013, 17, 2661–2669. [Google Scholar] [CrossRef]

	



She, Z.; Li, Q.; Wang, Z.; Li, L.; Chen, F.; Zhou, J. Researching the Fabrication of Anticorrosion Superhydrophobic Surface On Magnesium Alloy and its Mechanical Stability and Durability. Chem. Eng. J. 2013, 228, 415–424. [Google Scholar] [CrossRef]

	



Jain, R.; Pitchumani, R. Facile Fabrication of Durable Copper-Based Superhydrophobic Surfaces via Electrodeposition. Langmuir 2018, 34, 3159–3169. [Google Scholar] [CrossRef]

	



Lu, Y.; Sathasivam, S.; Song, J.; Crick, C.R.; Carmalt, C.J.; Parkin, I.P. Robust Self-Cleaning Surfaces that Function When Exposed to Either Air or Oil. Science 2015, 347, 1132–1135. [Google Scholar] [CrossRef]

	



Wang, N.; Xiong, D.; Deng, Y.; Shi, Y.; Wang, K. Mechanically Robust Superhydrophobic Steel Surface with Anti-Icing, UV-Durability, and Corrosion Resistance Properties. ACS Appl. Mater. Interfaces 2015, 7, 6260–6272. [Google Scholar] [CrossRef]

	



Ye, H.; Zhu, L.; Li, W.; Liu, H.; Chen, H. Simple Spray Deposition of a Water-Based Superhydrophobic Coating with High Stability for Flexible Applications. J. Mater. Chem. A 2017, 5, 9882–9890. [Google Scholar] [CrossRef]

	



Xie, J.; Hu, J.; Lin, X.; Fang, L.; Wu, F.; Liao, X.; Luo, H.; Shi, L. Robust and Anti-Corrosive PDMS/SiO2 Superhydrophobic Coatings Fabricated on Magnesium Alloys with Different-Sized SiO2 Nanoparticles. Appl. Surf. Sci. 2018, 457, 870–880. [Google Scholar] [CrossRef]

	



Latthe, S.S.; Sudhagar, P.; Devadoss, A.; Kumar, A.M.; Liu, S.; Terashima, C.; Nakata, K.; Fujishima, A. A Mechanically Bendable Superhydrophobic Steel Surface with Self-Cleaning and Corrosion-Resistant Properties. J. Mater. Chem. A 2015, 3, 14263–14271. [Google Scholar] [CrossRef]

	



Tian, X.; Verho, T.; Ras, R.H.A. Moving Superhydrophobic Surfaces Toward Real-World Applications. Science 2016, 142–143. [Google Scholar] [CrossRef]

	



Gao, X.; Guo, Z. Mechanical Stability, Corrosion Resistance of Superhydrophobic Steel and Repairable Durability of its Slippery Surface. J. Colloid Interface Sci. 2018, 512, 239–248. [Google Scholar] [CrossRef]

	



He, Y.; Sun, W.T.; Wang, S.C.; Reed, P.A.S.; Walsh, F.C. An Electrodeposited Ni-P-WS2 Coating with Combined Super-Hydrophobicity and Self-Lubricating Properties. Electrochim. Acta 2017, 245, 872–882. [Google Scholar] [CrossRef]

	



Zhao, G.; Li, J.; Huang, Y.; Yang, L.; Ye, Y.; Walsh, F.C.; Chen, J.; Wang, S. Robust Ni/WC Superhydrophobic Surfaces by Electrodeposition. RSC Adv. 2017, 7, 44896–44903. [Google Scholar] [CrossRef]

	



Zhou, J.; Zhao, G.; Li, J.; Chen, J.; Zhang, S.; Wang, J.; Walsh, F.C.; Wang, S.; Xue, Y. Electroplating of Non-Fluorinated Superhydrophobic Ni/WC/WS2 Composite Coatings with High Abrasive Resistance. Appl. Surf. Sci. 2019, 487, 1329–1340. [Google Scholar] [CrossRef]

	



Tam, J.; Jiao, Z.; Lau, J.C.F.; Erb, U. Wear Stability of Superhydrophobic Nano Ni-PTFE Electrodeposits. Wear 2017, 374–375, 1–4. [Google Scholar] [CrossRef]

	



Xue, Y.; Wang, S.; Bi, P.; Zhao, G.; Jin, Y. Super-Hydrophobic Co-Ni Coating with High Abrasion Resistance Prepared by Electrodeposition. Coatings 2019, 9, 232. [Google Scholar] [CrossRef]

	



Zhang, F.; Robinson, B.W.; de Villiers-Lovelock, H.; Wood, R.J.K.; Wang, S.C. Wettability of Hierarchically-Textured Ceramic Coatings Produced by Suspension HVOF Spraying. J. Mater. Chem. A 2015, 3, 13864–13873. [Google Scholar] [CrossRef]

	



Zhang, X.; Zhi, D.; Sun, L.; Zhao, Y.; Tiwari, M.K.; Carmalt, C.J.; Parkin, I.P.; Lu, Y. Super-Durable, Non-Fluorinated Superhydrophobic Free-Standing Items. J. Mater. Chem. A 2018, 6, 357–362. [Google Scholar] [CrossRef]

	



Davis, A.; Surdo, S.; Caputo, G.; Bayer, I.S.; Athanassiou, A. Environmentally Benign Production of Stretchable and Robust Superhydrophobic Silicone Monoliths. ACS Appl. Mater. Interfaces 2018, 10, 2907–2917. [Google Scholar] [CrossRef]

	



Khorsand, S.; Raeissi, K.; Ashrafizadeh, F.; Arenas, M.A. Super-Hydrophobic Nickel-Cobalt Alloy Coating with Micro-Nano Flower-Like Structure. Chem. Eng. J. 2015, 273, 638–646. [Google Scholar] [CrossRef]

	



Sun, Y.; Sun, Q.; Huang, H.; Aguila, B.; Niu, Z.; Perman, J.A.; Ma, S. A Molecular-Level Superhydrophobic External Surface to Improve the Stability of Metal-Organic Frameworks. J. Mater. Chem. A 2017, 5, 18770–18776. [Google Scholar] [CrossRef]

	



Qian, Z.; Wang, S.; Ye, X.; Liu, Z.; Wu, Z. Corrosion Resistance and Wetting Properties of Silica-Based Superhydrophobic Coatings on AZ31B Mg Alloy Surfaces. Appl. Surf. Sci. 2018, 453, 1–10. [Google Scholar] [CrossRef]

	



Lv, D.; Ou, J.; Xue, M.; Wang, F. Stability and Corrosion Resistance of Superhydrophobic Surface on Oxidized Aluminum in NaCl Aqueous Solution. Appl. Surf. Sci. 2015, 333, 163–169. [Google Scholar] [CrossRef]

	



Li, L.; Bai, Y.; Li, L.; Wang, S.; Zhang, T. A Superhydrophobic Smart Coating for Flexible and Wearable Sensing Electronics. Adv. Mater. 2017, 29, 1702517. [Google Scholar] [CrossRef]

	



Liu, C.; Liu, Q.; Huang, A. A Superhydrophobic Zeolitic Imidazolate Framework (ZIF-90) with High Steam Stability for Efficient Recovery of Bioalcohols. Chem. Commun. 2016, 52, 3400–3402. [Google Scholar] [CrossRef]

	



Xu, L.; Zhu, D.; Lu, X.; Lu, Q. Transparent, Thermally and Mechanically Stable Superhydrophobic Coating Prepared by an Electrochemical Template Strategy. J. Mater. Chem. A 2015, 3, 3801–3807. [Google Scholar] [CrossRef]

	



Feng, L.; Yang, M.; Shi, X.; Liu, Y.; Wang, Y.; Qiang, X. Copper-Based Superhydrophobic Materials with Long-Term Durability, Stability, Regenerability, and Self-Cleaning Property. Colloids Surf. A Physicochem. Eng. Asp. 2016, 508, 39–47. [Google Scholar] [CrossRef]

	



Ke, X.; Zhou, X.; Hao, G.; Xiao, L.; Liu, J.; Jiang, W. Rapid Fabrication of Superhydrophobic Al/Fe2O3 Nanothermite Film with Excellent Energy-Release Characteristics and Long-Term Storage Stability. Appl. Surf. Sci. 2017, 407, 137–144. [Google Scholar] [CrossRef]

	



Zhao, Q.; Tang, T.; Wang, F. Fabrication of Superhydrophobic AA5052 Aluminum Alloy Surface with Improved Corrosion Resistance and Self Cleaning Property. Coatings 2018, 8, 390. [Google Scholar] [CrossRef]

	



Zhang, B.; Xu, W.; Zhu, Q.; Yuan, S.; Li, Y. Lotus-Inspired Multiscale Superhydrophobic AA5083 Resisting Surface Contamination and Marine Corrosion Attack. Materials 2019, 12, 1592. [Google Scholar] [CrossRef]

	



Zhang, F.; Ju, P.; Pan, M.; Zhang, D.; Huang, Y.; Li, G.; Li, X. Self-Healing Mechanisms in Smart Protective Coatings: A Review. Corros. Sci. 2018, 144, 74–88. [Google Scholar] [CrossRef]

	



Leal, D.A.; Riegel-Vidotti, I.C.; Ferreira, M.G.S.; Marino, C.E.B. Smart Coating Based on Double Stimuli-Responsive Microcapsules Containing Linseed Oil and Benzotriazole for Active Corrosion Protection. Corros. Sci. 2018, 130, 56–63. [Google Scholar] [CrossRef]

	



Li, J.; Feng, Q.; Cui, J.; Yuan, Q.; Qiu, H.; Gao, S.; Yang, J. Self-Assembled Graphene Oxide Microcapsules in Pickering Emulsions for Self-Healing Waterborne Polyurethane Coatings. Compos. Sci. Technol. 2017, 151, 282–290. [Google Scholar] [CrossRef]

	



Cho, S.H.; White, S.R.; Braun, P.V. Self-Healing Polymer Coatings. Adv. Mater. 2009, 21, 645–649. [Google Scholar] [CrossRef]

	



Wong, T.S.; Kang, S.H.; Tang, S.K.; Smythe, E.J.; Hatton, B.D.; Grinthal, A.; Aizenberg, J. Bioinspired Self-Repairing Slippery Surfaces with Pressure-Stable Omniphobicity. Nature 2011, 477, 443–447. [Google Scholar] [CrossRef]








[image: Coatings 09 00452 g001 550]





Figure 1. Schematic of a liquid droplet on solid surface. (a) Young’s wetting state; (b) Wenzel wetting state; (c) Cassie–Baxter wetting state. 






Figure 1. Schematic of a liquid droplet on solid surface. (a) Young’s wetting state; (b) Wenzel wetting state; (c) Cassie–Baxter wetting state.



[image: Coatings 09 00452 g001]







[image: Coatings 09 00452 g002 550]





Figure 2. Schematic image of anti-corrosion using a super-hydrophobic surface. The super-hydrophobic micro/nanostructures keep surface wettability in ‘Cassie State’ to prevent corrosive medium penetrating the air layer and contacting with the substrate. 
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Figure 3. (a) Growth process of anodic aluminum nanofibers and nanofiber-tangled intermetallic particles; (b) SEM of samples anodized for ta = 2 min, 4 min, 10 min, and 30 min, respectively. Reprinted from [66], Copyright (2017), with permission from Elsevier. 
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Figure 4. (a) Scheme of the preparation and evaluation of SHPL and SHPB surface by high-speed hard anodization; (b) SEM images of the Dianthus caryophyllus-like structure; (c) Nyquist plots and fittings of EP surface, SHPL surface, and SHPB surface; (d) The variations of WCAs and sliding angels of the SHPB surface under hot water droplets with different temperatures. Reprinted from [29], Copyright (2017), with permission from Elsevier. 
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Figure 5. Mechanical stability and corrosion resistance evaluation of the PDES-MS surface: (a) Surface morphologies of the PDES-MS surface before and after abrasion test for 10, 30, and 50 cycles with sandpaper; (b) The variations of WCAs and WSAs under different ultrasonication time; (c) Variations of WCAs and WSAs of the PDES-MS surface after abrasion tests; (d) Potentiodynamic polarization curves of the unmodified and modified surfaces in 3.5 wt % NaCl solution. Reprinted with permission from [67]. Copyright (2014) American Chemical Society. 
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Figure 6. (a,b) Nyquist and Bode plots for the super-hydrophobic Ti surface and bare Ti substrate, respectively; (c) Polarization curves of super-hydrophobic Ti surface and bare Ti substrate. Reprinted from [70]. Copyright (2017), with permission from MDPI AG. 
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Figure 7. (a) Schematic of the electrodeposition process of MAO/ZnSA coating; (b) Macro-photographs and SEM images of Mg-4Li-1Ca substrate, MAO and MAO/ZnSA coating. The inserted are corresponding contact angles of each surface. Reprinted from [75]. Copyright (2017), with permission from Elsevier. 
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Figure 8. (a) Cross-view image of the MAO/SA 7h coating; (b) Polarization curves of the AZ31 substrate and the MAO coatings before and after modification with SA in 3.5 wt % NaCl solution. Reprinted from [76], Copyright (2017), with permission from Elsevier. 
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Figure 9. (a) Surface morphologies and inserted corresponding contact angles of the MAO coatings modified for 0, 1, 3, 5, and 10 h; (b) Potentiodynamic polarization curves of bare AZ31 Mg alloy and MAO coatings modified for different times; (c) EIS results and fitting curves for uncoated AZ31 Mg alloy, MAO coating, and H-MAO coating in 3.5 wt % NaCl solution. Reprinted from [74], Copyright (2015), with permission from Elsevier. 
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Figure 10. (a,b) Variations on contact angles and potentiodynamic polarization curves of the Ti-6Al-4V, MAO and MAO + PFOTS samples; (c) The morphologies of platelets adhered on the surface of the obtained samples. Reprinted from [77], Copyright (2015), with permission from Elsevier. 
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Figure 11. (a–c) Images of water droplets on the surface of superoleophobic Ti surface, super-hydrophobic Ti surface, and unprocessed Ti surface, respectively; (d) Variations in contact angles of super-oleophobic and super-hydrophobic Ti surface. Reprinted with permission from [78]. Copyright (2013) American Chemical Society. 
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Figure 12. (a) Scheme of electrochemical etching method. (b) Surface morphologies of AR-SS316L and NT-SS316L surfaces. The scale bar of the inset image is 200 nm. (c) Potentiodynamic polarization curves of AR-SS316L and NT-SS316L specimens in Hank’s balanced salt solution. Reprinted from [80]. Copyright (2017), with permission from American Chemical Society. 
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Figure 13. (a) SEM images and corresponding WCAs of the super-hydrophobic surfaces with various electrodeposition times: 1, 5, 10, 20, 30, and 60 min; (b,c) Potentiodynamic polarization curves and Nyquist plots of the untreated and super-hydrophobic Mg alloy surfaces in 3.5 wt % NaCl solution; (d) Schematic of the abrasion test and contact angles of the super-hydrophobic surface as a function of abrasion length. Reprinted with permission from [11]. Copyright (2015), American Chemical Society. 
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Figure 14. (a) Schematic of the electrochemical deposition process; (b) SEM images and contact angle of super-hydrophobic Ni (Ni-III) surface; (c–e) SEM images and contact angle of the super-hydrophobic surface (c) before and after abrasion for 1.0 m at applied pressure of (d) 2.4 kPa and (e) 6.0 kPa; (f,g) Potentiodynamic polarization curves and Nyquist plots of Cu substrate, electrodeposited Ni and the super-hydrophobic surface in 3.5 wt % NaCl solution. Reprinted with permission from [60]. Copyright (2014) American Chemical Society. 
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Figure 15. (a) SEM morphologies and WCAs of electrodeposited Cu fabricated at overpotentials of 0.5 V, 0.7 V, 0.9 V, and 1.1 V; (b) Potentiodynamic polarization curves for super-hydrophobic and base Cu in 3.5 wt % NaCl solution; (c) Schematic of the shear abrasion test setup; (d) SEM morphologies of super-hydrophobic sample before and after abrasion test. Reprinted (adapted) with permission from [84]. Copyright (2018) American Chemical Society. 
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Figure 16. Linear abrasion test. (a) A water droplet rolls on a nonwetting surface; (b) The setup and process of linear abrasion test; (c) The structures are worn out after linear abrasion cause that the surface may lose water repellent property. Adapted with permission from. Reprinted from [90], Copyright (2016), with permission from AAAS. 
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Figure 17. (a,b) Effect of abrasion length on WCA of Ni-PTFE composite coatings and CSHST coatings under 400 and 800 grit SiC papers, respectively. Reprinted from [95], Copyright (2017), with permission from Elsevier; (c–e) SEM images and inserted profiles of a water droplet for super-hydrophobic Co–Ni coating before abrasion and after abrasion wear of 6 m and 12 m under the applied pressure of 5 kPa, respectively; (f) Variations of the WCA and WSA on the tested surface with the abrasion distance [96]. Copyright (2019), with permission from MDPI AG. 
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Figure 18. (a) WCAs and WSAs vary by different UV exposure time on super-hydrophobic steel. Reprinted (adapted) with permission from [86]. Copyright (2015) American Chemical Society; (b) The thermal stability of transparent porous silica coating. Reproduced with permission from [106]. Copyright (2015), with permission from Royal Society of Chemistry. 
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Figure 19. (a) Schematic of the structure of the microcapsules and the self-healing mechanisms of the coating. Reprinted from [112] Copyright (2018), with permission from Elsevier; (b) Formation process of oil-containing graphene oxide microcapsules (GOMCs) and the processing of GOMCs/PU coatings. Reprinted from [113], Copyright (2017), with permission from Elsevier; (c,d) SEM images of self-healing coating before and after healing. Reprinted from [114], Copyright (2009), with permission from John Wiley and Sons. 
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Figure 20. (a) Schematics of the fabrication process of a SLIPS; (b) Schematics and time-lapse images showing the stability and displacement of SLIPs. Reprinted from [115], Copyright (2011), with permission from Springer Nature. 
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