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Abstract

:

Antireflective and self-cleaning coatings have attracted increasing attention in the last few years due to their promising and wider applications such as stealth, display devices, sensing, and other fields. However, existing antireflective and self-cleaning functional material are facing problems such as difficult performance optimization, poor mechanical stability, and poor environmental adaptability. Limitations in design strategies have severely restricted coatings’ further development and application. Fabrication of high-performance antireflection and self-cleaning coatings with satisfactory mechanical stability remain a key challenge. Inspired by the self-cleaning performance of nano-/micro-composite structure on natural lotus leaves, SiO2/PDMS/matte polyurethane biomimetic composite coating (BCC) was prepared by nano-polymerization spraying technology. The BCC reduced the average reflectivity of the aluminum alloy substrate surface from 60% to 10%, and the water contact angle (CA) was 156.32 ± 0.58°, illustrating the antireflective and self-cleaning performance of the surface was significantly improved. At the same time, the coating was able to withstand 44 abrasion tests, 230 tape stripping tests, and 210 scraping tests. After the test, the coating still showed satisfactory antireflective and self-cleaning properties, indicating its remarkable mechanical stability. In addition, the coating also displayed excellent acid resistance, which has important value in aerospace, optoelectronics, industrial anti-corrosion, etc.
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1. Introduction


Aluminum alloys are widely used in the military, aerospace and transportation sectors due to their light weight, excellent thermal conductivity, high ductility and good mechanical properties. However, limited by the high reflectivity and accumulated pollutants of the aluminum alloys surface, the function of the aluminum alloy device is seriously affected. The traditional method to solve these problems have relied mainly on complex cleaning processes [1,2]. This method is time-consuming, expensive, and not thoroughly cleaned. Moreover, it increases the waste of water resources, and might damage the original material seriously.



In contrast, the self-cleaning coating provides a good solution. Ghosh et al. prepared vertically arranged tree-like nanostructures with graded roughness on polished silicon substrates, exhibiting excellent superhydrophobicity and low adhesion [3]. Wang et al. prepared ZnS superhydrophobic coating on the surface of zinc substrate by economic and environmental-friendly solvothermal method and chemical modification method [4]. Xia et al. provided a SiO2-TiO2-PDMS composite coating to demonstrates the potential application of coatings to protect architectures from detrimental atmospheric effects via a self-cleaning approach [5]. These functional coatings with antireflective and self-cleaning properties show the advantages such as high efficiency, low cost, and large-area preparation, showing significant potential for applications in stealth, optoelectronics, sensing, industrial anti-corrosion, and anti-fouling [6,7]. However, it also faces some problems, such as unclear coating design principles, single function, poor adaptability, and inefficiency. Therefore, innovative design and manufacture of high-performance antireflective and self-cleaning coatings has become a research hotspot.



Creatures in nature always provide researchers with efficient solutions. Typical biological functional surfaces (such as lotus leaves, moth eyes, cicada wings, etc.) have evolved unique micro-/nano-scale structures with outstanding advantages on antireflective and self-cleaning performance [8,9,10,11,12,13,14,15]. There has been a great deal of interest in solving the problem of wettability and optical properties of material surfaces through bionic concepts and bionic techniques. Since the structures play a non-negligible role in the function of the interfaces, the preparation of coatings with biomimetic structures is a good solution to improve the performance of the interface. However, large-area preparation of biomimetic coatings with excellent antireflective and superhydrophobic self-cleaning properties remains a challenge. Currently, the chemical/physical vapor deposition method [16,17,18], electrochemical machining method [19,20,21], and the femtosecond laser method [22,23] are mainly used to fabricate functional coatings on metal substrate. In particular, large-scale application of these techniques is difficult due to the complex preparation process, high cost, and single surface function. By contrast, the spray deposition process is a simple and efficient fabrication technique [24,25], and it mainly achieves specific functions by introducing some spherical inorganic nanoparticles (such as SiO2, TiO2) into the solution to construct micro-/nano-rough structures [26,27,28].



In addition to the contribution of the surface structure, the chemical element in the coatings or matrix material is also one of the main factors affecting the superhydrophobic self-cleaning, antireflective and mechanical properties. The coupling of materials and structures often results in positive synergies, and it is necessary to reasonably control the composition and rough structure of the coating surface [29,30,31]. In addition, the problem of coating abrasion is unavoidable, and the application of most coatings is limited by the problem of poor frictional properties. Hence, ensuring antireflective and superhydrophobic self-cleaning properties while improving the mechanical stability of coatings has become a key issue in the field.



In order to solve the above problems and further improve the multifunctional properties of the aluminum alloy surface, matte polyurethane was used as the light-absorbing material, SiO2 nanoparticles (SiO2 NPs) as the structural material, and PDMS as the binder to prepare SiO2/PDMS/matte polyurethane biomimetic composite coating (BCC). This BCC possesses a composite structure similar to the morphologies of lotus leaves, exhibiting satisfactory antireflective and superhydrophobic self-cleaning properties. Moreover, the BCC also has good mechanical stability, chemical stability, and thermal stability, providing feasible solutions for the industrial application of functional treatment of aerospace and other devices and equipment surfaces.




2. Materials and Methods


2.1. Materials


SiO2 nanoparticles (200 nm) were prepared by the Stöber sol-gel method [32] (Supplementary Materials S3). Matte polyurethane (main lacquer and curing agent), hexamethyldisilazane (HMDS) was purchased from Shanghai Fuji Industrial Co., Ltd., Shanghai, China. Polydimethylsiloxane (PDMS 184, including elastomer and curing agent) was obtained from Dow Corning Corporation Co., Ltd., Midland, MI, USA. Ethyl acetate (A.R.) and heptadecafluorodecyltrimethoxysilane (FAS-17, A.R.) were supplied by Shanghai Aladdin Biochemical Technology Co., Ltd., Shanghai, China. Sodium hydroxide (A.R.) and hydrochloric acid (A.R.) were supplied by Beijing Chemical Factory, Beijing, China. Anhydrous ethanol (A.R.) was provided by Sinopharm Chemical Reagent Co., Ltd., Shanghai, China. Deionized water was provided by Shanghai Bohu Biotechnology Co., Ltd., Shanghai, China.




2.2. Preparation of the BCC


2.2.1. SiO2/PDMS/Matte Polyurethane Dispersion


As shown in Figure 1A, there is a micro-/nano-composite functional structure on the surface of the lotus leaf, which exhibits an average reflectance of less than 6.5% (450–1000 nm) and a CA of over 157°. Inspired by the excellent antireflective and self-cleaning properties of lotus leaf, the BCC based on SiO2/PDMS/matte polyurethane was designed, and the specific preparation process is shown in Figure 1B. First, 3.0 g PDMS (mixed with Sylgard 184 elastomer and curing agent in a mass ratio of 10:1) was added to 20 mL of ethyl acetate, and stirred magnetically for 15 min at room temperature. Then, 1.5 g modified SiO2 NPs (200 nm) was weighed and added to the above mixed solution, followed by stirring magnetically for 45 min at room temperature. After the SiO2 NPs are completely dispersed, 4.5 g matte polyurethane was added into the above mixed solution with the mass ratio of component A (main paint):component B (curing agent) = 5:1, and stirring magnetically for 60 min at room temperature. Subsequently, 4 μL of heptadecafluorodecyltrimethoxysilane (FAS-17) was added to the above mixture, followed by stirring magnetically at room temperature for 40 min. After that, this mixed dispersion was sprayed onto the surface of the aluminum alloy with laboratory spraying device.




2.2.2. The Pretreatment Process of the Aluminum Alloy Surface


First, sandpapers (800 cW, 1500 cW and 2000 cW) are used to polish the 6061 aluminum alloy, and the sample with a surface roughness of <0.05 μm was obtained. Then, the sample was ultrasonically treated with absolute ethanol and deionized water for 10 min to remove surface residues of impurities, and dried with nitrogen. The diameter of the nozzle hole of the spray device is about 1 mm, and the spray distance between the nozzle and the aluminum alloy substrate is about 15 cm. The spraying process was made 20 times in 60 s at room temperature, repeated for 20 times. During the spraying process, the spray unit is moved back and forth in order to obtain a relatively uniform coating. Finally, the obtained sample was dried at 70 °C for 2 h to obtain the SiO2/PDMS/matte polyurethane BCC.





2.3. Characterization


The surface morphology of the coatings was observed by field emission scanning electron microscope (SEM, JSM-6700F, JEOL, Tokyo, Japan). To prepare the sample, the coating is sprayed directly and cured on a 1 cm × 1 cm substrate material, which is then glued to the vertical sample stage of the SEM by conductive glue, and then they were treated with gold spraying for 240 s to increase the surface conductivity and then observed in vertical view. The element composition of the coating surface was analyzed with the attached energy chromatograph (EDS, OXFORD X-MaxN 150, Oxford Instruments, Abingdon, UK). The chemical elements on the surface of the coating were analyzed by X-ray powder diffractometer (XRD, Bruker D8, Billerica, MA, USA) at a test angle of 10–80°, and the scanning speed is 4°/min. The chemical bonds of the coatings were analyzed by X-ray photoelectron spectroscopy (ULTRA DLD, Shimadzu Ltd., Kyoto, Japan). The reflectance spectrum of the coating surface was measured by a fiber optic spectrometer (Ocean Optics USB 4000, Winter Park, FL, USA). The CA and sliding angle (SA) of the coating surface were obtained by an optical contact angle meter (OCA 20, Dataphysics, Filderstadt, Germany). Five measurements were performed on each sample surface and the average value was taken. The thermal stability of the coating was measured by a Japanese Rigaku thermogravimetric analyzer (TG-DTA8122, Rigaku, Wilmington, MA, USA), the heating rate was 15 °C/min, the temperature range was 0–1000 °C, and the atmosphere was nitrogen. A high-speed camera (Phantom v711, Vision Research, Inc., Charlottetown, PE, Canada) was used to observe the bouncing process of water droplets on the surface of the BCC. All optical photos were taken with a 7D Canon camera (DS126251). The microscopic morphology of the bioinspired AR film was observed by using the field emission scanning electron microscope (SEM) of ZEISS Company, Oberkochen, Germany.





3. Results and Discussion


3.1. Morphologies and Composition Analysis of BCC


As shown in Figure 2, the morphologies of the coating are similar to lotus leaf hierarchical structures. Due to the presence of matte polyurethane, the SiO2 NPs exhibit a certain agglomeration phenomenon, forming the micro-/nano-structures. Since the material ratios will influence the interfacial morphology and properties of the prepared coatings, a series of BCCs with different single components specific gravity were fabricated. The corresponding antireflective and self-cleaning properties were analyzed to obtain the optimal material proportioning of 4.5 g for Matte polyurethane, 1.5 g for SiO2 NPs and 3.0 g for PDMS (Figures S1–S6). The surface structure of the optimized biomimetic coatings was observed to have different structures at the micron and nano scales, showing a distinctly composite morphology (Figure 2a–c), with a surface roughness Ra of 0.434 μm (Figure 2d) and a relatively homogeneous structure distribution in vertical direction (Figure 2e).



Figure 3a–c show the XPS spectrum scanning and the high-resolution scanning spectrum of the BCC modified by FAS-17. It can be seen from Figure 3a that the coating mainly contains four elements, F, O, C, and Si, and their binding energies correspond to the positions of 688.99 eV, 532.80 eV, 284.06 eV, and 103.04 eV, respectively. They correspond to peak spectra of F 1s, O 1s, C 1s, and Si 2p. A strong characteristic peak of F 1s can be clearly observed from the high-resolution scanning spectrum of XPS (Figure 3b), which is mainly due to the CF and CF2 bonds of FAS-17. In addition, the stronger characteristic peaks corresponding to Si 2p, and it belongs to SiO2 NPs, PDMS, and FAS-17 (Figure 3c). Further, it can be seen from Figure 3d that a broad diffraction peak appears at 2θ = 20.86°. Comparison with the standard card of characteristic peaks of silica (JCPDS29-0085) confirms that SiO2 NPs exists mainly as amorphous silica before and after modification [33]. In addition, several other diffraction peaks appeared on the curve, and these peaks were related to the mixed material of the matte polyurethane. The diffraction peak at 2θ = 22.78° was the dispersion peak of the irregular crystal region of the hard segment of the polyurethane material [34]. The above-mentioned EDS, XPS, and XRD results can confirm that Matte polyurethane, SiO2 NPs, and PDMS are successfully included in the BCC.




3.2. Antireflective and Self-Cleaning Properties of BCC


Compared to the uncoated substrate surface, the BCC reduces the average reflectivity of the substrate material from 60% to 10% (7.64% minimum reflectivity) in 450–1000 nm wavelength band, displaying significant broadband antireflection characteristics (Figure 4a). Meanwhile, the static CA of the surface increases from 139.3 ± 0.75° (without SiO2) to 156.32 ± 0.85° (with SiO2), demonstrating that the structure produced by SiO2 has a significant hydrophobic promoting effect. The dynamic water SA was then measured to be only 4.9 ± 0.65°, indicating that water droplets can be rolled off the coated surface quickly.



Figure 5a,b show the self-cleaning performance test of SiO2/PDMS/matte polyurethane BCC. When the test sample is placed on the glass sheet with an angle of less than 10°, the water droplets on the surface of the coating completely roll off the surface in the form of a ball, leaving no residue of water droplets or pollutants. It indicates that the coating has excellent self-cleaning ability and low adhesion, which is very similar to the self-cleaning performance of lotus leaves.



In order to further verify the excellent superhydrophobic property of the BCC, a dynamic test of the droplet bounce on the BCC surface was recorded with high-speed photography (Figure 5c). During the test, 1.40 mm radius water droplets were set to fall from a height of 30 mm. When water droplets collide with the coating interface, they shrink and completely bounce off the coating surface at approximately t = 17.2 ms without any residue. It indicates that the short acting time of water droplets on the coating interface provides perfect evidence for the coating to achieve good waterproof properties. In order to further verify this view, the theoretical contact time of water droplets hitting the surface is calculated with Equation (1) [35]:


   t c  = 2.6   ρ  D 0 3  /   8 γ      



(1)




where  ρ  is the density of the drop, D0 is the drop diameter and γ is the surface tension of the drop. Since the γ = 71.97 × 10−3 N·m−1 [35], the theoretical contact time between the droplet and the coating surface was calculated to be tc = 16.05 ms. As mentioned, actual contact time is 17.2 ms, and these two contact times were quite closed. It indicates that SiO2/PDMS/matte polyurethane BCC possessed excellent superhydrophobic property.




3.3. Antireflective and Self-Cleaning Mechanism


The structure of the surface roughness and the low surface energy of the material applied to the surface are critical to the wetting performance of a coating (Figure 6A). The BCC prepared in this experiment can achieve superhydrophobic self-cleaning characteristics mainly due to the combination of SiO2 NPs, PDMS and matt polyurethane to generate irregular micro/nano disordered rough structure through chemical bond, and the hydrophobic fluorocarbon chain on FAS17 modifier is successfully bonded to the surface of BCC.



The modification of BCC with a micro/nano-structure using low surface energy materials allows a large amount of air to be trapped in the grooves or cavities of the surface. In this case, the surface wettability can be described by Cassie-Baxter model in Equation (2) [36]:


  cos  θ c  = f cos θ +   1 − f   cos   180  °  = f cos θ + f − 1    



(2)




where θc is the apparent contact angle of structural surface, while θ is the contact angle of the smooth surface. f denotes the fraction of solid surface wetted by the liquid at the liquid-solid interface. The area fraction at the liquid-gas interface can be expressed as 1 − f.



The CA of the smooth matte polyurethane/PDMS mixed coating surface is θ = 139.3 ± 0.75° (Figure 4), and the CA of the BCC surface is θc = 156.32 ± 0.58° (Figure 4). The contact area between the droplets and the coating surface can be calculated as f = 0.347. This means that approximately 34.7% of the droplet area is in contact with the coating surface and approximately 65.3% of the area is completely in contact with the air. It indicates that more air is trapped between the micro/nano-structures, reducing the contact area between the droplets and the surface, and allowing the coating to achieve remarkable superhydrophobic performance. HMDS was used for surface fu6ctionalization, and the surface groups of SiO2 NPs were replaced with methyl groups. On the one hand, it prevents NPs from agglomerating seriously during mechanical stirring, and more importantly, it endows the surface a hydrophobic effect. On the other hand, after modification by FAS-17, a large number of hydroxyl groups originally present on the surface are replaced by fluorocarbon chains, which greatly improves the surface wetting characteristics.



For optical properties, when incident light acts on the surface of the BCC, it first contacts with the agglomerated SiO2 micro/nano structure, resulting in refraction, reflection, transmission and scattering (Figure 6B). Most of the light propagates inside the BCC, and finally is absorbed by BCC or transmitted to the aluminum alloy substrate under the joint action of various optical mechanisms. However, excessive surface roughness may increase the obvious scattering effect, reducing the light absorption of the coating. The optimized BCC achieves excellent antireflective performance, which is mainly due to the joint action of matte polyurethane and internal micro-/nano-structure in the coating. Although matte polyurethane itself has good light absorption performance, the coating without SiO2 NPs only achieves a reflectivity of about 20.91%, while the surface reflectivity decreased to about 13.47% after adding SiO2 NPs (Figure S1 in Supplementary Materials S1). It can be seen that the presence of this lotus-like surface hierarchy plays a crucial role in improving the anti-reflective and superhydrophobic properties of the coating surface.




3.4. Mechanical Durability


Figure 7a shows the process of abrasion test for the BCC surface on sandpaper. First, the bottom surface of the aluminium alloy coated with BCC was attached to one side of the slide. Subsequently, the upper surface of the coating was placed on sandpaper (1500 cW) so that the coating surface was in full contact with the sandpaper. Then, a 20 g weight was placed on the upper surface and the specimen was dragged in the direction of the yellow arrow with a rate of 3–5 mm/s for a distance of 10 cm for each abrasion. As shown in Figure 7b, the surface CA of the coated surface increased to 160.68 ± 0.77° after four abrasion tests. When the abrasion tests reached 44 times, the CA still managed to reach 161.02 ± 1.73°. Although the SA of the BCC shows a gradual increase trend with the number of abrasions, it still maintains satisfactory self-cleaning property with a SA of 8.7 ± 1.20° after 44 abrasion cycles. The reason for this phenomenon is that the coating surface tends to a relatively flat state due to the surface tension of the uncured coating material. After the abrasion test, on the one hand, excess PDMS can be removed, resulting in roughness of the coating increasing. The air trapped between the structures also increases, which can reduce the contact area between the water droplets and the coating surface. On the other hand, the abrasion surface exposes hydrophobic SiO2 NPs, exposing more hydrophobic groups and thus increasing hydrophobicity. The overall factors result in an increase in the CA and the decrease in the SA. The results show that the BCC has good wear resistance. In Figure 7c, the average reflectivity of the BCC after 44 times abrasion reaches around 20% in the wavelength range of 480–1000 nm, which still displays obvious antireflective performance. In contrast, the reflectivity of severely worn areas (destroyed point) reaches around 35%. In general, the coating maintains good antireflective properties even within 44 times abrasion cycles. When a small loss of composite structure occurs, the surface self-grows in situ to a morphology similar to the original structure due to the presence of micro-/nano-particles, so that there is no substantial increase in reflectance. When the coating wears excessively, the loss of a large amount of composite material from the surface will result in a reduction of light absorbing material in the coating, meanwhile reducing the coating thickness of the micro/nanostructure and shortening the action of the incident light between the structures. As a result, the incident absorption of the coating was reduced. Figure 7d shows the surface morphology of the coating after abrasion. After 44 abrasions, the area of the broken area is not very large and the remaining coating material is still well attached to the substrate surface by the action of the adhesive and the overall abrasion resistance is excellent.



Figure 8a evaluates the surface wettability of the BCC before and after the tape stripping test, and it shows that the surface still exhibits good superhydrophobic characteristics after 230 tape stripping tests. This indicates that only local areas of the coating will show slight surface flaking (marked by red dashed lines in Figure 8b), and new micro-nano structures will be formed in-situ in this area. Similarly, the surface retained good superhydrophobic properties when the BCC was subjected to 210 scraping tests (Figure 8c). In particular, only a few areas on the surface of the coating after scraping showed the phenomenon of coating peeling, while most of the coating material remained in good contact with the substrate (Figure 8d). These results show that the coating possesses excellent adhesion resistance and mechanical robustness. In addition, the self-cleaning properties of the knife scraper sample were tested. It was found that when water drops fell onto the white CaCO3 powder (placed in the test area), the drops still rolled off in a spherical pattern and carried away the powder with no residual water drops or white powder left on the surface of the coating. This indicates that the coating still maintains good superhydrophobic self-cleaning properties after the test (Figure 8e,f).




3.5. Stability Test of BCC


Figure 9 shows the variation curve of the CA of the BCC with different pH values. The volume of the droplet in the test is 8 μL. When pH = 1, the CA of the BCC is 148.18 ± 0.94°. With the increase of pH value, the surface CA is more than 150°, and the CA of BCC is 150.64 ± 0.46°when pH = 7. However, the CA varies from 149° to 150° with the increase of pH value. When pH = 14, the surface CA becomes 147.94 ± 1.26°. It can be seen that the coating displays obvious rejection of acidic and alkaline solutions. Although it exhibits relatively poor rejection of strong acids and bases (pH = 1 and pH = 14), the BCC still shows a hydrophobic state.



Figure 10a shows the variation curve of surface CA and SA after the coating is heated in a vacuum drying oven for 2 h (test temperature: 70–150 °C). With the increase of temperature, the CA of coating surface varies from 157.57 ± 0.65° to 159.67 ± 2.48°, while the SA varies from 4.9 ± 1.52° to 6.3 ± 1.04°, which indicates that the temperature change will not have an obvious effect on the wettability of the coating surface.



In order to further investigate the thermal stability characteristics of the coating, thermogravimetric test analysis was carried out (Figure 10b). The weight ratio curve of the coating decreases slightly between 0 °C and 269.7 °C, which is mainly due to the evaporation of the absorbed water on the surface of the coating. The curve decreases from 269.7 °C to 537.6 °C may be due to the decomposition of C-O bond of urethane group in matte polyurethane, which forms isocyanates and polyols, and then further decomposed into amines. In this temperature range, the -OSi(CH3)3 groups on the SiO2 surface and the -CH3 groups on the PDMS also begin to be decomposed, resulting in a loss of curve mass. Then, the weight drops sharply from 537.6 °C to 661.4 °C, which is caused by the decomposition of Si-C bonds in the coating and the decomposition of other components in the matte polyurethane. The temperature curve gradually becomes stable from 661.4 °C to 1000 °C due to the residue of the remaining components in the matte polyurethane and the existence of Si-O-Si structural bonds in SiO2, and the residual weight ratio is about 36.23%. These results show that the BCC is able to withstand the temperatures up to 200 °C, providing a favorable guarantee for the engineering application of functional coatings on aluminum alloy materials in most application scenarios.





4. Conclusions


In this study, we successfully developed a hierarchically structured BCC with antireflection and superhydrophobic self-cleaning characteristics on an aluminum alloy surface through a one-step spray-deposition process. The advantage of this biomimetic construction strategy enabled SiO2 NPs to be firmly encapsulated in the mixture of PDMS and matte polyurethane, endowing the BCC with robust functional characteristics. The effects of the amounts of SiO2 NPs, PDMS, and matte polyurethane on the antireflection and wettability properties of BCC were discussed separately. Meanwhile, the optimal ratio of SiO2 NPs, PDMS, and matte polyurethane to form BCC was determined to be 1.5 g, 3 g, and 4.5 g, respectively. It also showed a CA of 156.32 ± 0.58°, SA of 4.9 ± 0.65° and minimum reflectivity of approximately 7.64% in the wavelength range of 450–1000 nm. Compared with uncoated aluminum alloy surface, the obtained BCC effectively achieved the synergistic construction of antireflection and superhydrophobic self-cleaning properties on the substrate surface. In addition, thanks to the synergistic action of SiO2 NPs, PDMS and matte polyurethane, the BCC exhibited excellent mechanical stability, good acid resistance. In particular, the BCC could withstand 44 abrasion tests, 230 tape stripping tests, and 210 scraping tests. Importantly, after testing, the BCC still showed good antireflection and superhydrophobic self-cleaning properties. This study provides an effective reference solution for solving the common problems faced by the engineering and industrial applications of functional coatings.








Supplementary Materials


The following supporting information can be downloaded at: https://www.mdpi.com/article/10.3390/nano13121855/s1, Supplementary Materials S1: The influence of SiO2/PDMS/matte polyurethane on coating properties (Figures S1–S3); Supplementary Materials S2: Morphologies of biomimetic coatings with different component ratio (Figures S4–S6); Supplementary Materials S3: Preparation of the SiO2 NPs.





Author Contributions


Data curation and writing of the manuscript, Z.J. and Z.W. (Ze Wang); Formal analysis, Z.W. (Zhaozhi Wang); Investigation, Z.J. and Z.W. (Zhaozhi Wang); Writing—review & editing, Z.W. (Ze Wang); Project administration and funding acquisition, Z.H. All authors have read and agreed to the published version of the manuscript.




Funding


This work was funded by the National Key Research and Development Program of China (No. 2018YFA0703300), National Natural Science Youth Fund Project (No. 51905353), the China Postdoctoral Science Foundation (No. 2021M701386, 2022T150258), Scientific Research Funding Project of the Educational Department of Liaoning Province (No. LJKZ0107), the Open Project of Key Laboratory for Cross-Scale Micro and Nano Manufacturing (Ministry of Education) of Changchun University of Science and Technology (No. CMNM-KF202106).




Data Availability Statement


Not applicable.




Conflicts of Interest


The authors declare no conflict of interest.




References


	



Biswas, D.; Chundi, N.; Atchuta, S.R.; Phani Kumar, K.K.; Shiva Prasad, M.; Sakthivel, S. Fabrication of Omnidirectional Broadband Dual-Functional Coating with High Optical and Self-Cleaning Properties for Photovoltaic Application. Sol. Energy 2022, 246, 36–44. [Google Scholar] [CrossRef]

	



Tian, Z.; Lei, Z.; Chen, X.; Chen, Y.; Zhang, L.C.; Bi, J.; Liang, J. Nanosecond Pulsed Fiber Laser Cleaning of Natural Marine Micro-Biofoulings from the Surface of Aluminum Alloy. J. Clean. Prod. 2020, 244, 118724. [Google Scholar] [CrossRef]

	



Ghosh, M.; Rao, G.M. Superhydrophobic Vertically Aligned Treelike Carbon Nanostructures. Phys. Rev. Appl. 2019, 11, 034011. [Google Scholar] [CrossRef]

	



Wang, K.; Yu, S.R.; Li, W.; Song, Y.J.; Gong, P.; Zhang, M.S.; Li, H.S.; Sun, D.J.; Yang, X.Z.; Wang, X.W. Superhydrophobic and Photocatalytic Synergistic Self-Cleaning ZnS Coating. Appl. Surf. Sci. 2022, 595, 153565. [Google Scholar] [CrossRef]

	



Xia, X.J.; Liu, J.; Liu, Y.; Lei, Z.J.; Han, Y.T.; Zheng, Z.P.; Yin, J. Preparation and Characterization of Biomimetic SiO2-TiO2-PDMS Composite Hydrophobic Coating with Self-Cleaning Properties for Wall Protection Applications. Coatings 2023, 13, 224. [Google Scholar] [CrossRef]

	



Sun, G.; Wang, P.; Jiang, Y.; Sun, H.; Liu, T.; Li, G.; Yu, W.; Meng, C.; Guo, S. Bioinspired Flexible, Breathable, Waterproof and Self-Cleaning Iontronic Tactile Sensors for Special Underwater Sensing Applications. Nano Energy 2023, 110, 108367. [Google Scholar] [CrossRef]

	



Zhang, L.; Zhang, H.; Yu, X.; Xu, L.; Wang, D.; Lu, X.; Zhang, A. Superhydrophobic MXene Coating with Biomimetic Structure for Self-Healing Photothermal Deicing and Photoelectric Detector. ACS Appl. Mater. Interfaces 2022, 14, 53298–53313. [Google Scholar] [CrossRef]

	



Kang, S.M.; Choi, J.S.; Hong, J.; Lee, O.H.; Kang, I. Clearwing-Inspired Invisible Thin Membrane. Adv. Opt. Mater. 2023, 11, 2202825. [Google Scholar] [CrossRef]

	



Zhao, J.; Zhang, T.; Li, Y.; Huang, L.; Tang, Y. Fluorine-Free, Highly Durable Waterproof and Breathable Fibrous Membrane with Self-Clean Performance. Nanomaterials 2023, 13, 516. [Google Scholar] [CrossRef]

	



Zhao, S.; Du, H.; Ma, Z.; Xiao, G.; Liu, J.; Jiang, Y.; Hu, S.; Zhao, H.; Wen, C.; Ren, L. Efficient Fabrication of Ternary Coupling Biomimetic Superhydrophobic Surfaces with Superior Performance of Anti-Wetting and Self-Cleaning by a Simple Two-Step Method. Mater. Des. 2022, 223, 111145. [Google Scholar] [CrossRef]

	



Li, Z.; Yin, L.; Jiang, S.; Chen, L.; Sang, S.; Zhang, H. A Photocatalytic Degradation Self-Cleaning Composite Membrane for Oil-Water Separation Inspired by Light-Trapping Effect of Moth-Eye. J. Membr. Sci. 2023, 669, 121337. [Google Scholar] [CrossRef]

	



Jacobo-Martín, A.; Hernández, J.J.; Solano, E.; Monclús, M.A.; Carlos Martínez, J.; Fernandes, D.F.; Pedraz, P.; Molina-Aldareguia, J.M.; Kubart, T.; Rodríguez, I. Resilient Moth-Eye Nanoimprinted Antireflective and Self-Cleaning TiO2 Sputter-Coated PMMA Films. Appl. Surf. Sci. 2022, 585, 152653. [Google Scholar] [CrossRef]

	



Ma, Y.; Gou, T.; Feng, C.; Li, J.; Li, Y.; Huang, J.; Li, R.; Zhang, Z.; Gao, X. Facile Fabrication of Biomimetic Films with the Microdome and Tapered Nanonipple Hierarchical Structure Possessing High Haze, High Transmittance, Anti-Fouling and Moisture Self-Cleaning Functions. Chem. Eng. J. 2021, 404, 127101. [Google Scholar] [CrossRef]

	



Wu, J.; Zhang, X.; Yan, C.; Li, J.; Zhou, L.; Yin, X.; He, Y.; Zhao, Y.; Liu, M. A Bioinspired Strategy to Construct Dual-Superlyophobic PPMB Membrane for Switchable Oil/Water Separation. J. Membr. Sci. 2023, 665, 121128. [Google Scholar] [CrossRef]

	



Chien, C.Y.; Chen, Y.H.; Chen, R.Y.; Yang, H. Dragonfly-Wing-Inspired Inclined Irregular Conical Structures for Broadband Omnidirectional Antireflection Coatings. ACS Appl. Nano Mater. 2020, 3, 789–796. [Google Scholar] [CrossRef]

	



Yang, L.; Wan, Y.; Qin, Z.; Xu, Q.; Min, Y. Fabrication and Corrosion Resistance of a Graphene-Tin Oxide Composite Film on Aluminium Alloy 6061. Corros. Sci. 2018, 130, 85–94. [Google Scholar] [CrossRef]

	



Parra-Barranco, J.; Lopez-Santos, C.; Sánchez-Valencia, J.R.; Borras, A.; Gonzalez-Elipe, A.R.; Barranco, A. Mechanically Switchable Wetting Petal Effect in Self-Patterned Nanocolumnar Films on Poly(dimethylsiloxane). Nanomaterials 2021, 11, 2566. [Google Scholar] [CrossRef]

	



Ma, X.; Zhu, Z.; Zhang, H.; Tian, S.; Li, X.; Fan, H.; Fu, S. Superhydrophobic and Deacidified Cellulose/CaCO3-Derived Granular Coating toward Historic Paper Preservation. Int. J. Biol. Macromol. 2022, 207, 232–241. [Google Scholar] [CrossRef]

	



Qiu, R.; Li, Z.; Wu, Z. Enhanced Anti-Icing and Anti-Corrosion Properties of Abrasion-Resistant Superhydrophobic Surfaces Based on Al Alloys. Mater. Res. Express 2019, 6, 045059. [Google Scholar] [CrossRef]

	



Guo, X.; Guo, R.; Fang, M.; Wang, N.; Liu, W.; Pei, H.; Liu, N.; Mo, Z. A Novel Composite Protective Coating with UV and Corrosion Resistance: Load Floating and Self-Cleaning Performance. Ceram. Int. 2022, 48, 17308–17318. [Google Scholar] [CrossRef]

	



Sun, H.; Lei, F.; Li, T.; Han, H.; Li, B.; Li, D.; Sun, D. Facile Fabrication of Novel Multifunctional Lubricant-Infused Surfaces with Exceptional Tribological and Anticorrosive Properties. ACS Appl. Mater. Interfaces 2021, 13, 6678–6687. [Google Scholar] [CrossRef] [PubMed]

	



Ley, J.R.; Kwon, Y.W.; Park, C.; Menon, S.K. Corrosion of Femtosecond Laser Surface Textured Aluminium Alloy. Corros. Eng. Sci. Technol. 2017, 52, 526–532. [Google Scholar] [CrossRef]

	



Wu, J.; He, J.; Yin, K.; Zhu, Z.; Xiao, S.; Wu, Z.; Duan, J.-A. Robust Hierarchical Porous PTFE Film Fabricated via Femtosecond Laser for Self-Cleaning Passive Cooling. Nano Lett. 2021, 21, 4209–4216. [Google Scholar] [CrossRef] [PubMed]

	



Zhang, X.; Liu, Z.; Li, Y.; Wang, C.; Zhu, Y.; Wang, H.; Wang, J. Robust Superhydrophobic Epoxy Composite Coating Prepared by Dual Interfacial Enhancement. Chem. Eng. J. 2019, 371, 276–285. [Google Scholar] [CrossRef]

	



Xu, P.; Sui, X.; Ge, A.; Wang, S.; Coyle, T.W.; Mostaghimi, J. Hydrocarbon-Induced Reversible Wetting Behaviors of Hierarchically-Structured Yttrium Oxide Coatings. Surf. Coat. Technol. 2022, 449, 128996. [Google Scholar] [CrossRef]

	



Ekren, N.; Sarkin, A.S.; Saglam, S. A Hydrophobic Antireflective and Antidust Coating with SiO2 and TiO2 Nanoparticles Using a New 3-D Printing Method for Photovoltaic Panels. IEEE J. Photovolt. 2022, 12, 1014–1026. [Google Scholar] [CrossRef]

	



Lv, L.; Liu, H.; Zhang, W.; Chen, J.; Liu, Z. Facile UV-Curable Fabrication of Robust, Anti-Icing Superhydrophobic Coatings Based on Polyurethane. Mater. Lett. 2020, 258, 126653. [Google Scholar] [CrossRef]

	



Du, D.; Wang, F.; Zhang, D.; Bao, J.; Fan, Y.; Guo, Y.; Shen, W.; Wang, H. One-Step Synthesis of SiO2 Nanomesh for Antireflection and Self-Cleaning of Solar Cell. J. Colloid Interf. Sci. 2023, 630, 795–803. [Google Scholar] [CrossRef]

	



Popescu, V.; Sandu, I.; Muresan, E.I.; Istrate, B.; Lisa, G. Effects of the Pre-Treatment with Atmospheric-Air Plasma Followed by Conventional Finishing. Rev. Chim-Buchar. 2014, 65, 676–683. [Google Scholar] [CrossRef]

	



Oh, S.; Cho, J.; Lee, J.; Han, J.; Kim, S.; Nam, Y. A Scalable Haze-Free Antireflective Hierarchical Surface with Self-Cleaning Capability. Adv. Sci. 2022, 9, 2202781. [Google Scholar] [CrossRef]

	



Regmi, G.; Velumani, S. Radio frequency (RF) sputtered ZrO2-ZnO-TiO2 coating: An example of multifunctional benefits for thin film solar cells on the flexible substrate. Sol. Energy 2023, 249, 301–311. [Google Scholar] [CrossRef]

	



Iline-Vul, T.; Bretler, S.; Cohen, S.; Perelshtein, I.; Perkas, N.; Gedanken, A.; Margel, S. Engineering of Superhydrophobic Silica Microparticles and Thin Coatings on Polymeric Films by Ultrasound Irradiation. Mater. Today Chem. 2021, 21, 100520. [Google Scholar] [CrossRef]

	



Music, S.; Filipovic-Vincekovic, N.; Sekovanic, L. Precipitation of Amorphous SiO2 Particles and Their Properties. Braz. J. Chem. Eng. 2011, 28, 89–94. [Google Scholar] [CrossRef]

	



Kuan, H.C.; Chuang, W.P.; Ma, C.C.M. Synthesis and Characterization of a Clay/Waterborne Polyurethane Nanocomposite. J. Mater. Sci. 2005, 40, 179–185. [Google Scholar] [CrossRef]

	



Zhang, C.; Zheng, Y.; Wu, Z.; Wang, J.; Shen, C.; Liu, Y.; Ren, L. Non-Wet Kingfisher Flying in the Rain: The Water-Repellent Mechanism of Elastic Feathers. J. Colloid Interf. Sci. 2019, 541, 56–64. [Google Scholar] [CrossRef]

	



Yao, L.; He, J. Recent Progress in Antireflection and Self-Cleaning Technology–From Surface Engineering to Functional Surfaces. Prog. Mater. Sci. 2014, 61, 94–143. [Google Scholar] [CrossRef]








[image: Nanomaterials 13 01855 g001 550] 





Figure 1. (A) Excellent anti-reflection and self-cleaning properties of lotus leaf composite structures: (a) SEM image, (b) Reflectivity, (c) Static CA of the micro-/nano-composite structure. (B) Schematic diagram of the preparation process of SiO2/PDMS/matte polyurethane BCC. 
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Figure 2. (a–c) SEM images of the micro-/nano-structures of the BCC with scale bars of 50 μm, 10 μm, 500 nm, respectively. (c)-1 is local area enlargement of figure (c). (d) AFM image of the coating. (e) SEM image of the cross-section of the coating surface. 
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Figure 3. Chemical composition analysis of the BCC. (a) XPS full spectral scan of the coating and high-resolution scanning spectra of the S 2p of the coating. (b) High-resolution scanning spectra of the F 1s of the coating. (c) EDS spectra of the coating. (d) XRD map of the coating. 
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Figure 4. Optical and wettability characterization. (a) Reflectivity of substrates with/without biomimetic functional coating. (b) CA of the coating surface with/without SiO2. (c) Water droplet roll-off process on BCC. 






Figure 4. Optical and wettability characterization. (a) Reflectivity of substrates with/without biomimetic functional coating. (b) CA of the coating surface with/without SiO2. (c) Water droplet roll-off process on BCC.



[image: Nanomaterials 13 01855 g004]







[image: Nanomaterials 13 01855 g005 550] 





Figure 5. Surface self-cleaning performance and droplet bounce test of BCC. (a) Fine sand and (b) white calcium carbonate powder was used as pollutants for self-cleaning tests. (c) Bounce dynamics test of water droplet hitting coating surface. 
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Figure 6. (A) (a) Schematic diagram of the mechanism of the BCC surface to realize superhydrophobic self-cleaning and anti-reflection characteristics. (b) Antireflective mechanism of the coating surface. (B) Anti-reflection mechanism of bionic coating. 
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Figure 7. Frictional abrasion resistance test tests on the surface of the BCC. (a) Frictional abrasion test procedure. (b) CAs and SAs. (c) Reflectivity of the coated surface after abrasion. (d) Morphologies of BCC after 44 times abrasion. 
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Figure 8. Tape stripping test and knife scraping test of BCC. (a) Tape stripping. (b) Ultra-depth-of-field microscopic images of the coating surface morphology after tape stripping test. (c) Knife scraping tests. (d) Ultra-depth-of-field microscopic images of the coating surface morphology knife scraping test. (e) Self-cleaning test of coating surface after tape stripping test and knife scraping test. (f) Superhydrophobic characteristics of the sample surface after testing. 
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Figure 9. CA of BCC with different pH values. 
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Figure 10. BCC surface resistance to high temperature and thermogravimetric test. (a) The variation curve of coating surface with different temperature values. (b) Thermogravimetric analysis curve of coating. 
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