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Abstract:



Artificial superhydrophobic copper surfaces play an important role in modern applications such as self-cleaning and dropwise condensation; however, corrosion resistance and durability often present as major concerns in such applications. In this study, the anti-corrosion properties and mechanical durability of superhydrophobic copper surface have been investigated. The superhydrophobic copper surfaces were achieved with wet chemical etching and an immersion method to reduce the complexity of the fabrication process. The surface structures and materials were characterized using scanning electron microscope (SEM), energy dispersive X-ray spectroscopy (EDX), and Fourier transform infrared spectrometer (FTIR). The corrosion resistance and mechanical properties of the superhydrophobic copper surface were characterized after immersing surfaces in a 3.5 wt % NaCl solution. The chemical stability of the superhydrophobic copper surface in the NaCl solution for a short period of time was also evaluated. An abrasion test and an ultrasound oscillation were conducted to confirm that the copper surface contained durable superhydrophobic properties. In addition, an atomic force microscope was employed to study the surface mechanical property in the corrosion conditions. The present study shows that the resulting superhydrophobic copper surface exhibit enhanced corrosion resistance and durability.
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1. Introduction


Every natural phenomenon bears special features and properties. For instance, a feature of the lotus leaf is the behavior by virtue of which its surface repels water. The action in which a surface repels water droplets is called hydrophobic behavior and has vast implication in engineering applications. A hydrophobic surface requires a suitable type of morphology, specifically roughness, on the right materials exhibiting low surface free energy [1,2,3,4]. Scientists currently employ various methods for the fabrication and study of superhydrophobic surfaces, including chemical etching [5], chemical vapor deposition [6], solution immersion method [7], sol-gel method [8], and laser fabrication [9].



Notably, superhydrophobic surfaces that possess apparent contact angles greater than 150° have been investigated for applications in areas of self-cleaning [10], anti-icing [11], electronic cooling [12,13], and dropwise condensation [14]. In such applications, copper, which has excellent conductive properties, is widely used as substrate material and turned into superhydrophobic surfaces. However, previous literature has primarily focused on thermal performance, such as heat transfer rate, in applications. To date, few methods have been presented for the fabrication of superhydrophobic copper surfaces for corrosion protection [15,16,17,18]. Durability and corrosion resistance of a superhydrophobic copper surface are still questions in implementation.



The main goal of the present study is to investigate the corrosion resistance and durability of superhydrophobic copper surfaces. In this research, superhydrophobic copper surfaces were fabricated by taking advantage of the nanostructures and the alteration of surface chemistry. The chemical stability of the superhydrophobic copper surfaces in the corrosive NaCl aqueous solution (3.5 wt %) for a short period of time were evaluated. The corrosion resistances were characterized by electrochemical methods after immersing surfaces in the NaCl solution. To test the durability of the superhydrophobic copper surfaces, mild abrasion testing and ultrasound oscillation were conducted. In addition, the degradation of the mechanical property after immersing the superhydrophobic copper surfaces in the NaCl solution was also investigated by using an atomic force microscope (AFM). The results of the morphology, mechanical property and non-wetting performance of the superhydrophobic copper surface exposed to corrosive medium highlighted the superior anti-corrosive properties of the surface.




2. Materials and Methods


C101 copper plates were used as test samples throughout the experiments performed. Sodium chlorite (NaClO2) (Cole-Parmer, Vernon Hills, IL, USA), sodium hydroxide pellets (NaOH) (Cole-Parmer, Vernon Hills, IL, USA), and sodium phosphate tribasic dodecahydrate (Na3PO4·12H2O) (Sigma-Aldrich, St. Louis, MO, USA) were used along with deionized water to prepare an alkaline solution. Trichloro(1H,1H,2H,2H-perfluorooctyl) silane (Sigma-Aldrich, St. Louis, MO, USA) was used for the functionalization of the hierarchical copper oxide structure. Toluene (Sigma-Aldrich, St. Louis, MO, USA) was used as a solvent to dilute the solution of Trichloro(1H,1H,2H,2H-perfluorooctyl) silane. Experiments were conducted at room temperature of 23 °C.



The flat copper substrates, dimensions 5 cm by 5 cm by 0.5 mm, were initially cleaned using ultrasonication in acetone followed by rinsing with isopropyl alcohol, ethanol, and deionized water to clean off surface contaminants and grease. After the initial cleaning, the substrates were immersed in 2 M HCl to etch away the native oxide film present on the surfaces and named as pristine copper surface. The obtained pristine copper surfaces were then immersed in a hot alkaline solution composed of NaClO2, NaOH, Na3PO4·12H2O and deionized water in a weight proportion of 3.5:5:10:100 [19,20,21] maintained at 93 °C for a duration of 10 min. During this hot immersion, it was observed that the color of copper substrates gradually darkened to form a greyish texture on the surfaces. The substrates were then functionalized using Trichloro(1H,1H,2H,2H-perfluorooctyl) silane in Toluene solution with 1 mM concentration for a duration of 25 min [22]. After the functionalization process, the processed substrates were oven dried at 70 °C for 1 h and designated as a superhydrophobic copper surface. For preparing pristine copper substrates coated with Trichlorosilane, designated the reference surface, the processes remained the same except for immersing the substrates in the alkaline solution.



The morphologies and chemical compositions of the superhydrophobic copper surfaces were assessed using a scanning electron microscope (SEM, Hitachi S-3400N, Hitachi High Technologies, Tokyo, Japan) equipped with energy-dispersive X-ray spectroscopy, an atomic force microscope (AFM, Park NX10, Park System Co., Suwon, Korea), and a Fourier-transform infrared spectrometer (Nicolet iS50 FT-IR Spectrometer, Thermo Fisher Scientific, Waltham, MA, USA). The water contact angles were measured using a contact angle goniometer (ramé-hart instruments co., Succasunna, NJ, USA). Water droplets (5 μL) were carefully dropped onto the copper surfaces under ambient temperature and atmosphere. Electrochemical measurements were performed in a 3.5 wt % aqueous solution of NaCl at room temperature using a potentiostat system (Autolab PGSTAT204, Metrohm, Riverview, FL, USA). A stainless steel electrode, the superhydrophobic copper surface, and a silver/silver chloride (Ag/AgCl) reference electrode were used as the counter electrode, working electrode, and reference electrode, respectively. The exposed area of the working electrode was 16.9 cm2 for the calculation of corrosion rate. The current density was based primarily on the exposed geometrical area. The potentiodynamic anodic polarization curves were recorded at a sweep rate of 1 mV/s from −250 to 250 mV versus the open circuit potential.




3. Results and Discussion


3.1. Surface Morphologies and Chemical Compositions


Figure 1 shows the SEM image of the superhydrophobic copper surfaces and pristine copper surfaces. Micro-scratches/grooves can be seen on the pristine copper surfaces. At nano-scale, the superhydrophobic copper surfaces appear as leaf-like structures. These sharp and dense structures contribute to the high roughness associated with the substrates after processing. The energy-dispersive X-ray spectroscope (EDX) was used to verify the chemical composition of the surface, as Figure 2 shows. EDX data indicated that the surface includes Cu and O, suggesting CuO leaf-like nanostructures on the surface. Figure 3 shows the three-dimensional AFM image of the superhydrophobic copper surface. The average surface roughness of the surfaces was found to be 428 ± 12 nm, a relatively high number in terms of meeting the roughness requirements for a highly water repellent nature. The FTIR spectrum was recorded in the range from 400 to 4000 cm−1 with 320 scans and 2 cm−1 resolution to characterize chemical nature of the superhydrophobic surface. The few micrometers-thick top layer on the fabricated superhydrophobic surface was scraped off using a razor blade. The sample in powdered form was mixed with KCl to form isotropic pellets with 1% loading in mid IR region. Figure 4 shows the FTIR spectrum obtained for the superhydrophobic copper surface. A broad peak around 3411 cm−1 along with the peak around 1606 cm−1 accounts for OH stretching vibration [23,24,25,26]. A sharp peak at 614 cm−1 is accounted by the presence of halogens such as chlorine and fluorine [23,26]. The Si-O-Si stretching is evident at 1091 cm−1 [23,25], whereas Si–O rocking is characterized around 419 cm−1 [27]. Overlapping of PO43− with SiO44− can be observed at 504 cm−1 [28]. The weak band around 953 cm−1 is due to the presence of Si–O–Cu vibration [25] which suggests that the coating film is covalently attached to the copper substrate. The bands at wavenumbers 419 cm−1, 504 cm−1, 953 cm−1 and 1091 cm−1 indicate the covalent bond between silicon and oxygen that may have formed during the functionalization process. The small peak near 1317 cm−1 is assigned to the CF2 functional group [29,30]. The peak around 1395 cm−1 is due to the presence of the aryl group. The presence of the C–H bond accounts for the peak at 2921 cm−1 [24,31]. In terms of the water contact angle, the measured average angle was 83° for pristine copper surface, 110° for the copper surface coated with Trichlorosilane (reference surface), and 169° for the superhydrophobic copper surface.


Figure 1. SEM images: (a) the superhydrophobic copper surface; (b) the superhydrophobic copper surface at higher magnification; (c) the pristine copper surface.
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Figure 2. EDX spectrum analysis of the superhydrophobic copper surface.
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Figure 3. 3-Dimensional AFM image of the superhydrophobic copper surface.
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Figure 4. FTIR spectrum of the superhydrophobic copper surface.
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3.2. Chemical Stability and Corrosion Resistance


Figure 5 shows the variation in the water contact angles of the superhydrophobic copper surfaces that were immersed in the 3.5 wt % NaCl aqueous solution. The static contact angles did not deviate considerably with respect to an increase in immersion time. Even after 24 h of immersion time, the static contact angle remained around 169°, which indicates that the surfaces maintain superhydrophobicity.


Figure 5. Effect of immersion time on the static water contact angle of the superhydrophobic copper surface.
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Corrosion rate analysis was performed on the superhydrophobic copper surface using the potentiodynamic polarization method. All samples were immersed in a 3.5 wt % NaCl solution for one hour before each measurement was taken. The potentiodynamic polarization curve of the superhydrophobic copper surface was compared to the curves of pristine copper surface and copper surface coated with Trichlorosilane (reference surface), as shown in the Figure 6. Table 1 summarizes the corrosion potential (Ecorr) and corrosion current density (jcorr). The corrosion potential for the pristine copper surface was less than −219 mV; whereas, the corrosion potential for the superhydrophobic copper surface exceeded 105 mV. Moreover, the corrosion current density of the superhydrophobic surface was less than 1% that of the pristine copper surface. The corrosion rate can be calculated from


R = EW × J × K/ρ



(1)




where R is the corrosion rate (mm/year), EW is the equivalent weight of metal, J represents corrosion current density, K is a constant equal to 3272 [mm/(A·cm·year)]. ρ represents the density of the metal [32]. The exposed geometrical area of the surfaces was used to calculate the current density. The superhydrophobic surface exhibited a very low corrosion rate, which is a reduction of two orders of magnitude from that of the pristine copper surface or the copper surface coated with Trichlorosilane (reference surface), as shown in Table 1. This high-degree reduction in corrosion behavior can be accounted for by the interaction between the electrolyte solution and the surface, due to its liquid-repelling behavior. According to the Cassie-Baxter model, since air can be trapped within the leaf-like nanostructures, the liquid solution has difficulty penetrating the surface structures. Therefore, the trapped air can also inhibit a corrosive solution’s ability to penetrate into surface structures [33]. Based on all the results discussed above, it can be concluded that the effect of the trapped air in the nanostructures is more significant than the effect of the silane layer in accounting for the superior corrosion resistance. Therefore the superhydrophobic copper surface possesses favorable corrosion resistance for the Cu substrate.


Figure 6. Potentiodynamic polarization curve obtained by using Ag/AgCl electrode as the reference electrode and 3.5 wt % NaCl solution as the electrolyte for pristine copper surface, copper surface coated with Trichlorosilane (reference surface), and superhydrophobic copper surface.
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Table 1. Corrosion Potential (Ecorr), Corrosion Current Density (Jcorr), and Corrosion Rate of the pristine copper surface, copper surface coated with Trichlorosilane (reference surface), and superhydrophobic copper surface.







	
Sample

	
Ecorr (V)

	
Jcorr (A/cm2)

	
Corrosion Rate (mm/year)






	
Pristine copper surface

	
−2.20 × 10−1 ± 1.00 × 10−3

	
2.12 × 10−6 ± 4.02 × 10−7

	
4.89 × 10−2 ± 9.63 × 10−3




	
Copper surface coated with Trichlorosilane

	
−1.7 × 10−1 ± 8.91 × 10−3

	
6.6 × 10−7 ± 5.83 × 10−7

	
1.53 × 10−2 ± 1.35 × 10−2




	
Superhydrophobic copper

	
10.6 × 10−2 ± 3.61 × 10−2

	
4.62 × 10−9 ± 2.99 × 10−9

	
1.07 × 10−4 ± 6.95 × 10−5











3.3. Mechanical Stability and Property


The mechanical stability and wear resistance of the superhydrophobic coating is significant in view of its usage in long-term applications. This work first used a simple method to quantify the wear resistance of the coating. The superhydrophobic surface was dragged against a 5000 grit sand paper with a 7.75 kPa normal pressure. The specimen, with exerted pressure, was moved in 40 cm cycles, rotating the specimen by 90° at the halfway point of each cycle to manifest even abrasions on the surface. After a total abrasion length of 800 cm was reached, the contact angle was measured as 138°, which indicated that the contact angle of the surface decreased as the distances of abrasion increased due to the disruption of the surface morphology. However, the surface maintained its hydrophobicity fairly well in the given distance range, as shown in Figure 7, due to the persistent nanostructures with covalently attached silane coating. The mechanical stability of the superhydrophobic surface was also characterized through ultrasonication testing in water and in a 3.5 wt % NaCl solution for 5 min. After ultrasonication in water or the 3.5 wt % NaCl solution, the surface retained its high contact angles and its superhydrophobicity as Figure 8 shows. The reduction in contact angle in case of using the NaCl solution is more than that in case of using water because of the effect of corrosive behavior of saline medium during ultrasonication. Furthermore, the influence of the 3.5 wt % NaCl solution on the mechanical property of superhydrophobic surfaces was characterized by AFM. Table 2 shows AFM images for the superhydrophobic surface, the surface after corrosion testing (after immersion in the 3.5 wt % NaCl solution for one hour), and the surface after immersion in the 3.5 wt % NaCl solution for 24 h. From three-dimensional images and roughness values (Table 2), it can be observed that the nanoscale structures on the surfaces fairly retained their sharp profile. The process of induced corrosion did not affect surface stiffness values. In other words, the surface remained firm under varying conditions. These results indicate that the superhydrophobic surface possesses favorable mechanical stability and property.


Figure 7. Water contact angles as a result of the abrasion against a 5000 grit sand paper with 7.75 kPa normal load. The inset SEM image (upper right) shows surface morphology after reaching 800 cm of abrasion length.
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Figure 8. Static contact angle: (a) before ultrasonication and (b) after ultrasonication in water; Static contact angle (c) before ultrasonication and (d) after ultrasonication in 3.5 wt % NaCl solution.
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Table 2. AFM image, roughness, and stiffness of the superhydrophobic copper surfaces.







	
Property

	
Surface




	
Superhydrophobic Copper Surface

	
Superhydrophoic Copper Surface after Corrosion Test

	
Superhydrophobic Copper Surface after Immersion in 3.5 wt % NaCl for 24 h






	
3-Dimensional image

	
 [image: Coatings 08 00070 i001]
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Roughness Rq (nm)

	
333.86 ± 5

	
322.54 ± 16

	
326.82 ± 5




	
Stiffness value (N/m)

	
4.25 ± 0.05

	
4.24 ± 0.26

	
4.23 ± 0.20












4. Conclusions


In this work, a stable and durable superhydrophobic copper surface was prepared and investigated. The superhydrophobicity of the surface was the result of the unique nanostructures on microstructures and the assembly of low surface energy components, generating a typical contact angle was around 169°. Short term immersion measurements and potentiodynamic polarization measurements revealed that the superhydrophobic copper surface exhibited an excellent corrosion resistance for the Cu substrate. Specifically, the surface retained its morphologies and surface stiffness after immersion in the 3.5 wt % NaCl solution as revealed by AFM characterization; proven to be a highly lasting treatment method. Due to its corrosion resistance and highly durable features, the superhydrophobic surface demonstrated in the current study may be presented as an effective solution for protecting copper substrates in various engineering applications.
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