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Abstract

:

In this paper, we report a simple fabrication process of whole Teflon superhydrophobic surfaces, featuring high-aspect-ratio (>20) nanowire structures, using a hot embossing process. An anodic aluminum oxide (AAO) membrane is used as the embossing mold for the fabrication of high-aspect-ratio nanowires directly on a Teflon substrate. First, high-aspect-ratio nanowire structures of Teflon are formed by pressing a fluorinated ethylene propylene (FEP) sheet onto a heated AAO membrane at 340 °C, which is above the melting point of FEP. Experimental results show that the heating time and aspect ratios of nanopores in the AAO mold are critical to the fidelity of the hot embossed nanowire structures. It has also been found that during the de-molding step, a large adhesive force between the AAO mold and the molded FEP greatly prolongs the length of nanowires. Contact angle measurements indicate that Teflon nanowires make the surface superhydrophobic. The reliability and robustness of superhydrophobicity is verified by a long-term (~6.5 h) underwater turbulent channel flow test. After the first step of hot-embossing the Teflon nanowires, microstructures are further superimposed by repeating the hot embossing process, but this time with microstructured silicon substrates as micromolds and at a temperature lower than the melting temperature of the FEP. The results indicate that the hot embossing process is also an effective way to fabricate hierarchical micro/nanostructures of whole Teflon, which can be useful for applications of Teflon material, such as superhydrophobic surfaces.
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1. Introduction


Superhydrophobic surfaces have attracted great interest for decades because of their unique water-repelling characteristics, such as high contact angles (>150°) and low contact angle hysteresis (<10°) for a water droplet [1,2], and their applications, including self-cleaning, antifouling, anti-icing, and hydrodynamics drag reduction [3,4,5,6]. Basically, superhydrophobicity is regulated by both surface chemical composition and surface roughness [7]. For example, the surface of a lotus leaf is made of micro/nanostructures with a hydrophobic wax-like material. The micro/nano-structured hydrophobic surface can retain air among the structures and support a water droplet by only a fraction of their tips. Such a partial contact between the solid surface and a liquid droplet allows the droplet to have low adhesion and pinning so that a droplet can easily roll off the surface, which typically accompanies the removal of dust on the surface, the main mechanism allowing the lotus leaf to maintain its self-cleanness [8]. For artificial superhydrophobic surfaces, the most widely used strategy is to roughen a substrate surface with micro or nanofabrication processes, followed by a separate surface treatment or modification step, to lower the surface energy [9,10,11,12,13,14,15]. However, in practical applications, this kind of approach requires two different steps—physical surface texturing and chemical surface coating—and has serious drawbacks, such as peeling-off and degradation of the chemical coating. To overcome such an issue, it is desirable to roughen or texture a surface that is intrinsically hydrophobic so that the extra chemical treatment or coating is not necessary. This enhances the robustness and reliability of the superhydrophobicity of the surface.



Recently, thermoplastic polymers, such as low-surface-energy materials, have aroused wide concern in recent years [16,17,18,19,20,21,22] because of their strong hydrophobicity, electrical insulating, formable and flexible mechanical properties, and chemical inertness to acids and alkali metals [23,24,25,26]. Therefore, many researchers have explored the fabrication of superhydrophobic surfaces, based on such a kind of thermoplastic polymer, with various techniques, such as photolithography processes [27,28,29,30], etching techniques [31,32], and polymer imprinting [33,34,35]. These techniques have been successful in demonstrating the fabrication of superhydrophobic surfaces, although the processes are relatively complicated and costly. Photolithography processes need exposure tools with sophisticated fabrication steps and have the limitation of a minimum feature size (not feasible for fabricating nanometer-scale structures) [27,28,29,30]. Techniques based on the plasma etching also require expensive machines as well as complex preparation and fabrication steps [31,32]. More importantly, it is increasingly difficult to precisely control the fabricated structures on a nanometer scale. Therefore, there is still demand for the development of simple and economical fabrication methods that are capable of precisely controlling the dimensions and shapes of nanostructures. Alternatively, a hot embossing process has been regarded as a more cost-efficient and scalable technique for the fabrication of polymer structures, both on micrometer and nanometer scales, with high fidelity, good resolution, and less uncertainty [21,36,37,38,39,40]. However, most hot embossing processes were implemented in a vacuum condition with extra devices and, more importantly, were mostly developed for polymers with relatively low melting temperatures (less than 200 °C). A hot embossing process based on a roll-to-roll mode [41] is fast and scalable, allowing for mass production. However, it remains challenging to produce high-aspect-ratio nanometer-scale structures with a good fidelity and structural hierarchy in the roll-to-roll mode. To be able to design and fabricate high-aspect-ratio nanostructures with good regulation of structural hierarchy is of great significance for many applications, such as superhydrophobic surfaces. For the hydrophobic polymers with higher melting temperatures, such as fluorinated ethylene propylene (FEP), very few attempts have been made to fabricate nanometer-scale structures using a hot embossing process; most attempts have focused on making micrometer-scale patterns [42,43,44].



In this work, we explore a hot embossing process to fabricate high-aspect-ratio nanowire structures of whole Teflon. The hot embossing process is directly applied to a Teflon FEP sheet using a nanoporous anodic aluminum oxide (AAO) membrane. More specifically, we investigate the effect of the heating time and aspect ratio of the nanopore structures of the AAO mold on the fidelity of the hot-embossed nanowire structures. We further examine the superhydrophobicity of the nanostructured whole Teflon surface. The robustness and durability of the superhydrophobicity of the nanostructured whole Teflon surface is also tested in an underwater turbulent channel flow. The fabrication of hierarchical nanostructures is also demonstrated by employing two-step hot embossing processes using the nanoporous AAO membrane followed by microstructured silicon modes.




2. Fabrication Scheme


The schematic of the proposed two-step hot-embossing processes to fabricate hierarchical structures of Teflon is shown in Figure 1. The formation of nanowire structures using an AAO mold is shown in Figure 1a. The AAO mold is coated with Teflon AF1600 as a lubrication layer to facilitate the de-molding of a molded Teflon FEP from the AAO mold after hot embossing. Without the Teflon (AF1600) coating, both the Teflon FEP and AAO mold are prone to deformation and distortion during the de-molding step because of the large adhesion and friction between them. After lubrication treatment, the AAO mold is heated to a temperature, greater than the melting temperature of embossed Teflon, to let the Teflon FEP sheet completely melt and reflow into the nanopores in the AAO mold. During a hot embossing process, a Teflon FEP sheet is placed on top of the heated AAO mold and covered with a glass slide. Pressure is then applied onto the cover glass to help fill the nanopores with Teflon FEP. Stacked layers, including the AAO mold and the Teflon FEP sheet attached to the glass slide, are then transferred to a stainless-steel desk at room temperature to cool down. Further, the fabrication of hierarchical micro/nanostructures using a microstructured silicon mold is shown in Figure 1b. The hot embossing process is simply repeated with the microstructured silicon mold directly on the nanostructured Teflon FEP substrate.




3. Methods and Materials


3.1. Preparation of AAO Molds


Nanoporous AAO molds are made based on the anodization of aluminum (Al) in electrolytic solutions. Anodization is a scalable fabrication method to form self-ordered nanometer-scale pore structures of an oxide layer of metallic substrates, such as aluminum. Depending on the anodizing solution, the acidity of the electrolyte, anodizing voltage and temperature, the thickness of the oxide layer and the dimension of the nanometer-scale pores can be conveniently modulated [45,46,47]. In our study, AAO molds (18 mm × 18 mm × 0.5 mm) with different diameters and spacing were purchased from Lesson Nano Technology Co., Ltd. (Shenzhen, China). Various types of AAO molds with different dimensions were prepared, as summarized in Table 1, to examine the effect of the aspect ratio on the fidelity of the nanowire formation via hot embossing. The SEM image of one of the AAO molds (V shape, pore diameter of 400 nm upper and 100 nm bottom, pore depth of 500 nm) used in this study is shown in Figure 2a. All AAO molds were ultrasonically cleaned in acetone and then rinsed with deionized water before hot embossing. To facilitate the de-molding of a Teflon FEP film from the AAO mold without destroying the nanopores [48], the AAO molds were coated with 0.05% Teflon solution, which was prepared by mixing AF1600 powders (DuPont Company, Wilmington, DE, USA) in an FC-40 solution (Sigma-Aldrich, St. Louis, MO, USA). The Teflon solution was applied to the AAO molds using a dip coating method at room temperature in a vacuum condition to ensure that the nanopores were completely filled with the Teflon solution. Next, the Teflon-coated AAO molds were baked at 170 °C for 5 min to evaporate the FC-40 solvent, and then at 340 °C for 30 min to reflow the Teflon coating, achieving a uniform coverage on the nanopore inner surface. The thickness of the Teflon coating is around 50 nm, which makes the actual pore size of the AAO mold a bit smaller than its original size, as shown in Figure 2b.




3.2. Fabrication of Micromachined Silicon Molds


A single-side polished 500 ± 5 m-thick silicon wafer (4 inch, p-type <100>, <0.01 Ω·cm) was used as a silicon substrate. A Photolithography process using mask aligner (MA6, Karl Suss, Schleissheimer, Germany) and a deep reactive ion etching (DRIE) process with an inductively coupled plasma etching machine (Surface Technologies Systems USA Inc., Redwood, CA, USA) were used to form two different types of microstructures: A parallel array of grates and a square array of circular pillars. With respect to the grates, the ridge width varied from 10 to 20 μm, while the center-to-center pitch was maintained at 50 μm. With respect to the pillars, the diameter varied from 3 to 20 μm, while the center-to-center pitch was maintained at 50 μm. The DRIE etching time was regulated, resulting in an etch depth of ~40 μm for both patterns. The etched silicon wafer was then ultrasonically cleaned in acetone and isopropyl alcohol solutions for 5 min, followed by ultrasonic cleaning with deionized water for 5 min. The SEM images of the microstructured silicon molds are shown in Figure 3.




3.3. Hot Embossing


For the hot embossing of high-aspect-ratio nanowire structures using the nanoporous AAO mold (Figure 1a), a Teflon FEP sheet (DuPont Company, Wilmington, DE, USA) with a thickness of ~0.5 mm was used as a substrate. We cut the Teflon FEP sheet into pieces of 2 cm × 2 cm using a stainless knife. Then, we put the Teflon FEP piece on the heated AAO molds at 340 °C. At the same time, a rigid glass slide was put and pressed down on the top of the Teflon FEP piece in order to apply uniform pressure over the surface. During the hot embossing process, additional pressure was applied with wafer tweezers on the top of the glass cover to help the melted Teflon FEP to fill the nanopores more effectively. After embossing, the stack of Teflon FEP sheets on the glass slide and the AAO mold was transferred to a stainless-steel desk at room temperature for cooling. Then, the glass slide was removed from the Teflon surface and the Teflon FEP sheet was detached from the AAO mold by manually peeling off the FEP sheet from one edge. In order to produce nanowire structures with good fidelity after demolding, the AAO mold was recoated with Teflon AF1600 after around 10 cycles of the molding/demolding processes. Otherwise, the demolding process would not have been effective, causing non-uniform coverage of the nanostructures (e.g., broken or missing nanowires in some regions), which would most likely be due to the peel-off of the Teflon coating from the AAO nanopore walls. For the hierarchical fabrication of microstructures onto the nanostructured Teflon sheet, we repeated the hot embossing process using a microstructured silicon mold. Similar to the first-step (the hot embossing process employing AAO molds), we first lubricated the silicon mold with Teflon AF1600 using the same method. Then, we placed the nanostructured Teflon FEP sheet onto the microstructured silicon mold, with the glass slide on top of the Teflon sheet. Then, the whole stack was transferred to a preheated hotplate and uniformly heated at 100 °C for 80 s, with uniform pressure applied by tweezers on top. It should be noted that the heating temperature in this step is below the melting point of Teflon FEP. Therefore, the microstructures are not formed by melting but formed through physically compressing the nanowires down to the substrate. In this case, the pressure applied by the tweezers helped to avoid any movement between the Teflon FEP sheet and the silicon mold. After embossing, the whole stack was quickly transferred to a stainless-steel desk at room temperature to cool down. After cooling, the glass slide was removed from the Teflon surface, and the Teflon sheet was de-molded from the silicon mold by manually peeling the FEP sheet from one edge.




3.4. Contact Angle Measurement


To examine the enhanced hydrophobicity of the Teflon FEP surface by nanowire structures, apparent contact angles of water droplets on the surface were measured with a goniometer system (Beijing Zhongjingkeyi Technology Co., Ltd., Beijing, China and Zolix Instruments Co., Ltd., Beijing, China) in a room condition. A water droplet (1.4 µL) with a diameter of 1.5 mm was dispensed on top of the surface by a needle to measure the initial quasi-static contact angle. Then, the advancing and receding contact angles of a water droplet with an increased size (3.2 mm in a diameter)—to preclude the effect of a needle (0.24 mm in a diameter) on the profile and contact angles of a droplet—were measured [49]. The advancing contact angle (θa) and the receding contact angle (θr) were measured as the droplet volume through the needle gradually increased and decreased, respectively, taken as the apparent contact angle when the evident movement of the contact line at the droplet base was observed. Then, the contact angle hysteresis (θh) was evaluated as the difference between the advancing contact angle and receding contact angle (i.e., θh = θa − θr). The contact angle measurement was performed at six different locations on the surface and the average value was used for the evaluation.




3.5. Measurement of Underwater Superhydrophobicity in Turbulent Flow


According to the Cassie-Baxter wetting theory [50], the high-aspect-ratio nanowire structures make the Teflon FEP surface superhydrophobic by entraining the air between the water and surface. The air-retained superhydrophobic surface is of great significance for many applications [51,52], such as hydrodynamic drag reduction [53,54,55], anti-biofouling [56], anti-corrosion [57], and anti/de-icing [58]. Thus, we also tested the retentivity of the entrained nanowired Teflon FEP surface under a turbulent flow of water using a water tunnel. The customized water tunnel used for the test is shown in Figure 4. The Teflon surface is attached to the test section wall with double-sided tape, which is located in the middle of the channel (5 cm × 5 cm × 50 cm). The retentivity of the air on the surface under a turbulent flow of water was examined by monitoring the reflection of light from the surface. The water flow velocity is ~1.2 m/s, the Reynolds number is ~6.7 × 104, which is calculated by Re = u·L/v, where u is the velocity of the fluid with respect to the object (m/s), L is a characteristic linear dimension (m), and v is the kinematic viscosity of the fluid (m2/s) [59]. The water used in the water tunnel is considered fully saturated with air, as it has been several months since the initial injection. If the air is well retained on the surface, a silvery mirror-like color is shown on the surface, which is due to the total internal reflection of light from the air layer sheathing between the surface and water [60].





4. Results and Discussion


4.1. Effects of Aspect Ratio


The aspect ratio of the AAO mold also has a significant influence on the fidelity of the replicated nanowires. This is because the mechanical properties of the nanowires, such as strength and stiffness, are directly related to their aspect ratio. Apparently, the nanowire structures with a lower aspect ratio are stiffer than those with a higher aspect ratio, as shown in Figure 5. The nanowire structures shown in Figure 5a,b are made using the AAO molds of VM-01 and SP-03, respectively. Both molds have nanopores whose aspect ratios (depth to diameter) are less than 4:1. The result shows that the fidelity of the replicated nanowires is good (uniform coverage of the nanowires over the surface with no significant damage or aggregation of the nanowires) when using an AAO mold with an aspect ratio less than 10:1. When the aspect ratio of the AAO mold is around 10:1 (LJ-05 mold), significant bending and aggregation of the nanowires can be observed, as shown in Figure 5c. When using an AAO mold with an aspect ratio greater than 10:1 (LJ-04 mold), the bending and clustering of the nanowire structures become more serious, as shown in Figure 5d. While the aspect ratio of AAO mold affects the aspect ratio of the replicated nanowires, the results also show that the aspect ratios of the replicated nanowires are usually much greater than those of the AAO molds themselves. As illustrated in Figure 5c,d, the aspect ratios of the replicated nanowires are much greater than 30:1, although the aspect ratios of the nanopores in the AAO molds (LJ-05 and LJ-04, respectively) are less than 20:1. This is attributed to the adhesive force between the Teflon FEP and the AAO mold as well as the elasticity of the Teflon FEP. During the de-molding process, the adhesive force retards the dislodging of the Teflon FEP from the nanopores so that the elasticity of the Teflon FEP allows for the elongation of the nanowires during the withdrawal of the polymer from the AAO mold.




4.2. Effects of Heating Time


Heating time also affected the aspect ratio of the replicated nanowire structures. For example, the relationship between the dimensions of nanowires and the heating time, when the AAO mold of SP-03 (used for the nanowire structures shown in Figure 5b) was employed in the hot embossing at 340 °C, is shown in Figure 6. The result (Figure 6a) shows that the length of the nanowire increases with the heating time, while the diameter slightly decreases with the heating time. Thus, the aspect ratio of nanowire structures increases significantly with the heating time, specifically, in this study, in 16 min (Figure 6b). The results indicate that the increase in the heating time allows the melted Teflon FEP to fill the nanopores of AAO mold more faithfully and to increase the effective contact area and hence the adhesion force between the Teflon FEP and the nanopore walls of the AAO mold. Therefore, during the demolding step, the nanowire structures of the Teflon FEP should be elongated as the heating time increases.




4.3. Apparent Contact Angles of Nanowired Teflon FEP Surfaces


To examine the uniformity of the replicated nanowire structures of Teflon FEP and the reproducibility of the hot embossing process, as well as the effects of nanowire structures on the hydrophobicity of the surface, contact angles of a sessile droplet of water on the nanowired FEP surfaces have been measured. For example, the apparent quasi-static contact angles of six different Teflon FEP surfaces, made with the same AAO mold of SP-01, are shown in Figure 7a. Additionally, the contact angle hysteresis of six different Teflon FEP surfaces, made with the same AAO mold of SP-01, is shown in Figure 7b. The quasi-static contact angle and the contact angle hysteresis of a smooth (non-patterned) Teflon FEP film were 92° ± 3° and 25° ± 3°, respectively. The results show that the high-aspect-ratio nanowire structures of whole Teflon, fabricated by the hot embossing process, increases the hydrophobicity of the Teflon significantly, allowing superhydrophobicity (a contact angle higher than 150°, with a contact angle hysteresis of less than 10°). Such superhydrophobicity results from the high-aspect-ratio hydrophobic nanostructures of Teflon FEP, which can entrain air beneath the liquid droplet due to surface tension effects. Moreover, the results show that superhydrophobicity does not vary among the samples, indicating that the hot embossing process is reproducible with good uniformity over the sample area.




4.4. Underwater Superhydrophobicity of Nanowired Teflon FEP Surfaces in Turbulent Flow


Such superhydrophobicity can be useful for many applications. Especially, the air retained on the surface can reduce the hydrodynamic skin friction due to the low viscosity of the air, as compared with that of water [55]. In such an underwater application, it is critical to retain the air for a relatively long operation time under high pressure and shear flow. For example, under a highly pressurized condition, water can fill the air cavities by the hydraulic force, and the air is also prone to diffusion and dissolution into water, thermodynamically following Henry’s law [61], which significantly depends on the physical parameters (e.g., shape and dimension) of the surface structure. In addition to hydrodynamic pressure, turbulent-flow fluctuations can also cause the depletion of the air on the superhydrophobic surface [62]. Especially, the previous work [55] showed that significant loss of air on the superhydrophobic surface could happen due to the shearing effect in high Reynolds number turbulent flows, which would be further affected by the mechanical properties (e.g., pliability) of the surface structures. To examine and demonstrate the robustness of the high-aspect-ratio and flexible nanowire structures of Teflon in retaining the air under a hydrodynamically shearing condition, the nanowired FEP surface was tested in a turbulent flow, as shown in Figure 4. The estimated water pressure around the sample was less than 1 mbar [63] and the water was fully saturated with air so that the filling of water into the air cavities by the pressure or diffusion was negligible in our test condition. The underwater air-retentivity of the nanowired FEP surface, made using the AAO mold of SP-01 in a turbulent flow (water flow velocities of ~1.2 m/s, Reynolds number of ~6.7 × 104), is shown in Figure 8. The coverage of air over the nanowired Teflon FEP surface before applying the turbulent flow, which can be identified by the silvery sheen reflected by the air layer, is shown in Figure 8a. For comparison, the coverage of air on the nanowired FEP surface after applying the turbulent flow for 6.5 h is shown in Figure 8b. It can be observed that there was no significant change in the air coverage even after turbulent flow was applied for 6.5 h. This indicates the great air-retentivity of the nanowired FEP surface under a high shearing flow, which is important for the reliability and robustness of the superhydrophobicity of the nanowired FEP surface for real applications, such as hydrodynamic drag reduction [55].




4.5. Hierarchical Micro/Nanostructures of Whole Teflon


After the nanowire structures were formed by the first hot embossing step, microstructures were further fabricated on the nanostructured Teflon FEP via the second hot embossing step. The SEM image of the microhole structures of the whole Teflon, whose surfaces hierarchically feature the nanowire structures using the micropillar silicon mold (Figure 3a) for the second hot embossing process, is shown in Figure 9a. The SEM image of the micrograte structures, coupled with the nanowire structures using the micrograte silicon mold (Figure 3b), are shown in Figure 9b. The result shows that the non-compressed areas (no hard contact with the silicon mold) were covered with the nanowires, which were predefined in the first hot embossing step, and had no significant deformation or damage. In contrast, the nanowires in the compressed areas (hard contact with the silicon mold) were flattened down, but not melted down, since the temperature applied in the second hot embossing step (100 °C) was much lower than the melting point of the Teflon FEP (260 °C).





5. Conclusions


The results shown in this work demonstrate that a simple hot embossing process, using nanoporous AAO membranes, can realize the fabrication of high-aspect-ratio nanowire structures of whole Teflon. Key processing parameters, i.e., the molding temperature, heating time and aspect ratio of the nanopore structures of the AAO molds, have been investigated in order to achieve a high fidelity pattern transfer. In this work, nanowires formed with an AAO mold (with a molding temperature of 340 °C, which is greater than the melting temperature of the Teflon), whose aspect ratio is less than 10:1, give the best result in terms of yield and structure quality. In addition, as the heating time increases, the aspect ratio of nanowires rapidly increases. Thus, we can produce nanowires with different aspect ratios by controlling the heating time. The contact angle measurements and the underwater air-retentivity test in a turbulent flow show the strong superhydrophobicity of the nanowired Teflon FEP surface and the great robustness of superhydrophobicity. The repetition of the hot embossing process further allows us to achieve hierarchical patterning of the whole Teflon sheet for the production of dual-scale (micro and nano) structures. The second hot embossing step, in which the embossing temperature is lower than the melting point of the Teflon, retains the original nanowire structures predefined in the first hot embossing step with no significant deformation or damage, especially over the areas that are not compressed by the mold. The simple and scalable hot embossing techniques for the formation of high-aspect-ratio nanowires as well as hierarchical micro/nanostructures of whole Teflon, demonstrated in this study, will be of great significance for a wide range of applications, in which the unique physical and chemical properties of the Teflon material are critical, such as superhydrophobic surfaces, hydrodynamic drag reduction, anti-fouling, anti-corrosion, anti-icing, microfluidics systems, and sensors.
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Figure 1. Schematics of hierarchical hot embossing processes. (a) Fabrication of nanowire structures with an AAO mold; (b) Fabrication of microstructures with a silicon mold. 
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Figure 2. Scanning electron microscope (SEM) images of an AAO mold (VM-01). (a) Before Teflon coating; (b) After Teflon coating. 
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Figure 3. SEM images of microstructured silicon molds. (a) Micropillars; (b) Microgrates. 
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Figure 4. Water tunnel used for the underwater superhydrophobicity test in turbulent flow. Test section for the sample is located in the middle of the channel. 
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Figure 5. SEM images of nanowire structures replicated using the AAO molds with different aspect ratios, including (a) VM-01, (b) SP-03, (c) LJ-05, and (d) LJ-04 molds, respectively (see Table 1 for the details of the dimensions of the different AAO molds). 
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Figure 6. Characterizations of the dimensions of Teflon FEP nanowires with respect to heating time in hot embossing. (a) The average values of height and diameter of nanowire structures measured at six different points on each sample; (b) The aspect ratios of the nanowires estimated by the average values of the height and diameter over the heating time. 
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Figure 7. The apparent quasi-static contact angles (a), and contact angle hysteresis (b) of six different Teflon FEP surfaces with high-aspect-ratio nanowire structures made with the same AAO molds of SP-01. The inset in each figure shows an exemplary image of a sessile droplet of water used for the contact angle measurement. 
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Figure 8. Measurement of underwater air-retentivity of the nanowired Teflon FEP superhydrophobic surface in a turbulent flow: (a) before flow; (b) after 6.5 h of turbulent flow, where the flow direction was tangential to the nanowired Teflon FEP surface, as indicated by the arrows in the image. In each image, the dashed lines (red in color) represent the boundary of the specimen, whose inner area is fully covered by an air layer. 
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Figure 9. SEM images of the hierarchical micro/nanostructures of whole Teflon by two-step hot embossing processes. (a) Microholed surface featuring nanowire structures; (b) Micrograted surface featuring nanowire structures. 
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Table 1. Dimensions of the AAO molds employed in this study.
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Name

	
Pore Diameter (nm)

	
Interpore Distance (nm)

	
Pore Depth (nm)






	
VM-01

	
400 ± 20 (upper part)

	
530 ± 20

	
500 ± 20




	
100 ± 20 (bottom part)




	
LJ-04

	
150 ± 20

	
530 ± 20

	
2000 ± 20




	
LJ-05

	
200 ± 20

	
530 ± 20

	
2000 ± 20




	
SP-01

	
250 ± 20

	
450 ± 20

	
2500 ± 20




	
SP-03

	
120 ± 20

	
450 ± 20

	
450 ± 20
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