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Despite their promise in diverse applications, lubricant depletion over time presents an important challenge for slippery lubricant-infused porous surfaces (SLIPS). The main source of lubricant depletion is the growth of a wetting ridge around a foreign liquid's droplet that removes the infused lubricant from the porous surface when the droplet slides off. Herein, we describe the fabrication of liquid-infused ZnO nanowire array surfaces by capillary rise lubrication and the effect of array morphology on suppressing wetting ridge formation. The orientation of nanowires strongly affects lubricant infiltration and the stability of SLIPS properties. The infiltrated lubricant in random ZnO nanowire arrays does not form a visible wetting ridge around a water droplet because of the strong capillarity that retains the lubricant confined in the nanoporous structure. The lack of wetting ridge gives rise to a stable SLIPS that exhibits self-recovery of the infused lubricant. Such a structure retains lubricant under a strong centrifugal force, showing high stability. Our study provides a straightforward, robust, and potentially scalable approach for making stable SLIPS that suppresses lubricant depletion by taking advantage of the unique morphology of the random nanowire arrays and capillary rise lubrication.

Introduction

Slippery lubricant-infused porous surfaces (SLIPS) show remarkable repellency against liquids, making them useful in diverse applications ranging from self-cleaning to water harvesting to anti-icing and anti-fouling. [1] The physical origin of the liquid repellency of SLIPS comes from a lubricant film within and above the surface of the porous template. [2] However, the lubricant film can be lost because of lubricant evaporation, shear force induced lubricant loss, and movement of liquid droplets on the infused surface. [3] The depletion of lubricant in SLIPS presents a key barrier to the widespread adoption of this powerful approach. The formation of wetting ridges emerges as the primary source of lubricant depletion because of the interaction between a water droplet and the lubricant film. [4] This interaction induces the rising of a thin lubricant film around the water droplet or even to form a lubricant film that entirely covers the water droplet. [3c, 4a, 5] These wetting ridges degrade the performance of lubricant film over time when the water droplet slides off the surface, resulting in permanent loss of the lubricant. [4a] Furthermore, the removed lubricant presents a potential source of contamination in water harvesting applications. [6] It is thus critical to minimize or prevent the formation of wetting ridges, leading to stable SLIPS. Despite its importance, suppression of wetting ridge on SLIPS has not been extensively addressed. [7] On the one hand, studies on SLIPS focus either on introducing new template/lubricant systems or exploring potential applications. [8] On the other hand, some studies reported the effect of viscosity and thickness of lubricant film on the SLIPS properties. [9] By carefully removing excess lubricant on a rough surface by rotating the infused surface for a specific time to reach the desired thickness of lubricant, stable SLIPS have been produced. [10] However, current coating approaches fail to produce such a stable infused configuration without time-consuming optimization steps in which high shear force, causing the loss of repellency properties, is used.

In this work, we describe a robust method for fabricating stable SLIPS via capillary rise infiltration (CaRI) of silicone oil into interstitial nanovoids of ZnO nanowire arrays. We hypothesize that the appearance of the wetting ridge and the subsequent loss of lubricant from SLIPS can be suppressed by eliminating extra lubricant outside the pores of the porous surface. To create such a structure, we infuse and confine silicone oil within the nanostructure of ZnO nanowire arrays via capillary forces. The silicone oil that resides in the interstitial pores between randomly aligned high aspect ratio ZnO nanowires can remarkably suppress the wetting ridge's growth. These structures also show excellent retention of silicone oil against moving water droplets and shear force, leading to highly stable SLIPS. Capillary rise lubrication enables eliminating excess lubricant without any delicate optimization steps, making it a potentially scalable manufacturing approach.

Results and Discussion

Silicone oil-infused ZnO nanowire (NW) arrays via capillary rise lubrication

Capillarity at the nanoscale is a powerful force that enables the spontaneous transport of liquid into small pores. [11] Here, we induce infusion and retention of silicone oil in the nanostructure of ZnO NW arrays via capillarity to produce stable SLIPS. The advantage of ZnO NW arrays is that the porous structure's morphology can be varied by changing the orientation of NWs. For example, ZnO NW arrays with vertical or random alignments can be produced. These different alignments likely result in interstitial pores of different shapes and sizes. Here, we study how the orientation of ZnO NWs affects the silicone oil infiltration and the stability of infiltrated surfaces against lubricant depletion.

ZnO NW arrays are grown on pre-seeded silicon wafer substrates via a chemical bath deposition method. [12] The orientation of NWs is controlled by changing the number of the seed layer and the heat treatment step before immersion in the growth solution. [12a] We study three types of ZnO NW arrays having different orientations: vertical, tilted, and random geometry. The morphology of the three types of ZnO NW arrays before the infiltration of silicone oil is observed through scanning electron microscopy (SEM). The top-view SEM images (Figure 1a-c) indicate the presence of NW arrays with different orientation angles.

Cross-section SEM images (Figure 1d ande) show that the vertical and tilted NW arrays have orientation angles of 3.7° ± 3.15° and 19.3° ± 9.3°, respectively (Figure S1, Supporting Information (SI), for statistical details). When NWs are grown with a high aspect ratio (i.e., the ratio between the length and diameter), they undergo aggregation to form bundles upon drying. Because of this aggregated morphology, we classify this structure as the random NW array (Figure 1f and Figure S2). These three types of ZnO NW arrays will be hereafter referred to as vertical NW array, tilted NW array, and random NW array, respectively.

To prepare lubricant-infused surfaces, we induce wicking of silicone oil into the interstitial nanogaps of ZnO NW arrays (Figure 2a). We hypothesize that this approach will confine The vertical ZnO NW array shows the slowest rate of silicone oil infiltration requiring 115 min to rise 1.8 cm. In comparison, the tilted ZnO NW array takes about 45 min to rise to the same height. For the random ZnO NW array, composed of long and dense NWs, only about 18 min is needed to rise to the same height. As the liquid and material are the same between the three samples, we may consider that the dynamic viscosity, surface tension, and contact angle are constant for all the samples. Based on these assumptions and the dependence of wicking rate on the pore size, [11f, 13] these observations suggest that the capillary pressure in the random NW array sample is the largest among the three types of NW arrays. The random NW array likely presents a nanoscale porous structure within aggregated NW bundles, possibly explaining the robust wicking of this sample (Figure 1c, f, and Figure S2). The same wicking trend is also observed in our wicking experiments with water; the random NW array has the most rapid wicking rate among the three structures (Figure S3). Upon infiltration, the random NW array presents a rough lubricated structure where the silicone oil is confined within the NW bundles. No visible silicone oil in the valleys between the aggregated NWs bundles is observed, likely because the capillary force is considerably strong at the nanoscale (Figure 2c).

Wetting properties of the silicone oil-infused ZnO NW array surfaces

To understand the effect of extra lubricant on the wetting properties (i.e., the lubricant that is not confined in the interstices between NWs), we compare NW arrays lubricated by our capillary rise infiltration (CaRI) method with those lubricated using a standard top-down approach, i.e., lubrication by spin-coating of silicone oil directly onto the surface. The illustration of a wetting ridge surrounding a water droplet on a lubricant-infused surface and the definition of the apparent contact angle is presented in Figure 3a. Water droplet contact angles on ZnO NW arrays spin-coated lubricant are between 80° and 90°. Water contact angles on the CaRI-lubricated NW arrays are larger than the corresponding values on spin-coated samples (Figure 3b). The random array has the highest contact angle of the three, likely because of its high surface roughness (Figure 1c, f, and Figure S2). Water droplets have prominent wetting ridges on all these spin-coated surfaces because of the rise of the lubricant film around the water droplet (Figure 3c, see the inset zoomed pictures for clarity). The appearance of wetting ridge suggests that a thin layer of extra lubricant (i.e., lubricant that is not confined in the interstitial void between NWs) exists above the height of the NWs. These wetting ridges are identified as the main source of lubricant depletion on liquid-infused surfaces. [4a, 5a, 14] Remarkably, we observe a transition in the shape of the wetting ridge on CaRI-lubricated NW arrays as the orientation of the NWs is changed (see dashed blue insets in Figure 3d for clarity). A wetting ridge is observed around the water droplet on the vertical NW array (Figure 3d); however, the wetting ridge's size is considerably reduced compared to the one observed on spin-coated samples (Figure 3c). The formation of wetting ridge is considerably suppressed for the tilted NW array and not visible for the random NW array (Figure 3d).

For quantitative analysis, we evaluate the CaRI lubrication method's effectiveness in suppressing the growth of wetting ridge by calculating the ratio of lubricant ridge height (z) to the water droplet height (h), see Figure 3e. The z/h ratios in NW arrays spin-coated lubricant show high values because of a wetting ridge's prominent presence. However, the z/h ratio is lower for the tilted NW array and the random NW array than that of the vertical NW array (Figure 3e). Using the CaRI lubrication approach, the z/h ratio is remarkably decreased for the vertical NW array and the tilted NW array compared to those observed on spin-coated samples. On the lubricated random NW array surface, the wetting ridge is no longer visible, and it is not possible to calculate the z/h ratio. These results are consistent with the rates of capillary rise (Figure 2b). Because of the nanoscale porous structure-induced high capillary pressure posed by tilted and random NW arrays, the infused lubricant stays trapped in the interstices among the NWs and does not form wetting ridges. Also, as NW arrays' morphology varies from vertical to tilted and to random alignments, NW arrays' structure provides a more tortuous path for the lubricant to escape. For instance, the vertical NW array shows a uniform channel-like path (Figure 1a), providing a direct path for lubricant to go from the bottom surface to the top. The tilted NW array provides a more tortuous path via the collision of NWs, but there are remaining open paths for the lubricant from the bottom to reach the top surface (Figure 1b). Of interest is the random NW array's unique morphology, consisting of NW bundles, likely provides a highly tortuous path and thus effectively confines lubricant within the aggregated NW bundles. Thus, the combination of the high capillary pressure and extremely tortuous path likely play important roles in resisting the growth of wetting ridge, potentially addressing the problem of lubricant depletion.

Stability of silicone oil-infused ZnO NW array surfaces under dynamic conditions

As described above, moving and shedding water droplets on lubricant-infused surfaces lead to lubricant loss if the water droplets are surrounded by wetting ridges. Thus, it is critical to make a stable lubricant-infused surface showing liquid repellency under dynamic (i.e., watershedding) conditions. To gain more insights into the wetting ridge's effect on the lubricant depletion, we perform various experiments to observe NW morphology's impact on lubricantinfused NW arrays' stability. We first observe the traces left by water droplets sliding on lubricant-infused ZnO NW arrays. A trail is left by a sliding droplet on the vertical NW array (Figure 4a), dragging lubricant with it, presumably because of the wetting ridge's presence.

The tilted NW array with lubricant also shows a slight trail left by a moving droplet as shown in Figure 4b. In contrast, no visible track is seen on the lubricated random NW array surface after a droplet slid down the surface (Figure 4c). This observation agrees with the results shown in Figure 3; surfaces that suppress the ridge formation reduce lubricant loss from the surface. Loss of lubricant from SLIPS can also be induced by a mechanical force such as shear or centrifugal. [3b] Few robust strategies against mechanical force-driven lubricant depletion have been presented. [15] We compare the stability of SLIPS properties against mechanical forceinduced lubricant depletion by applying a strong centrifugal force using a spin coater for 180 s at a speed of 4500 rpm and measuring the sliding velocity of a water droplet on the 7°inclined surface (Figure 5). Previous studies have shown that the velocity of a water droplet sliding on lubricant-infused surfaces is proportional to the lubricant film's thickness and conformality. [16] Consistent with this observation, a water droplet on the lubricated vertical NW array before applying centrifugal force has the fastest sliding velocity among the three NW arrays. The difference in the thickness of lubricant on the lubricated NW arrays' surface can also be inferred from the difference in the moving trail (Figure 4). After applying a strong centrifugal force, we observe a considerable decrease in the sliding speed of a water droplet (~23-fold decrease) on the vertical NW array. Remarkably, the lubricated random NW array does not show any reduction in the sliding velocity of a water droplet after it has been subjected to the high centrifugal force. In contrast, a small decrease in the sliding speed is observed for the tilted array. These results suggest that the orientation of NW arrays indeed plays an important role in the retention of lubricant against a mechanical force, likely by providing nanoscale pores and tortuous paths for lubricant depletion.

We also study the lubricant retention using a water droplet impact experiment in which water drops are dripped onto the surface of each sample (tilt angle of 7°) from a height of 2 cm. Each water droplet is approximately 50 µL in volume, and water droplets are dripped at the frequency of roughly one droplet/sec. The number of water droplets striking and sliding off the surface of lubricant-infused NW arrays are counted until a water droplet stops sliding.

Results indicate that the lubricant-infused random NW array can shed at least 23 water droplets from the same area (Figure 6). In contrast, lubricant-infused vertical and tilted NW arrays lose their liquid repellency after shedding only 6 and 13 water droplets, respectively. To study the self-recovery of SLIPS properties, we leave our samples five minutes in an ambient condition after they lose their repellency due to repeated droplet impact and reperform the water impact test by dropping water droplets in the same area. Just one or two droplets can slide on the surface of the vertical NW array during the second round of the water impact experiment. After the second round, this array completely loses its ability to shed water droplets. The lubricant-infused tilted array shows some recovery of the SLIPS property: 9 and 2 water droplets shed off in the second and third rounds of water impact tests, respectively. Notably, the lubricant-infused random NW array retains its water repellency without showing any reduction in the number of water droplets that can be shed after three cycles (Figure 6). Thus, the random NW array can recover its repellency rapidly without any external intervention after just five minutes.

Conclusion

In conclusion, we have described a robust approach for fabricating lubricant depletionresistant slippery liquid-infused porous surfaces by inducing infiltration of silicone oil into interstitial nanogaps of ZnO nanowire (NW) arrays via capillary rise infiltration. By controlling the orientation of ZnO NW arrays, we show that random orientation and aggregation of long NWs are critical in suppressing the appearance of the wetting ridge. Such morphology likely gives nanoscale pores that provide a large capillary pressure and a highly tortuous path, leading to excellent retention of silicone oil against moving water droplets and external forces. Our study provides a robust approach for making stable, and self-healing SLIPS surfaces by circumventing the problem of lubricant depletion. While our work convincingly showed the importance of providing high capillary pressure to suppress lubricant depletion, the best performing surface also has a unique morphology compared to typical SLIPS surfaces; that is, the surface topography after lubricant infusion retains microscale roughness. The role of such a roughness has not been extensively studied for SLIPS surfaces and warrants future investigation.

Experimental Section

Preparation of ZnO NW arrays: ZnO NW arrays with three types of orientation are hydrothermally grown onto pre-seeded silicon substrates (3 cm × 3 cm) using a sol-gel process. [12] The substrates are cleaned with ethanol and treated with oxygen plasma to promote the adhesion of the ZnO seed layer. The orientation of ZnO NWs is controlled by changing the number of seed layers and the seed layer's heat treatment before the hydrothermal process. [12a] For depositing a ZnO seed layer, 300 μL of 0.37 M zinc acetate dehydrate sol is spin-coated on a cleaned silicon wafer substrate. Deposition is performed at a rotation speed of 3000 rpm for 10 s, followed by 30 s of solvent evaporation. To prepare a vertical ZnO NW array, two seed layers are deposited on the silicon wafer, whereas one seed layer is deposited to make a tilted ZnO NW array. The ZnO seed layer-coated substrates are placed in an oven at 540 °C for 1 h to promote the crystallization of ZnO. The seeded substrate is held using a Teflon holder with a 45° tilt angle and immersed in a 200 mL mixture of hexamethylenetetramine and zinc nitrate hexahydrate (the concentration of 25 mM for both solutions) that is preheated at 90 °C on a hot plate. The time for growing ZnO NW arrays is 2 h. To prepare random ZnO NW arrays, the one seed layer-coated substrate is treated with oxygen plasma for 2 min and preheated at 135 °C for 15 min before the hydrothermal step.

The growth solution is prepared by mixing 400 µL of zinc nitrate hexahydrate in 199.2 mL of deionized water, followed by heating the solution to 90 °C. At 90 °C, 400 µL of hexamethylenetetramine is added; the mixture is then stirred for 2 min. The preheated seed layer is then immersed in the growth solution for 4 h to produce high aspect ratio random NW arrays. A statistical analysis of ZnO NW arrays' geometry is provided in the SI (Figure S1).

Silicone oil with a viscosity of 20 cSt (25 °C) is purchased from Sigma Aldrich. The surface energy of the silicone oil is 24 mJ.m -2 at 20 °C. Deionized water is used in all experiments.

Preparation of silicone oil-infused ZnO NW arrays via capillary rise infiltration: Silicon substrates with ZnO NW arrays on the surface are thermally treated in an oven at 540 °C for 30 min to remove organic residues and water vapor before the wicking experiment. The substrates with ZnO NWs arrays are cut into 2 cm × 2 cm pieces and are held vertically in a silicone oil bath. The wicking dynamics are captured using a digital camera. In our experiments, we denote the t = 0 is when the sample surface touches silicone oil, and silicone oil starts to infuse vertically from the initial wicking front position. Surface modification of ZnO NW arrays is not necessary to induce wicking of silicone oil, likely due to their high surface energy. We also prepare silicone oil-infused ZnO NW arrays by a general procedure in which silicone oil is coated onto the surface of ZnO NW arrays using a spin coater (1000 rpm for 60 s). [2, 10b] After the spin-coating step, the surface of ZnO NW arrays is infused and covered by a smooth silicone oil layer.

Characterization: Scanning electron microscopy (SEM) images are taken on a FEI QUANTA 250 to observe the morphology of ZnO NW arrays. SEM images are captured at an accelerating voltage of 5 kV and a working distance of 10 mm. SEM images of silicone oillubricated samples are captured in a low-vacuum mode; liquid nitrogen can be used to cool down and stabilize infused samples. The sessile drop method is used for observing the apparent water contact angle values and the shape of water droplets on the surface after the infusion of silicone oil using a Krüss, DSA10-MK2 goniometer connected with a video camera at room temperature. Five water droplets of 5 μL volume are placed on different points of a horizontally mounted sample surface using a microsyringe.

Trail detection from moving water droplets: The samples are tilted at an angle of 7°; a water droplet (~50 µL in volume) is dripped from a syringe held 2 cm above the sample surface.

The water droplet is dripped from the syringe tip and subsequently slides on the infused surfaces. We observe these moving droplets using a digital camera.

Water droplet impact test: Silicone oil-infused surfaces are placed with a tilt angle of 7° under a water container. Water is dripped dropwise from the container tip and contacts the silicone oil-infused surfaces, subsequently sliding off the surface. We count the number of water droplets that move and shed from the surface until a water droplet stops moving on the surface.

Centrifugal force-resistance test via high-speed spinning: The stability of the as-prepared slippery silicone oil-infused ZnO NW arrays against centrifugal force-induced failure is studied using a spin coater. The silicone oil-infused surfaces are rotated at a spin speed of 4500 rpm for 180 s and then examined their sliding behavior. The velocity of a water droplet sliding on the surface before and after the high-speed spinning treatment is measured on a sample with a tilt angle of 7°; water droplets are dripped from a syringe held 2 cm above the sample surface.
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A robust method for producing stable slippery lubricant-infused porous surfaces (SLIPS) that resist lubricant depletion is described. The combination of the unique morphology provided by the random nanowire array and capillary rise lubrication gives a potentially scalable method to produce lubricant loss-resistant SLIPS. 
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 1 Figure 1. (a-c) Top-view and (d-f) cross-section SEM images of the ZnO NW arrays with three types of orientation.

Figure 2 .

 2 Figure 2. (a) Schematic illustration of the capillary rise infiltration (CaRI) lubrication of ZnO NW arrays with silicone oil. For clarity, objectives are not drawn to scale. (b) Wicking rate of silicone oil in the structure of ZnO NW arrays with three types of orientation. (c) SEM images of the random ZnO NW array upon lubrication.
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 3 Figure 3. (a) A schematic illustration of a water droplet on a lubricant-infused surface,

( c )

 c Micrographs of water droplets on the surface of ZnO NW arrays after infiltration of silicone oil via spin coating. (d) Micrographs of water droplets on the surface of ZnO NW arrays after infusion of silicone oil by CaRI. (e) Comparative analysis of z/h ratio of a water droplet on lubricant-infused surfaces using spin-coating and CaRI. h represents the water droplet's height after sitting on the lubricant-infused surface, and z represents the height of the wetting ridge.

Figure 4 .

 4 Figure 4. Digital photographs of trails left by sliding water droplets on silicone oil-infused (a) vertical NW array, (b) tilted NW array, and (c) random NW array samples. The diameter of the water droplets is approximately 1 mm.

Figure 5 .

 5 Figure 5. The sliding velocity of water droplets on the 7°-inclined surface before and after applying a high-speed spinning test. The stability of the infused ZnO NW arrays against centrifugal force-induced failure is performed using a spin coater, rotating at a spin speed of 4500 rpm for 180 s.
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 6 Figure 6. Water droplet impact test, which shows the number of water droplets that shed from lubricated surfaces after one cycle (green-blank), two cycles (purple with right-to-left lines pattern), and three cycles (red with left-to-right lines pattern).
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Effect of pore size on capillary pressure

(1)

Theoretically, the capillary pressure causes the rise of the liquid (that has a surface tension γ) inside the capillary tube if the radius of the capillary tube (R) is small enough such that the is greater than the atmospheric pressure. cos represents the contact angle between the tube wall and the liquid; a contact angle less than 90° leads to the rising of the liquid inside the tube. From Equation 1, a smaller pore size generally leads to greater capillary pressure, inducing a faster wicking rate of liquid in comparison to a pore with a larger radius. [1] Surface wettability of the initial ZnO NW arrays

The surface of the ZnO NW arrays with the three types of orientation are all inherently hydrophilic before the infiltration of silicone oil, as shown in Figure S3. Moreover, the water contact angle on the surface of the ZnO NW arrays decreases as the verticality decreases, which agrees well with the trends observed in the rates of silicone oil wicking (Figure 2).

High capillary pressure present in the nanostructure of the randomly aligned NW array likely induces wicking-induced wetting of water, leading to such a low water contact angle.