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ABSTRACT

Nanocomposite films (NCFs) with vertically aligned nanowires (NWs) provide several useful properties owing to their unique
morphology. One of the key challenges in producing such an NCF is retaining the vertical alignhment of NWs during NCF fabrication.
Although current methods such as layer-by-layer assembly and solution-based processes with field-induced alignment of NWs have been
successfully demonstrated, these approaches require multiple steps thus are time-consuming, and only suitable for lab-scale production,
consequently limiting their widespread applicability. Herein, we describe a new method for fabricating an NCF with vertically aligned ZnO
NWs by inducing leaching-enabled capillary rise infiltration (LeCaRl) of uncross-linked and mobile oligomer chains from a
poly(dimethylsiloxane) (PDMS) slab into the space between the vertically aligned ZnO NWs. PDMS-infiltrated ZnO NW NCFs have a suite of
useful properties including superhydrophobicity, self-cleaning, solvent resistance, and anti-icing properties as well as high transparency and
anti-reflection properties. The NCF can easily recover its superhydrophobicity after it has been compromised through repeated plasma
treatments or even exposure to intense UV irradiation. Moreover, our approach represents a straightforward, efficient, and potentially
scalable strategy to produce multifunctional NCFs with vertically aligned NW arrays which could be easily extended to other types of

materials and NW arrangements toward a wide range of properties and applications.
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INTRODUCTION

Nanocomposite films (NCFs), consisting of inorganic nanomaterials and polymers, represent an important class of
functional structures with synergistic properties.l'11 Unique functionality and emergent properties such as exceptionally

high strength and toughness can be achieved by extremely high loadings of nanoparticles (> 50 vol%) as well as the

3,4,7,12-14

inclusion of anisotropic nanomaterials such as high aspect ratio nanowires (NWs) and their alignment. In particular,

vertical alignment of high aspect ratio NWs provides a powerful approach to fabricate NCFs with a wide range of useful

13-21

functionalities owing to its unique morphology. Amongst NW materials, zinc oxide (ZnO) NWs, which can be prepared

using simple methods such as chemical bath deposition, offer a wide range of useful features such as high strength,

25

photocatalytic, electronic and optical properties.zz' NCFs incorporating vertically aligned ZnO NWs, in fact, have

13,17, 25-32 . 17 . . .
For example, Kim et al.”" designed antireflective layers

demonstrated useful properties owing to their morphology.
consisting of vertically aligned ZnO NWs and a polymeric matrix. A polymer precursor was cast onto the surface of the ZnO
NWs, followed by a curing step, the cured polymer layer containing ZnO NWs at the outermost surface was then
mechanically peeled off from the substrate for applications. More recently, Yeom et al® reported the fabrication of a tooth

enamel-inspired nanocomposite by filling the interstitial space between vertically oriented ZnO NWs using layer-by-layer
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(LbL) assembly. By repeating the growth of ZnO NWs and LbL assembly, light-weight multilayer nanocomposites that exhibit

ultra-high stiffness, and vibrational damping were fabricated.

One of the key features that give rise to such useful functionalities to these NCFs is the vertical alignment of the
NWs; it is, however, challenging to induce vertical alignment during nanocomposite fabrication. Solution-based processes
such as mixing/dispersing NWs are not suitable as the alignment is difficult to achieve without applying an external field

. . . 15, 33-35
such as a magnetic or electric field.

Given that several methods can directly produce vertically aligned NW arrays on
solid surfaces, producing NCFs without detaching the vertically grown NWs from the substrate provides the most
straightforward approach to retain the vertical alignment of NWs. As described above, polymer casting followed by curing
as well as LbL assembly has been successfully used to produce NCFs based on vertically aligned arrays of ZnO NWs. 13,1636
However, these processes require multiple steps thus are time-consuming, and only suitable for lab-scale production,

consequently limiting their widespread applicability.

In this work, we fabricate multifunctional NCFs with vertically aligned ZnO NWs by taking advantage of leaching-
enabled capillary rise infiltration (LeCaRI) of uncross-linked and mobile oligomer chains in an elastomer network. The
polymer infiltration-based method overcomes the challenges associated with traditional methods of making
nanocomposite films. In particular, LeCaRlI can be performed while retaining the original configuration of the nanomaterials;
thus, by implementing LeCaRl, it is possible to produce NCFs with vertically aligned ZnO NWs in a straightforward manner,
making it a potentially scalable manufacturing method. We show that NCFs with vertically aligned ZnO NWs fabricated via
LeCaRl have multiple useful properties, including superhydrophobicity, self-cleaning, solvent resistance, anti-icing
properties, high transparency, and anti-reflection property. Successful fabrication of multifunctional NCFs with vertically
aligned ZnO NWs demonstrates that LeCaRl is a powerful method to produce NCFs with well-controlled arrangements of
functional and anisotropic nanomaterials, and can potentially enable scalable manufacturing of multifunctional NCFs with

various types of polymers and nanomaterials.

RESULTS AND DISCUSSION

Our method takes advantage of the growth of vertically aligned ZnO NWs on a solid substrate and the infiltration
of oligomers from an elastomer network. A recent report has shown that mobile oligomeric species can be induced to
undergo infiltration into densely packed nanoparticle films from PDMS network to produce NCFs with extremely high filler
fractions (> 50 vol%).} Owing to incomplete crosslinking during curing of PDMS, there are a large number of uncross-linked

. . . . 6,37-42
and mobile oligomer chains in the elastomer network.

. The presence of these uncross-linked and mobile chains in an
elastomer network is generally considered as an undesirable feature. However, the ability to induce leaching of these
uncross-linked and mobile chains from the elastomer network and inducing their infiltration into interstitial pores between
nanomaterials makes it an ideal platform to produce NCFs that retain the original alignhment of ZnO NW arrays on the
surface. In the present paper, we use PDMS elastomer made from a thermal curing process (at 80 °C for 2h) containing a
large number of uncross-linked PDMS oligomer chains for the LeCaRl experiment. The uncross-linked PDMS oligomer chains
can leach out of the PDMS elastomer into the surface of and the interstices between ZnO NWs film at room temperature.
However, because the thickness of the ZnO NWs film (1.2+0.17 um) is much greater than that of the SiO, nanoparticle films

(250 nm) that were used in the previous work, we increase the processing temperature to accelerate the infiltration,

resulting in increasing amounts of PDMS oligomer chains transferred from the PDMS elastomer to the ZnO NWs.
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The process of fabricating a nanocomposite film (NCF) with vertically alighed ZnO NWs via leaching-enabled
capillary rise infiltration (LeCaRl) is schematically presented in Fig. 1. The NCFs are constructed by starting with ZnO-seeded
hydrothermal growth of ZnO Nws, having a diameter, a length, and a vertical angle of 73+16 nm, 1.2+0.17 um, and
89+12°, respectively, on glass slides (2.5 cm x 2.5 cm) followed by thermal annealing in the oven at 540 °C for 5 min to
remove organic residues and water vapor. ZnO NW arrays are then brought into conformal contact with a slab of PDMS
elastomer (2.5 cm x 2.5 cm x 0.25 cm) to induce the transfer of uncross-linked and mobile chains from the elastomer into
the crevices of the ZnO NW arrays. To maximize the number of transferred oligomers, the sample with PDMS elastomer
atop ZnO NW arrays is placed in an oven maintained at 150 °C. Although the top of the ZnO NW array does not present a
very smooth surface, PDMS can be induced to form conformal contact with the ZnO NW array due to its compliance and

flexibility. The surface of the ZnO NW array becomes more homogenous after infiltration likely due to the filling of the

annealing

Film

crevices between NWs by oligomer chains (see Sl).

Fig. 1 Schematic illustration showing the LeCaRI process to fabricate nanocomposite films with vertically aligned ZnO NWs.

For clarity, schematic illustrations are not drawn to scale.

The morphology of the ZnO NW arrays before and after infiltration for different duration are observed through
scanning electron microscopy (SEM) as shown in Fig. 2. The SEM images confirm the presence of PDMS oligomers in the
ZnO NW array after LeCaRI. Even after very short infiltration (10 s at room temperature, hereafter referred to as NCF-
10s@RT), the interstices and surfaces between NWs have been partially filled by the oligomers, as shown in Fig. 2b, e. For
the sample that is subjected to LeCaRl for a long time at a higher temperature (24 h at 150 °C, hereafter referred to as NCF-
24h@150 °C), the crevices in the ZnO NW arrays are almost completely filled to form a uniform NCF, as shown in Fig. 2c, f.
EDS profiles are provided to confirm the presence of PDMS oligomer chains in the crevices of the ZnO NW arrays, as
evidenced by an increase in the amount of silicon in the NCFs after LeCaRI as shown in Fig. 2g-i and in SI, and the amount of
PDMS increases with time. The presence of PDMS oligomeric species in the NCF is also confirmed using Raman
spectroscopy (see S| for details). Most importantly, ZnO NWs retain their vertical alignment after the LeCaRI process. We
also confirm that a similar NCF can be produced by placing an inverted ZnO NW array atop a PDMS slab, illustrating that
capillarity is the main driving force for the oligomer infiltration. Despite the filling of the space between ZnO NWs, the top
surface of NW array is not fully covered with a visible and smooth layer of PDMS (Fig. 2f) and thus retains the nanoscale
surface roughness of the ZnO NW array. As we will show later, such a surface roughness could play an important role in

determining the wetting properties of these NCFs.
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10 um

Fig. 2 (a, b, c) Top-view, (d, e, f) cross-section SEM images, and (g, h, i) EDS mapping profiles of ZnO NWs, NCF-10s@RT, and

NCF-24h@150 °C, respectively. Green and violet dots represent the presence of Si and Zn, respectively.

One of the disadvantages of using ZnO NW arrays on a solid surface is that they scatter light and thus make it
difficult to use them in applications that require high transparency such as coatings on windows and solar cells. With a
refractive index of 2.0 for bulk ZnO and a non-continuous morphology, the significant refraction and scattering of incident
light at the air-ZnO interface leads to a significant transmittance loss through ZnO NW arrays.46 Infiltration of PDMS
oligomers into the interstices can significantly reduce light scattering by reducing the difference in the refractive index
between the NW phase and the continuous phase of the NCF. We test this idea by characterizing the transmittance of the
ZnO NW arrays before and after LeCaRI via UV-Vis spectroscopy (Fig. 3). A bare glass slide, as well as a PDMS film on glass,
are also characterized as references. Fig. 3a clearly shows that infiltration of PDMS oligomers into the ZnO NW arrays
significantly enhances the transmission of the NCFs. The enhancement of the transparency upon LeCaRI also can be clearly
observed on macroscopic photos of the samples, as shown in Fig. 3b. Remarkably, the transmission of the NCF-24h@150 °C
sample shows that this sample is more transmissive than a bare glass slide in most of the visible range, suggesting that the
NCF is acting as an anti-reflection coating, as shown in Fig. 3c. We believe such antireflection property is due to the graded

transition of refractive index nppus < Nzho across the nanocomposite films, although we do not fully understand the
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27,47

mechanism behind the suppression of reflection. Digital photograph images of NCFs under light illumination showing
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the suppression of reflection compared to glass side clearly demonstrates the anti-reflection property of the NCFs (Fig. 3d).

Fig. 3 (a) Transmittance spectra of glass side, PDMS film, ZnO NWs, and PDMS-infiltrated ZnO NWs, (b) corresponding digital
photos of the samples showing their transparency, (c) enlarged transmittance spectra of glass side, NCF-10s@RT, NCF-
1h@150 °C, and NCF-24h@150 °C, and (d) digital photograph images of NCFs under light illumination showing the

suppression of reflection compared to glass side.

Another useful functionality that can derive from these PDMS/ZnO NW NCFs is their wetting properties. The
surface of ZnO NW arrays is highly hydrophilic, whereas the surface of planar PDMS is hydrophobic. Upon infiltration of
PDMS via LeCaRl, the surface of the ZnO NW arrays becomes superhydrophobic even after 10 seconds of infiltration at
room temperature, as shown in Fig. 4a. Regardless of the infiltration time, the surface of the NCFs maintains its
superhydrophobicity at least 30 days of storage in the ambient air. When a droplet of water is brought into a dynamic
contact with the NCF surface, the droplet does not stick to the surface even if it is pressed onto the surface. In contrast, a
water droplet sticks readily to the smooth PDMS film, as shown in Fig. 4b. These results strongly suggest that LeCaRI of
PDMS oligomers into the ZnO NW arrays has rendered these surfaces superhydrophobic, likely owing to the combination of
surface roughness of the NW array and the hydrophobicity of PDMS, resulting in the so-called Cassie-Baxter state.”® Even
after partial infiltration due to a very short duration (e.g., 10 sec) at room temperature, the surface of NWs is rendered

superhydrophobic thanks to the transfer of oligomeric PDMS into the interstices between ZnO NWs. We believe the
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presence of even a small amount of PDMS in the interstices facilitates trapping of air and thus renders the surface
superhydrophobic. Given the simplicity of the LeCaRl method, superhydrophobic materials can be quickly prepared at room
temperature without the use of any extra surface modifiers (e.g., fluorine-containing reagents).
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Fig. 4 (a) Static water contact angles on ZnO NWs, PDMS film and ZnO/PDMS LeCaRI NCFs and (b) time-lapse photos
showing the wetting properties of the ZnO NWs, PDMS film, and PDMS/ZnO NW NCFs under dynamic contact with a water
droplet. A water droplet is brought in contact with samples surface and then pressed on to the surface. Subsequently, the
droplet is retracted from the surface. i-v steps represent the initial state (not in contact), initial contact upon approach,

pressed contact, right before detachment during retraction, and full retraction, respectively.

Fig. 5 (i-iv) Sequential photographs showing the removal of soil from the surface of (a) ZnO NWs, (b) PDMS-coated glass,
and (c) PDMS/ZnO NW NCF-10s@RT by water droplets with Orange G. Red circles represent shapes and behavior of
droplets when they are in contact with the surface of the sample, whereas white circles show the cleaned surface area after

exposure to droplets.

A superhydrophobic surface exhibiting a water contact angle (WCA) larger than 1502 and easy roll-off of water

49-51

droplets makes an excellent self-cleaning surface that has a wide range of applications. Fig. 5 shows self-cleaning

behaviors of ZnO NWs film, PDMS film, and PDMS/ZnO NW NCF-10s@RT when their surfaces are contaminated by soil and
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placed horizontally in a plastic container, then subsequently exposed to droplets of Orange G solution (concentration of
5x10 M, added to facilitate visual inspection of self-cleaning behavior) from a syringe that is placed 5 cm above the sample
surface. Droplets readily spread when they are in contact with the highly hydrophilic surface of the ZnO NW arrays (Fig. 5a),
whereas droplets stick to the hydrophobic surface of PDMS (Fig. 5b). Owing to its superhydrophobic surface, PDMS/ZnO
NW NCF-10s@RT exhibits an excellent self-cleaning behavior by inducing roll-off of water droplets which pick up and
remove the contaminants on the surface, as shown in Fig. 5c. Droplets can pick up soil and roll-off from the horizontally

placed surface of the PDMS/ZnO NW NCF, which clearly demonstrates its excellent self-cleaning performance.

One of the potential concerns for these NCFs is that PDMS oligomer can be removed when the NCFs are exposed
to harsh conditions such as organic solvents. A series of experiments were performed to test the robustness of the
PDMS/ZnO NW NCF against various organic solvents by sequentially exposing them to ethanol, acetone, isopropanol, n-
hexane, and toluene and water at 37 °C. Fig. 6 clearly shows the exposure to these solvents does not significantly change
the wetting properties of the PDMS/ZnO NW NCFs while such treatments induce significant changes in the surface
wettability of the reference samples (bare glass slide and ZnO NWs). Upon complete evaporation of the solvents from the
surface, the NCF surface still retains its superhydrophobic property. This result shows that the microstructure and
composition of the NCFs likely do not experience significant changes even after these NCFs are brought in contact with
these common organic solvents. It further indicates that the NCF could be used in later biological applications, by retaining

its superhydrophobicity in an aqueous environment at 37 °C for a long time.
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Fig. 6 WCA of samples before and after exposure to a series of organic solvents by sequentially exposing to ethanol,

acetone, isopropyl alcohol, n-hexane, and toluene and water at 37 °C.

Another potential concern associated with superhydrophobic materials incorporating photocatalytic materials
such as ZnO NWs is the permanent loss of superhydrophobicity upon UV irradiation. We, therefore, test the stability of the
superhydrophobic NCF against intense UV irradiation. As shown in Fig. 7a, the NCF-24h@150 °C retains its stable water
contact angle of 165° after UV irradiation for several hours. The NCF-10s@RT with infiltrated smaller amount of PDMS

shows a slight decrease in its water contact angle value with UV irradiation time; however, the initial superhydrophobic
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behavior can be recovered by thermal treatment at 80 °C for 1 h. The results indicate the high stability of the PDMS/ZnO
NW NCFs and the easy recovery of superhydrophobicity of the NCF-10s@RT.

One of the most common surface treatment to eliminate and remove contaminants is oxygen plasma. Although
this method is very effective in the removal of contaminants, its application on a superhydrophobic surface can potentially
lead to permanent loss of the superhydrophobicity. Given the high mobility of PDMS species, we test whether the
superhydrophobicity of PDMS/ZnO NW NCF can be recovered after an oxygen plasma treatment. As shown in Fig. 7b, the
superhydrophobic of the NCF-10s@RT is lost after oxygen plasma and the surface becomes very hydrophilic with a water
contact angle less than 10° likely due to the introduction of polar groups. However, the NCF surface quickly and easily
recovers its superhydrophobicity after a simple heat treatment at 80 °C for 30 min. Such recovery of superhydrophobicity
can be repeated at least 9 times without reducing the initial superhydrophobicity. According to previous reports on

11, 52, 53

hydrophobicity recovery of PDMS, this phenomenon is due to the diffusion of hydrophobic species to the free

surface.
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Fig. 7 (a) Effect of UV irradiation on the static water contact angle on PDMS/ZnO NW NCFs. (b) Thermally induced healing of
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Fig. 8 (a) Ice accumulation on the surface of ZnO NWs, PDMS film, NCF-10s@RT and NCF-24h@150 °C at -15 + 1 °C
environment with the delayed freezing time recorded by observing the non-transparency of the water droplets (b) Freezing

time of ZnO NWs, PDMS film on glass, NCF-10s@RT, and NCF-24h@150 °C at -15 °C.

Ice accumulation on the solid surface can pose serious problems in many industrial applications. For example, ice
formation on aircraft and electric transmission lines could cause major complications. Moreover, accreted ice on surfaces
can significantly decrease heat transfer efficiency in refrigerators/heat exchangers.%56 It is, thus, highly desirable to impart
an anti-icing property to various solid surfaces. To show the potential of our nanocomposite films toward anti-icing
applications, we perform an anti-icing experiment to determine the time it takes for a water droplet to freeze on different
surfaces. The freezing delay time is defined as the time between physical contact of a water droplet with a subcooled
substrate and the onset of freezing.54 The samples are placed on a thermally controlled stage, and they are cooled down to
-15 °C. After 10 min to ensure thermal equilibrium, water droplets are placed on the sample surface, and the freezing times
of water droplets on different samples are recorded. Initially, the droplets are clear and transparent on the surface of the
samples. However, with time, white ice crystals appear in the droplet which eventually turns into an opaque ice crystal. Fig.
8a shows that the PDMS/ZnO NWs NCFs exhibit a superior anti-icing property compared to ZnO NWs and PDMS film,
significantly delaying the formation of ice nuclei and reducing the growth rate of ice crystals. As shown in Fig. 8b, the
freezing times of PDMS/ZnO NWs NCFs are much longer than those of the ZnO NWs and PDMS film. The results clearly

demonstrate the excellent ability of ZnO/PDMS NCFs to suppress ice formation and accumulation.

This significant increase in the freezing time of NCFs compares to that of ZnO NWs and PDMS film, is likely due to
the superhydrophobicity, reducing the contact area between the water droplet and the surface, and therefore dramatically

reducing heat transfer between the NCFs @ -15°C and the droplet that is surrounded by air @ 20°C.”"*8

In addition, the
remarkable delayed-icing ability of the NCF-24h@150 °C compared to that of the NCF-10s@RT, we believe, is due to the
different amounts of PDMS oligomers infiltrated into nanowires via the LeCaRl process. The infiltrated PDMS layer at the
top surface of the NCF-10s@RT is thinner compared to that of the NCF-24h@150 °C, as clearly shown in the SEM images
and especially in the EDS mapping image (Fig. 2c, f, and i). Considering the thermal transport path in the ZnO NW arrays,
heat transfer occurs through the vertically aligned ZnO NWs from the copper substrate to the water droplet at the surface.
Thus, the thicker the infiltrated PDMS layer at the top surface is, the bigger the heat transfer resistance will be to the water
droplet, resulting in enhanced delayed-icing.We believe this is the main reason for the efficient delay-icing ability of the
NCF-24h@150 °C with complete infiltration compared to that of the NCF-10s@RT with partial infiltration. Significantly
longer freezing times indicate that ZnO/PDMS NCFs could be highly advantageous in applications that require de-icing since

water droplets can easily roll off with slight tilt angles or with mild vibration before they undergo freezing.

CONCLUSIONS AND OUTLOOK

In conclusion, we report a new method to fabricate nanocomposite films retaining the vertical alignment of ZnO
NWs via leaching-enabled capillary rise infiltration (LeCaRl). PDMS-infiltrated vertically aligned ZnO NWs NCFs exhibit high
transparency, anti-reflection, superhydrophobic, self-cleaning, and anti-icing properties and also can retain their
superhydrophobicity even after being exposed to organic solvents, or intense-UV irradiation and oxygen plasma treatment.
Because the growth of ZnO NWs can be performed via solution-based methods and LeCaRl is a process that requires simple

contact of PDMS with the ZnO NW array, we believe this process could potentially be scaled up to enable continuous
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fabrication of these versatile NCFs. Moreover, the process can be used to produce NCFs with horizontally or randomly

oriented NWs.
EXPERIMENTAL

Materials

High aspect ratio ZnO NW arrays are hydrothermally grown onto a seed layer deposited on a glass substrate using a sol-gel

3% The ZnO NW arrays possess a diameter, a length, and a vertical angle of

process as previously reported in our works.
73116 nm, 1.2+0.17 um, and 89+12° respectively, on glass slides (2.5 cm x 2.5 cm) (see the Sl for the detailed description of
preparation and statistical analysis of the geometry of ZnO NWs). Poly(dimethylsiloxane) (PDMS), Sylgard 184, was
purchased from Sigma-Aldrich in the form of a Silicone Elastomer Kit composed of a base and a curing agent to be mixed in
a 10 (base): 1 (curing agent) ratio by weight. Then they are diluted in Hexane with a 1:1 ratio for ease of handling. The
diluted PDMS was poured into Petri dish, then baked at 80 °C for 2 h for curing of PDMS. By using a steel tweezer, the PDMS

elastomer can be peeled off and used for infiltration experiments.
Fabrication of Polymer/ZnO NW array NCFs via LeCaRI

Before LeCaRI, ZnO NW arrays on glass slides are placed in the oven at 540 °C for 5 min to remove organic contaminants
and water vapor, which exists between adjacent nanowires. ZnO NW arrays are brought in contact with a slab of PDMS
elastomer (2.5 cm x 2.5 cm x 0.25 c¢cm) to induce the transfer of uncross-linked and mobile chains from the elastomer
network into the interstices of the ZnO NW arrays. To maximize the number of transferred oligomers, the sample with
PDMS elastomer atop ZnO NW arrays is placed in the oven maintained at 150 °C. Subsequently, the oligomer infiltrated ZnO
NW arrays are heated at a maintained temperature of 80 °C for 1 h to cure the unreacted chains transferred into the

interstices of ZnO NW arrays.
Characterization

Scanning electron microscopy (SEM) images were taken on a FEI QUANTA 250 to characterize the morphology of ZnO NW
arrays before and after LeCaRI. SEM images are captured at an accelerating voltage of 5 kV and a working distance of 10
mm. Energy dispersive spectroscopy (EDS) is used to acquire the EDS composition spectra. Raman scattering spectra are
obtained using a Jobin Yvon/Horiba Labram spectrophotometer equipped with a liquid nitrogen cooled CCD detector. A He—
Ne laser is used to induce a 632.8 nm excitation line. The excitation laser is focused on an area smaller than 1 umz using a
50 x long working distance objective. Raman scattering spectra are calibrated using a silicon reference sample with a
theoretical value of 520.7 cm ™" at room temperature. Optical transmittance is measured in the wavelength range of 350 to
900 nm using a Perkin EImer UV-Vis-Near IR Lambda 950 spectrophotometer. The static water contact angle (CA) values
were measured using a Kriss, DSA10-MK2 goniometer connected to a video camera. Five water droplets of 5 pL volume
were dropped on different points of the sample surface using a microsyringe, and water contact angle values were
measured. The CA values were calculated and collected by using the drop shape analysis software (DSA4). The plasma
treatment experiments are conducted using oxygen plasma instrument (Evactron Decontaminator RF Plasma cleaner, XEI

Scientific) at a power of 12 W for 5 min.
Solvent resistance study

A series of experiment has been implemented to test the anti-fouling to relatively low boiling point organic solvents in
sequence with ethanol, acetone, and toluene and water at 37 °C. Samples were immersed in a solvent container for 10 min,

then placed in air for 2 min for evaporation of the solvents. For the case of water, the samples underwent solvents

10
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exposure were immersed in a water bath in a humidity chamber kept at 37 °C and 40 % relative humidity for 60 h. After
each experiment, the wettability of the samples was evaluated according to the procedure described in the water contact

angle measurement.
Self-cleaning

To see the self-cleaning performance of samples, the sample surface was contaminated by soils collected outside our
building. After soils contamination of the surface, samples are placed horizontally in a plastic container, then subsequently
exposed to droplets of Orange G solution (concentration of 5x10° M) from a syringe at the height of 5 cm from the sample

surface to the syringe needle.
UV irradiation

During this test the samples were illuminated by three UV lamps (Philips, A = 360, 310, and 250 nm, respectively). The
samples were placed 1 cm under the UV lamps for 3 h. The process is conducted in a humidity chamber at 20 °C and 40 %

relative humidity. The water CA values are measured at regular intervals (30 min) of exposure.
Anti-icing test

The samples were placed on a thermally controlled copper stage set horizontally in a controlled humidity and temperature
chamber, then freezing the stage containing the samples to a temperature at =15 °C. After 10 min to ensure the sample
surface reach the supercool temperature, water droplets were placed on the sample surface to test the anti-icing property

by observing the change of water droplets from transparent to opaque.
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Scalable fabrication of multifunctional nanocomposite films with vertically aligned ZnO
nanowires via inducing leaching-enabled capillary rise infiltration (LeCaRI).
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