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Abstract

One of the long-standing problems for the nanoparticle-based liquid-repellent coatings is their 

poor adhesion to substrates. For polymers of low glass transition temperature, it is highly 

desirable to have low temperature coating strategy to fabricate robust superhydrophobic films. 

Here, we report a facile method for fabricating robust, transparent, superhydrophobic films on 

polymer substrates. A mixture of silica particles and silica-based oligomers was spin coated on 

polymer substrates, followed by oxygen plasma treatment and vapor deposition of 1H,1H,2H,2H-

Perfluorodecyltriethoxysilane (FDTS). The resulting superhydrophobic surface has a static contact 

angle at 160° and contact angle hysteresis lower than 5°. This study provides a practical solution 

to improve the adhesion of superhydrophobic films on polymer substrates in ambient conditions.
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1. Introduction

Superhydrophobic surfaces have attracted significant interest for their unique self-cleaning 

properties. Increasing surface roughness and lowering surface free energy are usually 

combined to fabricate superhydrophobic surfaces. First, superhydrophobicity cannot be 

achieved without surface roughness. For example, CF3-terminated, C20F42 molecules 

grafted, ultra-smooth surface has the lowest surface free energy of 6.7 mJ/m2 while only 

achieving an average water contact angle (CA) of 119°.[1,2] Thus, silica nanoparticles 

have been widely used to introduce surface roughness for liquid-repellent coatings. Second, 

lowering surface free energy involves covalent grafting of fluorocarbon or hydrocarbon long 

chain molecules on solid substrates. The surface free energy increases in the order -CF3 < 

-CF2H < -CF2 < -CH3 < -CH2-, with -CF3 providing the highest superhydrophobicity.[3] 

Meanwhile, the longer molecular chain length is more effective in lowering the surface free 

energy. For example, Liu et al.[4] reported the water CA of treated cotton fabric increases 

in the order -C3F4H3 < -C4F6H3 < -C5F8H3 < -C7F13H2, since longer molecular chain 

increased fluorine converge on surface and thus improved surface superhydrophobicity. 

Therefore, it is favorable to enhance the surface roughness and grafting high molecular 

weight fluorine for an increased liquid repellency.

Generating surface porosity is a straightforward way to enhance surface roughness 

and therefore superhydrophobicity. Erbil et al.[5] used p-xylene to dissolve isotactic 

polypropylene (i-PP) at 130 °C and then casted dissolved solution onto various substrates to 

obtain porous gel-like coating structures with water CA of 160°. Tadanaga et al.[6] created 

flowerlike surface porosity with roughness of 20–50 nm by immersing boehmite (AlOOH) 

gel films in boiling water for a variety of times (0–10 min). The obtained crystallized films 

were hydrophobilized to achieve water CA of 165° and optical transmittance higher than 

92%. However, Chan et al.[7] reported boiling water may cause hydrolysis of Si-O-C bonds 

between oxygen plasma treated polymer substrates and silica-based coatings, resulting in 
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coatings with poor adhesion and cracking. Nakajima et al.[8] prepared suspension by mixing 

30 nm boehmite or 20 nm silica with aluminum acetylacetonate (Al(C5H7O2)3) at 193 °C. 

After repeatedly spin coating on glass substrate at 1000 rpm for 10 s and calcination at 

500 °C for 20 s, the aluminum acetylacetonate was removed and left multiple 100–300 

nm pores on the coating surface. In addition to surface porosity, transparency property 

has wide potential applications in windows, digital screens, solar panels. Reducing the 

size of surface structure is a common approach to improve optical transmittance while 

maintaining sufficient surface roughness for superhydrophobicity.[9–11] However, further 

lowering the structure size below 20 nm may lose its superhydrophobicity due to the reduced 

surface roughness and the effect of long-range forces.[12,13] Also, chemical binders usually 

smoothen the surface by filling the porosity of the silica particle films. Thus, the adhesion of 

silica coating and the coating porosity are usually considered as competing properties.

Several literature papers reported the improvement of silica coatings adhesion 

without compromising their porosities, thereby ensuring the hierarchical roughness of 

superhydrophobic surfaces. For example, electrostatic force has been commonly employed 

to assist the adherence of silica particles to substrates. This is achieved by treating the 

substrates with positive charge to attract the intrinsically negatively charged silica particles.

[14–16] However, this electrostatic interaction is non-covalent and thus leading to a weak 

anchoring of silica particles. As a result, the silica particles could be simply rinsed away 

by a few cycles of droplet impacts. To further improve interparticle adhesion, amine 

(e.g. 3-aminopropyltriethoxysilane) and epoxy (e.g., 3-glycidoxypropyltrimethoxysilane) 

functionalization of silica particles have been extensively studied to form covalent 

attachments among particles as well as with substrates [17–20]. However, the rigid silica 

spheres only formed point contact with each other, leading to a reduced adhesion strength. 

Also, the covalently bonded silica particles could be easily detached after a few minutes 

of sonication. To improve covalent attachment area, polymer binders are commonly 

incorporated to form connecting bridges between silica nanoparticles.[21–24] However, 

the agglomeration of silica particles usually occurs due to the presence of highly adhesive 

polymers in the colloidal coating solution. This leads to a non-uniform particle coverage and 

restricts its potential applications, especially in area demanding high optical transmittance 

such as windshields, optical lenses, and solar cell panels.[25,26] Although high temperature 

sintering (360–1100 °C) has shown its effectiveness in creating robust and stable silica 

coating films,[27–29] this method is not applicable to polymer substrates owing to their 

relatively low glass transition temperatures (e.g., 105 °C for PMMA). Therefore, it is 

favorable to incorporate a low temperature, uniform coating approach to increase the silica 

adhesion while simultaneously enabling superhydrophobicity.

In this study, we dispersed inorganic silica particles in silica-based oligomer solutions 

to form hybrid silica-silica networks linked by covalent bond. The silica-based oligomer 

contains abundant hydroxyl groups to form Si-O-Si bonds between coatings and substrates 

with improved adhesion strength. The liquid repellency, mechanical durability, and optical 

transparency of the surface were investigated. After solvent evaporation, it generates 

porosities on coating films with improved surface roughness. We coated different size 

combination of silica particles and compared their corresponding surface uniformity, 

transparency, and superhydrophobicity.
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2. Experimental

2.1 Materials

Poly(methyl methacrylate) (PMMA) (Cope Plastics, 100×100 mm surface area, 0.75 mm 

thick) was used as spin-coating substrates. Commercial Scotch tape was provided by 

Scotch™ Multi-Task Tape, 3 M (St. Paul, MN). Anhydrous ethanol was obtained from 

Decon Laboratories (200 proof). Tetraethyl orthosilicate (TEOS) was supplied by Acros 

Organics (98%). Ammonia was purchased from VWR International (28–30%). Hydrochloric 

acid (HCl) and sodium hydroxide (NaOH) were purchased from VWR International (36.5–

38%). Perfluorodecyltrichlorosilane (FDTS) was obtained from Gelest, Inc. Methylene Blue 

was purchased from Aldon Corporation (Avon, NY).

2.2 Synthesis of silica particles

Silica particles of 70 nm, 400 nm and 650 nm were synthesized using Stöber method[30]. 

For 70 nm nanoparticles, 5 ml TEOS was added dropwise to a flask containing a mixture 

of 200 ml ethanol and 10 ml ammonia. The solution was magnetically stirred at 600 rpm 

for 18 h at room temperature. The obtained 70 nm nanoparticles were centrifuged and 

vacuum-dried overnight. As shown in Table 1, 400 nm and 650 nm nanoparticles were 

prepared with the same procedure by varying the concentration of ammonia and TEOS.

2.3 Preparation of superhydrophobic surfaces

Silica-oligomer hybrid films were spin coated onto the PMMA substrates. The spin 

coating mixture composed of silica particles and suspension of silica-based oligomers. The 

suspension of silica-based oligomers was prepared by mixing 1 g TEOS, 1 g HCl, 10 g 

ethanol and then stirring at 700 rpm for 90 min at 60 °C. The PMMA substrate was then 

oxygen plasma (30 W, 0.15 Torr, Harrick Plasma PDC-32G) treated for 30 s before spin 

coating. The spin coating speed for 70 nm, 400/70 nm and 650/70 nm films was 1000 rpm, 

750 rpm and 500 rpm, respectively. The concentration of silica particles was optimized and 

listed in Table S1.

The spin coated substrates were put in 60 °C oven for 12 h for solvent evaporation. To lower 

the overall surface energy, the spin coated substrates were first oxygen plasma treated (30 

W, 0.15 Torr, Harrick Plasma PDC-32G, Ithaca, NY) for 3 min, and then 0.1 ml FDTS was 

placed 50 mm from the substrates in a vacuum desiccator (30 min) to allow vapor deposition 

and covalent grafting. The vaporized FDTS molecules spontaneous formed covalent bonding 

on the hydroxyl functionalized substrates, without requiring ion bombardment (e.g., Plasma-

Enhanced Chemical Vapor Deposition) to create reactive radicals.[31–33]

2.4 Optical transmittance measurements

The optical transmittance measurements were conducted using a Thermo Electron Helios 

UV–Vis spectrophotometer (Thermo Electron Corp., Madison, WI). The transmittance 

percentage of silica nanoparticle coatings was calculated by considering the uncoated 

PMMA substrate as 100% in the visible wavelength range (400–700 nm).
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2.5 Characterization

The morphology of the silica-oligomer hybrid film was analysed using a Field Emission 

Gun Scanning Electron Microscope (FEG-SEM, The quanta 3D DualBeam). Prior to SEM 

imaging, the superhydrophobic samples were sputtered with a layer of 10 nm platinum 

(EMS550X sputter coater) to improve surface conductivity and reduce charging effect. 

The static CAs and contact angle hysteresis (CAH) were measured using a VCR Optima 

goniometer (AST Products, Inc.) installed with a droplet shape software (VCA Optima 

XE). Static CAs were measured by a sessile drop of 5 µL water droplet onto sample 

surfaces. CAH was measured as the difference of the advancing and receding CAs, which is 

conducted by adding and removing liquid from the PMMA coating surface, and the volume 

of the liquid droplet was 10 µL. Five different positions on each sample were measured.

3. Results and discussion

The mechanism and procedures of silica-based oligomers to bind silica nanoparticles was 

illustrated in Figure 1. The silica-based TEOS was mixed with hydrochloric acid as catalyst 

in an ethanol solution. In the environment of insufficient water, the hydrolyzed TEOS 

is prone to form short chain, low molecular weight silica-based oligomer with reactive 

hydroxyl groups. For details, PMMA substrate was treated with oxygen plasma to generate 

abundant hydroxyl groups. The silica-based TEOS oligomers solution was in strong acidic 

condition, and the synthesized silica particles also have large amount of hydroxyl groups. 

Next, a mixture of silica-based oligomers and silica particles was spin coated on PMMA 

substrate. After heat treatment, silica-based oligomers formed Si-O-Si bonds between 

coatings and substrates to improve surface adhesion.[34] Additionally, the heat treatment 

also generated porosities on coating films to improve surface roughness.

To investigate the effect of silica size on the liquid repellency of the coating surfaces, 

three diameters of silica nanoparticles was synthesized (Table 1, Figure S1) and spin coated 

onto the PMMA substrates. We selected three combinations of silica nanoparticles: 70 

nm, 400/70 nm, and 650/70 nm. The introduction of dual-sized silica nanoparticles is to 

investigate the effect of hierarchical structures on the surface superhydrophobicity. Figure 

2 shows the surface morphology of these three films. The 650/70 nm film maintains 

a high water CA at 163° (CAH = 2°) due to its micro- and nano-hierarchical surface 

structures (Figure 2a), while showing compromised optical transparency (Figure 2d and 

Figure 3a). The 70 nm film has the highest coating uniformness and optical transparency, 

while exhibiting the lowest water CA at 158° (CAH = 3°, Figure 2c). For this concern, the 

400/70 nm film with water CA at 161° (CAH = 2°) is best qualified as uniform, transparent, 

superhydrophobic coating on PMMA substrates (Figure 2b).

For all the three silica particle films, the spin coating speed was adjusted to be sufficiently 

high to avoid particle agglomeration, while not too high to cause inadequate surface 

coverage of nanoparticles. For larger silica particles, it requires a lower spin coating speed 

to create thicker films for sufficient surface coverage. However, the large 650 nm particles 

lead to unavoidable particle agglomeration. Further increasing the spin coating speed of 

650/70 nm film to 1000 rpm would cause insufficient surface coverage (Figure S2a)., and 

further resulting in a dramatic decrease of water contact angles. Conversely, significantly 

Zhao and Murphy Page 5

Colloids Surf A Physicochem Eng Asp. Author manuscript; available in PMC 2022 September 20.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



reducing the spin coating speed to 250 rpm would otherwise cause an even thicker and less 

transparent coating film (Figure S2b). Similarly, we observed the same effect of spin coating 

speed on the coating films of 70 nm (Figure S2c–d) and 400/70 nm (Figure S2e–f).

It has shown that the smaller surface structures and thinner coating films would enable 

higher optical transparency in visible light wavelength of 400–700 nm.[35] Thus, we 

expect that the 70 nm silica nanoparticles with smaller surface features would result in 

higher optical transparency. In addition, silica nanoparticle is a great material candidate 

for transparent coatings due to its low refractive index (n=1.5[36]) and short band gap 

wavelength with low absorption (138 nm[37]). As expected, we observed a decreasing trend 

of optical transparency with increasing silica nanoparticle size (Figure 3a).

As the 400/70 nm coating film meets the criteria of being uniform, transparent, 

superhydrophobic among the three coatings, we further studied its repellency to liquids 

of various surface tensions. The liquid mixture with surface tension of 72.75, 56.41, 48.14, 

42.72, 38.56, 33.53, and 28.51 mN/m were obtained by adding 0%, 5%, 10%, 15%, 20%, 

30%. 50% of ethanol in DI water, respectively. This was based on the surface tension 

results from Vazquez, et al. to formulate mixtures of ethanol and water.[38] We have 

shown that the surface remains highly liquid repellent (static CA > 120°, CAH < 30°) for 

surface tension greater than 38.56 mN/m (Figure 3b), as measured by the VCR Optima 

goniometer using the sessile drop technique. Therefore, we expect that the 400/70 nm film 

may become omniphobic or even superomniphobic by introducing re-entrant structures prior 

to the nanoparticle deposition in the future.

To study the adhesion strength of the silica nanoparticles to the PMMA substrates, we 

conducted tape peeling tests on all the three silica coating films. In a typical tape peeling 

test, a pressure of 100 kPa was exerted on the Scotch tape to get a conformal contact with 

the sample surfaces, followed by immediately peeling off. Note that all the tape peeling 

tests were conducted before the deposition of FDTS. This is because the low surface energy 

FDTS would otherwise make the sample surfaces less adhesive to the Scotch tape. Except 

for tape peeling, all other sample analysis and durability tests were performed after the 

FDTS deposition. As shown in Figure 4c, the silica nanoparticles remained adhered on 

the PMMA surface after the tape peeling tests, owing to the binding of the silica-based 

oligomers. In contrast, without any binders to the silica particles, we have previously shown 

that the coating films were almost particle free after tape peeling.[9] Further, we tested 

the adhesion force of the silica coating using a standard cross-cut tape test (Figure 3d–e, 

ISO-2049:2013).[39] Similarly, the 400/70 nm coating film remained superhydrophobic (CA 

> 150°, CAH < 10°) after 30 cycles of standard tape peeling tests (Figure 3f). Further, the 

superhydrophobicity of 400/70 nm coated PMMA substrate was also tested by measuring 

water contact angles after bending motion (Figure 3g). Superhydrophobicity was well 

maintained after 50 bending cycles with bending radius of 10 mm (Figure 3h). Additionally, 

After exposure to tap water jet with pressure around 100 kPa for 3 min, the 400/70 nm silica 

coated PMMA substrate exhibited the same liquid repellency (Figure S3).

Corrosion resistance is essential for superhydrophobic applications in outdoor environment. 

The corrosion test was conducted by immersing superhydrophobic PMMA substrate (coated 
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with 400/70 nm films) in HCl and NaOH solutions for 24 h with PH = 2 and 12, 

respectively. Additionally, both HCl and NaOH solutions were magnetically stirred to 

simulate the surface corrosion resistance in the practical liquid flowing state. As shown 

in Figure 4a–b, the superhydrophobic sample surfaces maintained high CA (> 150°) and low 

CAH (< 10°) after 24 h of immersion in both acidic and basic solutions under liquid flowing 

state. To further demonstrate the corrosion resistance of the coating surfaces, we deposited 

silica particles in the centre square of a petri dish to make this area superhydrophobic, while 

leaving the rest area in pristine hydrophilic state. After pouring acidic or basic solutions 

(dyed with methylene blue) into the petri dish, we found that the center superhydrophobic 

area maintained liquid-free for 7 days (Figure 4c and Figure S4).

4. Conclusions

To summarize, we fabricated uniform, transparent, superhydrophobic surfaces by spin 

coating a mixture of silica-based oligomer along with single-sized or dual-sized silica 

particles onto PMMA substrates. The coating film exhibited high mechanical durability 

and chemical stability due to its identical chemical structures between silica nanoparticles 

and silica oligomers as well as the formation of covalent Si-O-Si bonding. Three types 

of coating films (70 nm, 400/70 nm and 650/70 nm) were obtained, where silica-based 

oligomers were incorporated in the colloidal suspension of silica particles to improve 

the silica coating adhesion. Among these three types of coatings, the 400/70 nm film 

was best suited for uniform, transparent, superhydrophobic purposes, while the liquid 

repellency and optical transparency were compromised on the 70 nm and 650/70 nm 

films, respectively. Benefiting the identical composition of oligomer binders/silica particles 

for increased adhesion and physiochemical stability, the dual-sized nanoparticles with 

hierarchical structures for superhydrophobicity, as well as the high transmittance for optical 

applications, we envision that our superhydrophobic coating shows great potential for a 

broad range of applications in medical, solar cell, automobile industries.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. 
The schematics showing the spin coating and solvent evaporation of a mixture of silica-

based oligomer and silica particles onto PMMA substrates.
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Figure 2. 
SEM images of (a) 650/70 nm, (b) 400/70 nm and (c) 70 nm silica films on PMMA 

substrates, corresponding to (d) the upper, middle, and bottom PMMA substrate of the 

image.
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Figure 3. 
(a) Transmittance spectra in visible wavelength for 70 nm, 400/70 nm, and 650/70 nm films 

on PMMA substrates. The graph shows the transmittance percentage with respect to the 

pristine PMMA. (b) Static CAs for droplets with different surface tensions deposited on 

the 400/70 nm superhydrophobic coating. (c) Peeling-off test using scotch tape. (d, e) The 

adhesion force measurement of the silica coating using a standard ISO-2049:2013 cross-cut 

tape test. (f) The water contact angles and contact angle hysteresis of 400/70 nm coating 

films after 0, 10, and 30 cycles of tape peeling tests. (g) 400/70 nm coated PMMA substrate 

under bending with bending radius of 10 mm. (h) Water contact angle as a function of the 

number of bending cycles for 400/70 nm film.
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Figure 4. 
The PMMA substrates coated with 400/70 nm films were immersed in (a) hydrochloride 

acid (PH=2) and (b) sodium hydroxide (PH=12) solution and magnetically stirred for up to 

24 hours. (c) The coating of superhydrophobic square area in the bottom of a petri dish, and 

this area remained dry with acidic or basic solution surrounded for 7 days.
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Table 1.

Chemical compositions for the preparation of different size of silica nanoparticles.

Silica size/nm Nominal size Silica size/nm Measured size Ethanol/mL Ammonia/mL TEOS/mL

70 72 ± 29 200 10 5

400 382 ± 68 200 15 7.5

650 658 ± 84 200 20 10
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