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Fluorine-free superhydrophobic coatings that combine optical transparency with
durable anti-icing performance remain challenging to develop. In this study, a coating
based on an alkoxysilane binder, fumed silica nanoparticles, and methyl-triethoxysilane
(MTES) was prepared by two-stage spray coating. MTES was incorporated to promote
interfacial coupling between the nanoparticles and the binder; however, its independent
contribution was not isolated using a methyltriethoxysilane-free control. The coating
exhibited a water contact angle of 169° and approximately 83% optical transmittance in
the visible range. It retained its superhydrophobicity after water-jet exposure, 30 tape-
peeling cycles, and 20 sandpaper-abrasion cycles. Superhydrophobicity was also
retained after 28 h of immersion in the tested contaminant suspensions and acidic and
alkaline solutions. Self-cleaning behavior was observed under both wet and dry
contamination conditions. In the push-off test, ice adhesion strength increased from 13.1
to 15.7 kPa after 15 freeze—thaw cycles, corresponding to an increase of approximately
18 %. These findings demonstrate the coating's combined water-repellent, self-cleaning,
and icephobic performance under the tested conditions. Further controlled and long-
term aging studies are required to determine the contribution of methyltriethoxysilane
and assess suitability for practical applications.
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Table 1: Comparison of water contact angle, contact angle hysteresis,
and water droplet sliding angle on SILIKOPHEN film and the
superhydrophobic coating.

SILIKOPHEN 73+£24 93+£15 >35
Superhydrophobic Coating 169+2.1 2.3+0.3 <5

1. Sliding Angle
2. Cassie—Baxter state
3. Plastron
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Figure 1: Water-repellent behavior of the superhydrophobic coating: (a, b) water-jet impact on the SILIKOPHEN AC1000 resin film and the
superhydrophobic coating, respectively; (c) the mirror-like appearance associated with the trapped air layer on the submerged superhydrophobic
surface, compared with the completely wetted uncoated region; (d) comparison of the wetting behavior of the superhydrophobic coated and uncoated
regions; (e) sequential stages of initial contact, compression, and detachment of a water droplet from the surface; and (f) sequential images of a 10 uL.
water droplet impacting the superhydrophobic surface and undergoing five successive rebounds.
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Figure 2: Surface morphology and topography: (a—c) scanning electron microscopy (SEM) images of the superhydrophobic coating at different
magnifications; (d) atomic force microscopy (AFM) image of the SILIKOPHEN AC1000 resin film; () AFM image of the superhydrophobic
coating; and (f) surface roughness parameters obtained from the AFM measurements.
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Figure 3: Proposed coating chemistry: (a) possible hydrolysis reactions; (b) possible condensation reactions; (c) schematic illustration of the

proposed coupling role of methyltriethoxysilane (MTES) between silica nanoparticles and the SILIKOPHEN AC1000 binder; and (d) FTIR spectra of

the superhydrophobic coating and the SILIKOPHEN AC1000 resin film after initial curing.
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Figure 4: Evaluation of the self-cleaning performance of the developed coating under wet and dry contamination conditions. Wet contamination
scenario: (al) immersion of the SILIKOPHEN coating and (a2) the superhydrophobic coating in a suspension containing multiple types of
contaminants. Dry contamination scenario: (b1) deposition of carbon black particles onto the SILIKOPHEN coating and (b2) the superhydrophobic
coating, accompanied by a schematic illustration of water-droplet motion across the contaminated surfaces; (c) a water droplet collecting and
removing contaminants from the superhydrophobic coating surface as it moves along the surface.
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Table 2: Comparison of water droplet freezing onset delay times on the SILIKOPHEN AC1000 resin film and the superhydrophobic coating at
subzero temperatures, including the coating-to-control ratio and the percentage increase relative to the resin-film control.

Temperature Control Resin Film Superhydrophobic Coating Coating-to-Control Increase Relative to Control
(°C) (s) () Ratio (%)
-10 116

1530 3305 2.16
-15 329 2120 6.44 544.4
-19 122 490 4.02 301.6
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Figure 5: (a) Measurement of ice adhesion strength using the push-off and centrifugation methods on uncoated aluminum ,SILIKOPHEN-coated
aluminum ,and a superhydrophobic coating (SHP)) ;b (evaluation of the icephobic durability of the SHP coating over 15 freeze-thaw cycles) ;c (

water droplet contact angles on the samples at different temperatures) ;d (freezing times of water droplets on different surfaces at subzero
temperatures; and) e (stages of water droplet freezing on aluminum ,SILIKOPHEN ,and SHP-coated surfaces at —30 °C.
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Table 3: Comparison of composition, fabrication method, wettability, optical transmittance, and anti-icing performance of the present coating with
previously reported fluorine-free coatings.
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