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Fig. S1 The coating surface morphology of gels. a Digital images and b SEM images of coating surfaces.
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Fig. S2 Characterization of silica nanoparticles and gels. a SEM images of silica nanoparticles and gels. b EDS atomic graph and images of each gel
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Fig. S3 Analysis of ice-propagation on Al substrates and silica–MPC hybrid gels. a Ice-delay times (td) of bare Al substrates, silica, MPC, and silica–MPC hybrid gels measured at different Ts (-10, -15, -20, -25 and -30 ˚C) within 60 min. b Arrhenius plots used to extract activation energy (Ea) required for ice propagation on each surface
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Fig. S4 Frost thickness measured at a –10 °C, b -15 °C, c -20 °C, and d -30 °C (Tair = 15 °C, and RH = 80%)
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Fig. S5 Frost mass and frost density measured for each surface (Tair = 15 °C, RH = 80%, Ts = -15 ˚C)
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Fig. S6 Digital images of gel-coated surfaces before and after the 3-cycle test.
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Fig. S7 Cross-cut test on surface of silica-MPC hybrid gel. Digital images of a before and b after the test. Threshold images of cross-cut c before and d after the test.

For adhesion test, a specialized cross-cut tester with 2 mm-spaced blades was used to create a lattice pattern, and a tape with an adhesion strength of 3.5 N cm⁻¹ was applied and removed. To ensure accurate analysis, the detached area was calculated using ImageJ software with a threshold image analysis. The results showed that the detached area was approximately 2.9%, which corresponds to a grade of 4B, according to ASTM D3359.
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Fig. S8 The mechanical properties under impact loads. Digital images of silica–MPC hybrid gel coated surfaces. a before and b after the wear resistance test.

Wear resistance was evaluated using a sandpaper-abrasion test based on the principles of ASTM G133. A #1000-grit sandpaper was fixed on a flat substrate, and the gel-coated sample was slid in a reciprocating manner under a normal load of 100 g at 40 cycles/min for 1000 cycles. Digital images were obtained to assess surface damage and changes in surface roughness.
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Fig. S9 Digital images of coated gel surfaces on the stainless steel substrates before and after the anti-icing test.
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Fig. S10 Anti-icing performance of superhydrophobic coated surfaces (Ta = 15 °C, RH = 80%, and Ts = -10 °C). The superhydrophobic coating was prepared using the same formulation reported in our previous study [1]. Digital images a top-view images of surfaces and b cross-sectional images before and after the icing test.
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Fig. S11 FTIR spectrum of acrylated silica nanoparticles confirming the absence of silanol-related OH vibrational features. 
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