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1. Testing details

1.1 Mechanical durability and chemical stability tests

The mechanical robustness of the composite superhydrophobic coating was evaluated by
sandpaper abrasion tests and sand impact cycling test. For the sandpaper abrasion tests, the sample
was placed horizontally on the table with the 400# sandpaper in contact with the sample. A 100 g
weight (~ 2.2 kPa) is placed on the sample and a horizontal force is applied. It moves at a speed of
5 cm/s. A total of 50 cycles were carried out, and the sliding distance of each cycle was
20cm. After 50 cycles, CA and SA were measured respectively. For the sand impact cycling test,
200 g sand particles with diameters ranging from 100 to 200 mesh were released freely from a
sand container placed ~30 cm above the sample which was tilted by 40° in each impact cycle .
The WCA and SA were measured after five abrasion cycles. The environmental robustness of
multi-layer superhydrophobic coatings was evaluated by testing the ability of superhydrophobic
coatings to maintain superhydrophobicity at ambient temperatures of -40°C and 200°C, and the
CA and SA at ambient temperature were measured every 2h.

Chemical stability was assessed by chemical solution soaking test and measurements of
wetting behavior in several chemical solutions. Firstly, WCA and SA of ML-SHs was measured
by aqueous solutions with different pH values ranging from 1 to 14. The as-prepared multi-layered
flexible photothermal superhydrophobic samples were immersed in water, acid solution (pH = 1,
hydrochloric acid adjustment) and alkali solution (pH = 10, sodium hydroxide adjustment), and
ethanol. After the test time of 24h, the samples were washed and dried. Then contact and sliding

angles were measured subsequently.

1.2 Passive anti-icing, active deicing and ice adhesion experiments

The passive anti-icing and active deicing performance of the coatings were investigated in a
environmental test chamber (TL-100, Expery Environmental Test Equipment Co., LTD, China).
To evaluate the passive anti-icing performance of the coatings, the freezing process and the icing
delay time of the droplets (20 pl) on the uncoated substrates, SHs and ML-SHs coatings in the -5
°C - -40 °C, relative humidity = 35 + 5% environment were recorded with a camera. The icing
delay time was defined as the time for a droplet to change from liquid phase to solid phase until it
was completely transformed into ice during the freezing process. T}, (icing nucleation time) is
defined as the time it takes the droplet to contact the surface from transparent to opaque, and Tjr
(icing freezing time) is the transition from the beginning of the phase transition to a fully frozen
droplet.

In order to evaluate the active deicing performance of the coatings, a camera was used to
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record the time when the ice melted completely away from the coating surface under the simulated
solar radiation (0.5sun, 0.75sun and Isun) of the xenon light source under the environment of -
10°C to -30°C. Specifically, the water was frozen on the coating to form an ice layer of a thickness
of approximately 2 mm in a cold environment (-20°C). Then the sample was placed in a freezer at
a temperature of -10 °C - -30 °C, relative humidity of 35 + 5% for another 1h and then irradiated
with a xenon lamp under simulated sunlight with a light intensity of 0.5sun, 0.75sun and 1sun. The
active deicing process and the deicing time were recorded with a camera.

The samples were placed in a environmental test chamber (GDW-0150, Wuxi Nanya Sci-
Tech Co., Ltd, China) with the temperature and humidity set to -20°C and 35 + 5% RH,
respectively. A acrylic column with a base area of 100 mm? and a height of 5cm was placed on
the samples, deionized water was injected into the column, and the deionized water was
completely frozen after 1 hours. After the samples were completely fixed, the force transducer was
mounted on the motion stage to push the column at a rate of 0.2mm/s. The maximum force was
recorded to calculate the ice adhesion strength b, the equation:

Tice = a 1)
where A stands for the contact area between the ice and surface. ice adhesion strength were

average values for 3 times.
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2. Calculation and Modeling details
S1. Calculating the light absorption efficiency

Light absorbance of the samples is calculated through the following equation:
A%=1-R%-T% (S3)

where A is the absorbance, R is the reflectance, and T is the transmittance.
S2. Calculating the photothermal conversion efficiency

The photothermal conversion efficiency of samples, 1, which was defined as the ratio of the
heat generated by the photothermal conversion of the surface to the input of solar power, and the
calculation formula is as follows:

_ 9
7= x4
qx (S4)

where Q is the total heat generated by the surface, ¢ represents the light intensity of sunlight
(1kW/m?), 4 is the surface area of the surface (6.25 cm?).
When the surface temperature of samples and the surrounding temperature gradually reach a

balance, the heat generated by the surface can be calculated as follows:

Q = h X A x (Tvub - Tvurr) (SS)

where 4 is the convective heat transfer coefficient of the substrate, A is the heat transfer area, T,
is the equilibrium temperature of the surface, and Ty, is the temperature of surrounding
temperature.

The convective heat transfer coefficient of the samples can be calculated by the following

equation:
_ NuxA
L (S6)

where L is the characteristic length of heat transfer area (L=2.5), A is the thermal conductivity of

h

air, N, is the Nusselt number, and can be calculated as follows:

. 1/4
Nu =0.54x(GrxPr),, (S7)

3
Gr = ga ATL

2
where v is the Grashof number, Pr is the prandtl number, the m represents

qualitative temperature, which use arithmetic average temperature of the boundary layer (

T .+T 1

_ T sub SUrT a =—
T, =—=—"

v

2 ). % is the expansion coefficient of air ( r ), T is the average of the sum of

the initial ambient and equilibrium temperatures of the sample, g is the gravitational acceleration
(9.8 m/s?). AT is the value of the temperature difference in surface from room temperature to

equilibrium temperature, v is the viscosity coefficient.
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S3. The heat-transfer model of a droplet on the uncoated hydrophilic surfaces,
hydrophobic surface with Wenzel model and ML-SHs with Cassie model under
cold conditions.

The finite element simulation methods were performed by COMSOL, and the detailed
method was explained as follows:
(1) The initial ambient temperature was -20 °C, the initial temperature of water droplet was 0 °C.
We neglected the evaporation of water and sublimation of ice in the cooling conditions.
(2) The CA of the water droplet on the hydrophilic surface was 30°, the CA of the water droplet
on the hydrophobic surface was 130°, the CA of the water droplet on the superhydrophobic
surface was 150°.

(3) The classical heat and mass transfer equations were still feasible.

AP | YpC uty = VIV (RT)] (8)

(4) The networks near the heat transfer interfaces was set to hyperfine structure. The minimum

interval step of time simulation was 0.001s.

Note S4. Calculating temperature distribution in photothermal process

A COMSOL model were built to analyze the temperature distribution of the SHs and
ML-SHs under the transient analysis mode. The thermal energy input of the computed model
can be calculated in the Eq.(S1). The heat transfer model in the different evaporators could be
calculated by the equation given as following:

oT
pCp—+ pCCpu-VT +V-q=Q
Pat P (S9)

q=-kVT (S10)
, where T is the temperature, u is the fluid flow speed; p is the density, C, is the special heat
capacity and k is the thermal conductivity. In the mode simulation, the initial ambient

temperature was -15 °C, the final condition of transient analysis was set to t = 1800s.
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Note S5. The fluid dynamics model of a droplet on the untreated and ML-SHs
surfaces.

The finite element simulation was performed by COMSOL to analysis the fluid dynamics of
the water droplet. The multiphase flow model was level-set methods . Before simulation, the
following conditions were set:

(1)The initial ambient temperature was 0 °C, the initial temperature of water droplet was also
0 °C. The evaporation and sublimation of water were neglected.

(2) The wettability wall was set to 150° on the superhydrophobic surface. The wettability
wall was set to 30° on the hydrophilic surface. The volume of water droplet on different surfaces
is the same. The movement of air and water was set to laminar flow model.

(3) The movement of air and water can be described by the Navier-Stokes equations. The
solid substrate was fixed with an inclination of 30°. The networks of the whole model was set to

hyperfine structure. The minimum interval step of time simulation was 0.001s.
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3.Supplementary Figures
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Fig. S1 Water contact angle and sliding angle of the ML-SHs coatings with different ratio of EP

and PDMS.

Fig. S2 TEM images of TiN nanoparticles
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Fig. S3 SEM images of samples with different mass of SiO, particles (a) Og, (b) 0.25g, (¢) 0.5g

and (d) 0.75g.
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Fig. S4 Water contact angle and sliding angle of the ML-SHs coatings with different mass of SiO,
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Fig. S5 Water contact angle and sliding angle of the ML-SHs coatings with different mass
percentages of TiN
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Fig. S6 Adhesion under layers of Triton X-100 with different additive levels
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Fig. S7 Shore hardness values under layers of Triton X-100 with different levels of additives
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Fig. S8 Stress-strain diagrams under different levels of Triton X-100 layers
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Fig. S9 The light absorption spectrum in the 250-2000 nm wavelength range of the uncoated
sample and ML-SHs
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Fig. S10 Equilibrium temperature thermal infrared photographs of an uncoated substrate and ML-
SHs with different mass of TiN and SiO, under different solar irradiation densities, (a) TiN
contents, (b) SiO; contents, and (c) solar irradiation densities
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Fig. S11 Icing delay process on the untreated surface, the SHs surface, and the ML-SHs surface at
temperatures ranging from -5°C to -35°C.
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Fig.S12 The comparison of rate of delayed freezing time of ML-SHs with other literatures
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Fig. S13 The heat conduction flux of heat transfer process on the ML-SHs
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Fig. S14 The temperature changes of water droplet on the ML-SHs and SHs
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Fig. S15 The surface temperature of ML-SHs under 1 sun irradiation at -20 °C
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Fig. S16 The surface temperature of SHs under 1 sun irradiation at -20 °C
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Fig. S17 The Heat conductive flux of ML-SHs under 1 sun irradiation at -20 °C
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Fig. S18 The Heat conductive flux of SHs under 1 sun irradiation at -20 °C
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Fig. S19 The heat conduction flux distribution of samples down from top surface to the 2 mm
distance surface
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Fig. S22 The ice adhesion strength of different coatings.
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t=0s Surface tension (N/ms) t=0.1s Surface tension (N/m?) t=0.2s Surface tension (N/m3)

ot
il

t=0.4s Surface tension (N/m3)} t=0.5s Surface tension (N/ms)

Fig. S24 Simulation of surface tension and flow state on the uncoated hydrophilic surfaces
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Fig. S25 Simulation of surface tension and flow state on the ML-SHs surfaces
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Fig. S26 Schematic diagram of the mechanism of active phtothermal de-icing
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Fig. S27 Ice melting experiments with different ice thicknesses.
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4. Supplementary Table

Table. S1 Comparison of ML-SHs and with previously reported literature photothermal substance

content and costs

Materials Amount Cost ($/m2)
[1] TiN+Si0, 20 wt% 6.01
2] TiN 048 g 0.67
[3] Fe;O4 90 wt% 21.08
[4] TiC lg 5.24
[5] MWCNTs 0.15¢ 2.01

TiN 03¢ 0.42
This Work SiO, lg 0.28

Total 0.7

Table S2 Comparison of the Rate of delaying freezing time, icing melting time and surface
temperature of the ML-SHs with previously reported anti-icing surfaces

Rate of delaying Icing melting Tempertur ~ Published
Absorbs o ) Ref
freezing time (%) time (s) e (°C) year
TiN 860s (-15°C) 72 2022 [1]
. 360s Drop of
TiN 113% (6pL,-15°C) . 15(-15°C) 2024 [2]
ice(-15°C)
[
Fe;04 NPs 4475% 480 s (-5 °C) 7.5 2021 [3]

(5 uL, -20 °C, RH:

284% (60 uL
CB 600s (-20°C) 71.9 2023 [6]
,-20°C,RH:35+5%)

CuO 480% (10uL,-15 °C) 405s (-15°C) 73.5 2024 [7]
1500% (50uL, - 60s Drop of
GP ] 65.4 2023 [8]
10°C,RH:50+5%) ice(0.5g,-10°C)
. 540% (- 110s Drop of
TiC ] 64 2024 [9]
15°C,RH:85+5%) ice((-20°C)
TiO, 420s (-15°C) 32 2024 [10]
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, 1700% (10 pL, -30
BC/TiN o) 600 s (-20 °C)

. 2004%(10 pL, -15 °C,
Ink/nickel 723s (-10 °C)
RH: 25%)

8000% (-
. 40°C,RH:35+5%)
TiN . 817s (-30°C)
Never freezing (-
30°C)

62.4

80.2

2022

2022

[11]

[12]

This
work
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