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1.Testing details

1.1 Mechanical Durability and Chemical Stability Tests

1.1.1 Sandpaper Abrasion Test

Coated samples (20 mm x 20 mm) were placed horizontally on a flat platform. A 400#
silicon carbide sandpaper (compliant with FEPA P400, particle size ~35 pm) was placed in
contact with the coating surface. A 100 g weight (applying ~2.45 kPa pressure) was placed on top
of the sample. A horizontal force was applied to move the sample at a constant speed of 5 cm/s,
with a sliding distance of 20 cm per cycle. A total of 50 abrasion cycles were performed (total
sliding distance: 10 m). After every 10 cycles, the WCA and SA were measured at room
temperature using 5 uL deionized water droplets. All measurements were repeated 3 times (n = 3)

to obtain average values with standard deviations.

1.1.2 Tape Peeling Test

The 25 mm x 25 mm sample was placed horizontally. 3M 600 transparent adhesive tape
(width: 19 mm, adhesion strength: 3.5 N/cm) was fully applied to cover the coating surface. A 100
g weight was rolled back and forth on the tape to ensure uniform adhesion. The tape was then
peeled off rapidly at 180° angle. This process was repeated for a total of 200 peeling cycles, with
WCA and SA measured after every 20 cycles using 5 pL. deionized water droplets. Each test was

performed in triplicate (n = 3).

1.1.3 Sand Impact Test

The impact resistance was evaluated using a falling sand apparatus. 25 mm x 25 mm samples
were mounted at 40° inclination. Quartz sand (100-200 mesh, particle size: 74—150 um) was
released freely from a container placed ~30 cm above the sample surface. The total sand mass
ranged from 0 to 2000 g, applied in increments with 5 impact cycles per measurement point. WCA
and SA were measured after every 5 cycles using 5 pL deionized water droplets. All tests were

performed in triplicate (n = 3).

1.1.4 pH Tolerance Test

25 mm x 25 mm samples were placed horizontally. Aqueous solutions with pH values
ranging from 1 to 14 were prepared (pH adjusted using HCI for acidic and NaOH for alkaline
conditions). 50 pL droplets of each pH solution were placed on the coating surface and covered
with watch glasses to prevent evaporation. After 1 h exposure at 23 + 2 °C, droplets were removed

by rinsing with deionized water, and WCA and SA were measured immediately. For immersion



testing, samples were immersed in deionized water, pH 1 HCI solution, pH 14 NaOH solution, and
ethanol for 3 h, then rinsed, dried, and measured. Each pH condition was tested with 3 parallel
samples (n = 3).

1.1.5 Long-term Acid/Alkali Immersion Test

Experimental Details: 25 mm x 25 mm samples were fully immersed vertically in:acidic
solution: pH = 1 (adjusted with HCI), alkaline solution: pH = 14 (adjusted with NaOH).
Immersion was conducted in sealed glass containers at room temperature (23 + 2 °C). The liquid
volume to sample area ratio was maintained at 10 mL/cm? (~6.25 mL per sample). WCA and SA
were measured at regular intervals during 200 min (3.3 h) immersion. Before each measurement,
samples were removed, rinsed with deionized water, and dried with nitrogen gas. All tests were

repeated 3 times (n = 3).

1.1.6 Extreme Environment Stability Test

25 mm X 25 mm samples were subjected to: Extreme temperatures: —40 °C (cryogenic
chamber) and 160 °C (convection oven), each for 12 h. UV aging: UVA-340 nm lamps at room
temperature followed by total 12 h exposure. High humidity: 93 + 3% RH at 25 + 2 °C for 12 h.
WCA and SA were measured every 2 h during exposure using 5 uL deionized water droplets. All

tests were performed with 3 parallel samples (n = 3).

1.2 Experiments on Passive Anti-icing and De-icing

To investigate the passive anti-icing and active de-icing properties of the coating,
experiments were carried out in an environmental test chamber (Model TL-100, China April
Environmental Testing Equipment Co., Ltd.). The passive anti-icing performance was evaluated
under conditions of temperatures ranging from —10 °C to —40 °C and 25% relative humidity. A
camera was used to record the freezing process and measure the icing delay time of 20 uL water
droplets placed on the coating surface. The icing delay time is defined as the duration from the
liquid state until the droplet is completely frozen.

For the active de-icing tests, the coating was first subjected to temperatures from —10 °C to —
30 °C. A xenon lamp simulating one-sun solar radiation were used to melt ice beads on the coating
surface, and the melting time was recorded. Subsequently, under the same environmental
conditions, the melting time of an ice layer (approximately 2 mm thick, formed by water freezing
on the coating at —20 °C) .

1.3 Experiment on the Ice adhesion strength
The samples were placed in a environmental test chamber with the temperature and humidity

set to -30°C and 35 + 5% RH, respectively. A acrylic column with a base area of 100 mm? and a



height of 5 cm 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 theligg,adhesion strength by the equation:
Tiee ™ T4 s1)
where A stands for the contact area between the ice and surface. ice adhesion strength were

average values for 3 times.

2. Calculation details
S1. Calculating the light absorption efficiency

Light absorbance of the samples is calculated through the following equation:
A%=1-R%-T% (S2)

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
4 (83)

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 Ax (Tvub - Tvurr) (84)

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 Tj,, is the temperature of surrounding
temperature.

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

equation:
_ NuxA
L (S5)

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),, (S6)
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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 — Tvub + Tsurr a,= i
2 ). % s 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.

S3. The heat-transfer model of a droplet on the different surfaces

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)] (S7)

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

interval step of time simulation was 0.001s.



S4. The Light absorption and heat-transfer mode

To better understand and further investigate the mechanisms of light absorption and photothermal
conversion, a multiphysics model coupling electromagnetics and heat transfer was used, and
COMSOL software was employed to simulate the surface multilevel structures. To obtain the
electric field in the system, our COMSOL model solved the time-independent electromagnetic
wave equation:
V x V x E(ro) - ke(ro)E(r,o) =0 (S8)
Where E is the electric field, k 0 is the free - space wavenumber, &(r,0) is the space - and
wavelength - dependent relative permittivity of the material, and w is the angular frequency of the
incident light. The conversion of light engrgy to thermal energy can be expressed by Formula (S7).
pCy-V (VD =0,-0,
(89)

Where T is the temperature, t is time; p,C, and k are the density, specific heat capacity and
thermal conductivity of the material under consideration, respectively. In addition, Q, is the
local thermal power of the TiN absorber. The generated thermal power Q, can be obtained
from Equation (S8). €

0, = —Im{e(r.)} |E(r.o)]
2 (S10)

Where € 0 is the vacuum permittivity, and Im{&(r,)} is the imaginary part of the permittivity.
Qc is the dissipated energy transferred from the absorber to the external environment, which
can be expressed as

0.=B(T-T,. ) s11)
Where B is the heat transfer coefficient from the absorber to the external environment, and
T amb is the ambient temperature (293.15 K).



3. Supplementary Figures

Fig. S1 Optical images of Candle@BC Coating on the different substrates.
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Fig. S2 Two-dimensional Surface Roughness of Candle@BC Coating.
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Fig. S3 EDS Spectrum of BC Coated Surface.
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Fig. S4 EDS Spectrum of Candle@BC Coated Surface.




Fig. S5 Bouncing experiment of 50uL droplet on Candle@BC surface.
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Fig. S6 Bouncing experiment of high liquid droplet on Candle@BC surface.
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Fig. S7 Rate of temperature rising.
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Fig. S8 Stable temperature of Candle@BC coating under different illumination angles.
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Fig. S10 (a) Thermal imaging image of temperature rise for BC coating (b) Thermal imaging
image of temperature rise for Candle@BC coating.
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Fig. S11 Photothermal Conversion Efficiency of BC Coating and Candle@BC Coating.

Fig. S12 Experimental Study on the Photothermal Anti-icing of Candle@BC Surface under

Different Ambient Temperature.
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Fig. S13 Schematic of delayed icing heat exchange on the specimen surface
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Fig. S14 The thermal conductivity behavior of glass surface simulated by COMSOL.
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Fig. S15 The thermal conductivity behavior of PDMS surface simulated by COMSOL.
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Fig. S16 The thermal conductivity behavior of BC surface simulated by COMSOL.
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Fig. S17 The thermal conductivity behavior of Candle@BC surface simulated by COMSOL.
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Fig. S18 Cyclic test of ice adhesion on the surface of Candle@BC.
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Fig. S19 comparison of photothermal performance of Candle@BC with other reported works.
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Fig. S20 comparison of photothermal de-icing performance of Candle@BC with other reported
works.
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Fig. S21 SEM images of the Candle@BC surface after 50 cycles of sandpaper abrasion(370x).
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Fig. S22 SEM images of the Candle@BC surface after 50 cycles of sandpaper abrasion(3000x).
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Fig. S23 SEM images of the Candle@BC surface after 50 cycles of sandpaper abrasion(5000x).
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