Appendix A
Table A
Coating composition and key parameters
	Material
	Chemical Formula
	Model
	Manufacturer

	Waterborne Polyurethane Acrylate
	PUA
	AR
	Huashi Guangdong New Material Technology Co., Ltd.

	Graphene
	GN
	8000mesh
	Guangzhou Metal Metallurgy Co., Ltd.

	Hydrophobic Silica
	SiO2
	2 μm
	Shanghai Kange Alloy Material Co., Ltd. 

	Silicon Carbide
	SiC
	1 μm
	 Zhongmai Metal Material Co., Ltd.

	Perfluorooctyltriethoxysilane
	PFOTES
	AR
	Shaoguan Chengfeng Chemical Co., Ltd.

	Alcohol
	C2H5OH
	AR
	 Xuzhou Xin'er'de Cleaning and Disinfection Co., Ltd. 

	Diluent
	-
	AR
	Wuxi Yatai United Chemical Co., Ltd.

	Auxiliary agent
	-
	AR
	 Shenzhen Caixing New Material Industrial Co., Ltd.



Appendix B. Coating Fabrication Process and Preparation Method
Coating Fabrication Process
1. Ethanol (99.5%) and waterborne polyurethane acrylate (PUA) resin were weighed and mixed by stirring, then ball-milled in a planetary ball mill (KE-0.4L) with ceramic balls at 400 rpm for 12 h to obtain a homogeneous resin solution.
2. PTFE, graphite (GN), SiO₂, and SiC were added according to three different formulations (T1, T2, T3), followed by ball-milling at 400 rpm for 24 h.
3. PFOTES and PDMS were introduced as surface modifiers and the mixture was ball-milled for an additional 8 h.
4. The resulting coating suspension was filtered through 150-mesh filter paper and stored in glass vials under ambient conditions.
5. 45 steel substrates (15 mm × 15 mm × 3 mm) were cleaned, ground with sandpaper (500–2500 mesh), sandblasted with Al2O3 grit (Ra ≈ 0.8 ± 0.1 μm), ultrasonically cleaned in 75% ethanol, and dried at 90 °C for 20 min. 

Preparation Method

6. The suspensions were deposited onto copper alloy substrates via spray-coating under controlled parameters: spray distance =230±20mm, spray angle =85±5◦
7. The coating was applied by air spraying (pressure: 0.35 ± 0.15 MPa) and cured at room temperature under sunlight. Water evaporation enabled tack-free surface, while UV radiation activated photoinitiators to induce radical crosslinking, achieving full curing within 0.5–1 h without external heating, resulting in graphene-reinforced PUA/PTFE composite coatings with targeted filler contents.

Appendix C. Characterization of coating micro-morphology and mechanical properties
1. Surface drying time test
Instrument: Constant temperature and humidity chamber (101-0A, ANCSSY)
Measurement Method: According to ASTM D1640, the finger touch method was used at 23±2 °C and 50±5% RH. The time when cotton fibers could be blown off without adhesion was recorded as “surface dry”, and the time when no coating adhered to the finger was recorded as “touch dry”.
2. Phase analysis (XRD)
Instrument: D8 Advance, Bruker, Germany
Measurement Method: Cu Kα radiation, 40 mA, 40 kV, step size 0.02°, 2θ range 10°–90°, continuous scanning mode.
3. Surface chemical analysis (XPS)
Instrument: PHI VersaProbe 4, ULVAC-PHI Incorporated (or Thermo K‑Alpha, USA – as per original text)
Measurement Method: Al Kα radiation (hv = 1486.68 eV), pass energy 50 eV, step 0.1 eV, C1s = 284.80 eV for calibration.
4. Raman spectroscopy
Instrument: DXR3, Thermo Fisher Scientific, USA (or Horiba LabRAM HR Evolution – as per original text)
Measurement Method: 532 nm laser, integration time 10 s, 3 accumulations, laser power 50% to avoid coating damage.
5. Morphology characterization (SEM)
Instrument: SU500, Hitachi, Japan
Measurement Method: Low vacuum mode, accelerating voltage 25 kV, working distance 12 mm; EDS area scan for elemental analysis.
6. Mechanical stability (Sandpaper abrasion test)
Instrument: Self‑made abrasion setup with 500# sandpaper
Measurement Method: Specimen (1.3×1.3 cm²) with 200 g weight, back‑and‑forth movement (20 cm, 5 cm/s) per cycle. Contact angle measured every 5 cycles for 20 cycles.
7. Wettability measurement (Contact angle)
Instrument: SL250, Shanghai Solon, China
Measurement Method: Sessile drop method, 3–6 µL water droplet. At least 5 measurements per sample, average reported.
8. Anti‑icing test
Instrument: Climatic environmental test chamber (CETA series, Instron)
Measurement Method: –25±0.5 °C, 60±1% RH. Ice accretion weight recorded every 20 min using precision balance (HC311). Repeated 3 times.
9. Hardness and elastic modulus (Nanoindentation)
Instrument: TI Premier, Hysitron, USA
Measurement Method: Maximum load 1000 μN, holding time 2 s, indentation depth 2 μm. 6 test points per sample, spacing >500 μm, surface roughness Ra <0.5 μm after 3000‑grit polishing. Six independent results averaged.

