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for effective large-scale preparation

Tonghui Lu," Xianglin Li," Mengying Lu," Wenhao Lv,” Wenzhuo Liu," Xuanchen Dong," Zhe Liu,’
Shangzhen Xie,** and Song Lv'25*

SUMMARY

Anti-icing and de-icing are vital for infrastructure maintenance. While carbon-based materials with photo-
thermal or electrothermal effects have advanced, they face challenges like environmental dependence,
poor resistance, high energy consumption, and complex manufacturing. Here, we developed a scalable,
hybrid metamaterial driven by photothermal/electrothermal for all-weather anti-icing/de-icing. Its nano-
structured surface delays icing by 360 s at —30°C, breaking records across a wide temperature range. The
porous structure enhances light absorption, achieving a delayed icing time of 2500 s at —20°C under one
sunlight. The graphene film’s high conductivity allows rapid de-icing with 1.6W power. After 720 h of out-
door exposure, the metamaterial retained a contact angle above 150°, confirming durability. More
critically, we have demonstrated that the metamaterial can be manufactured on a large scale, which is
essential for improving the economics of the anti-icing/de-icing sector.

INTRODUCTION

Icing presents significant economic and security challenges.' Water freezing is a widespread phenomenon that has implications in various
fields, including climate, industry, and materials science.” There is an urgent need for more cost-effective de-icing methods as traditional
methods, such as chemical treatment, mechanical de-icing, and thermal de-icing, have high energy consumption, low efficiency, and are
prone to secondary pollution of the environment.””'" Fortunately, superhydrophobic materials,'”"* and slippery liquid-infused porous sur-
faces (SLIPS)'® have been extensively studied. Due to the reduced adhesion strength of ice on the material surface, the probability of surface
ice formation is reduced, and the energy consumption for de-icing is reduced, making them have a certain anti-icing/de-icing effect.'® For
superhydrophobic materials, however, the interlocking of ice droplets and surfaces tends to occur during dynamic de-icing, thereby
increasing ice adhesion strength.'”"'® For SLIPS, the lubricant in SLIPS is highly susceptible to depletion due to evaporation or capillary
core inhalation into the ice structure, which reduces its de-icing performance.’”?° In recent years, several photothermal materials have
been used to efficiently convert solar energy into heat.”’* These materials are environmentally friendly and can effectively prevent ice nucle-
ation.”” However, photothermal de-icing is greatly affected by environmental conditions and weather, and cannot be utilized even at night
without light, reducing the effectiveness and time economy of de-icing.”*

Multifunctional anti-icing/de-icing materials with simultaneous superhydrophobic, photo-thermal, and electro-thermal properties are a
growing trend that is highly attractive in terms of economy and efficiency.” To date, the efficiency of anti-icing/de-icing has been improved
by multifunctional de-icing materials, reducing the uncontrollable impacts on the environment.”*?” However, another issue worth noting is
that the cost of synthetic materials (plasma materials,”®*” magnetic particles®>®"), and the complexity of laser etching technology,® LBL
(Layer-by-Layer) assembly technology,'® have been major constraints to the mass production of de-icing materials. For practical consider-
ations, there is an urgent need for lightweight and durable synthetic materials that are scalable, portable, and easy to prepare on a large scale.

Carbon-based materials with excellent mechanical, electrical conductivity, thermal, and photothermal properties have been favored for
the development of high-performance photothermal and electrothermal anti-icing/de-icing materials and devices.” > Cross-scale car-
bon-based materials and devices using carbon-based materials (carbon particles, CNT/GNP doped nanocomposites, carbon fiber, carbon
nanotubes [CNTs], and graphene nanosheets [GNPs]) assisted by nano-microfabrication techniques and the structure of the substrate ma-
terials have yielded excellent absorbance, directional thermal conductivity/electrical conductivity, thermal stability, corrosion resistance.
This means that the use of reusable cross-scale carbon-based materials for scalable and effective multifunctional anti-icing/de-icing has great
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potential if manufacturing can be simplified, lightweight, flexible and scalable, and the range of applications can be extended to achieve per-
fect absorption, thermal, and electrical conductivity over a wide temperature range.

Here, we use multi-layer graphene assembly films and carbon nanoparticles to prepare lightweight and durable hybrid metamaterials that
are scalable, portable, and easy to prepare on a large scale, demonstrating efficient all-weather active and passive anti-icing/de-icing. The
metamaterial consists of a multilayer graphene assembly film and carbon nanoparticles encapsulated with PDMS (Supplementary Materials
and Methods). The metamaterial synergistically matches the effects of photon multiple scattering and particle near-field radiation, which im-
proves the ability of the composite particle cluster to capture solar radiation, and the full-spectrum solar energy absorption is as high as 98%,
which is 2-3 times higher than that of the traditional photothermal conversion materials. Carbon nanoparticles with gaps as blackbodies
exhibit high photothermal conversion efficiencies, with the surface temperature of the metamaterial increasing to 68.8°C under one sunlight.
The delayed icing time of the metamaterial surface can reach an amazing 2500s under one sunlight. Because of the extraordinarily long de-
layed icing times at —10°C, —20°C, and —30°C, the metamaterial has broken the record for effective delayed icing effects over a wide tem-
perature domain. Furthermore, multiple mechanical durability tests of metamaterials after 720 h of outdoor exposure have shown that the
contact angle remains above 150°, making them lightweight and durable. The metamaterial (multilayer graphene-assembled film) is flexible,
lightweight, highly electrically conductive, and has a high in-plane thermal conductivity, which is higher than most of the reported carbon
nanotube and graphene materials. These advantages make the ultra-low-power electrically heated anti-icing/de-icing layer successful in a
wide range of temperatures and even in extreme environments, which prompts the metamaterial to warm up to 85°C with only
0.25 w/cm? EPD, as well as rapid de-icing in 70 s at 0.2 w/cm? EPD. Furthermore, as a versatile and scalable material, it does not necessitate
a flexible substrate, significantly streamlining the manufacturing process. Manufactured in 270 mm wide sheets at 3 m/min, the metamaterial
is used in a wide range of applications in automotive, marine, aerospace, telecoms, power, energy, infrastructure, outdoor installations and
instrumentation, particularly in carriers for irregularly curved surfaces of complex outdoor devices.

RESULTS
Preparation and characterization of the metamaterial

To achieve excellent mechanical properties, high electrical conductivity, and high thermal conductivity, we obtained highly flexible, foldable,
and crack-free graphene films (GAFs) as substrates through high-temperature annealing and rolling processes of reduced graphene oxide
(Figure S1). Taking this as the starting point, the graphene film is placed at two-thirds of the flame center of the candle, and the graphene
film moves at a rate of 2 cm/s, so that the carbon nanoparticles generated by the incomplete combustion of the candle are uniformly adhered
to the surface of the graphene film (Figure S1B). In addition, the generated carbon nanoparticles were immersed in a mixed solution of PDMS
at a rate of 3 cm/s, which resulted in a tightly bound layer of carbon nanoparticles (Figure S1C). The source of carbon nanoparticles in this
design is besides candles, carbon from biomass and fossil fuel combustion can be used as a source material for carbon nanoparticles38
(Figure 1A).

Carbon nanoparticles are attached in situ to graphene films to serve as light absorbers at the top of the metamaterial and as electrothermal
conductors at the bottom (Figure 1B). The light-absorbing layer consists mainly of carbon nanoparticles that form a porous structure, a 3D
nanostructure that promotes light absorption by reducing reflections and lengthening the light path. Carbon nanoparticles have high broad-
band (300-2500nm) solar absorption properties and low transmittance/reflectance, resulting in high photothermal conversion efficiencies,
with up to 98% absorption in the full spectral range of the metamaterial tested (Figure 1C). Furthermore, the material’s high in-surface thermal
conductivity enhances its resistance to changes in thermal response due to environmental factors such as light inhomogeneities caused by
clouds, objects, and localized ice shading on certain parts of the surface object.?’ The high thermal conductivity of the graphene film (1273.8
w-m~"-k™") in the heat diffusion layer promotes lateral heat diffusion, ensuring uniform heat distribution across the surface of the metama-
terial. The metamaterial can be adhered to the surface of any object and has a wide range of applications.

Surface morphology and wettability of the metamaterial

As shown in Figures 2A-2C, the surface topography of graphene films, GCS (polymerization of graphene films with carbon nanoparticles), and
GPCS is observable. The figure illustrates that the GCS surface has a random distribution of micro- and nanoscale cluster particle structures,
while the surface of the graphene film is relatively smooth. The figure illustrates that the GCS surface has a random distribution of micro- and
nanoscale cluster particle structures, while the surface of the graphene film is relatively smooth. The particles on the surface of GPCS are more
rounded and have a larger diameter than those on GCS. This may be due to the connecting role of PDMS between the particles. As shown in
Figures 2D and 2E, the XRD test results of graphene samples prepared by reactant graphene oxide and redox method are demonstrated,
respectively. The figure shows that the position of the characteristic peaks of graphene prepared by the redox method has changed. This
change in position is due to a decrease in the layer spacing of the graphene, as predicted by Bragg's formula. The XRD test results of
GPCS are shown in Figure 2F. The characteristic diffraction peaks of GPCS remain almost unchanged compared to the graphene prepared
by the redox method. The elemental distribution of GPCS is given in Figure 2G, demonstrating a uniform distribution of Si, C, and O elements
in the surface structure and confirming the effectiveness of the sample preparation process.

CSis an excellent photothermal superhydrophobic material. The graphene film, prepared by the redox method, has excellent high-tem-
perature resistance. However, the graphene film alone does not exhibit superhydrophobicity, as shown in Figure 2H, where its contact angle is
only 115°. The graphene film was positioned at the two-thirds point of the candle flame. As a result, soot from the incompletely burnt candle
gradually deposited onto the graphene film, forming a deposition layer structure as more and more tiny particles accumulated. The
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Figure 1. Graphene, carbon nanoparticle metamaterials

(A) Schematic representation of randomly distributed carbon nanoparticles adsorbed in situ on graphene film.

(B) Heat transfer mechanisms in the metamaterial consisting of light-absorbing and heat-diffusing layers, as well as analyses of light paths in micro- and nano-
layered structures and heat transfer mechanisms in photo-thermal anti-icing materials at the microscopic level.

(C) The graphene film maintains an absorption of over 50% across the full wavelength range, while the GPCS maintains an absorption of approximately 98% over
the same range.

sedimentary layer structure has a micro- and nano-scale roughness with low surface energy, consistent with Wenzel and Cassie-Baxter's
model for good superhydrophobicity. A contact angle of 155° was measured using a contact angle meter in Figure 2I. However, the micro-
structure of the soot layer can be characterized by its porosity and looseness. This structure typically consists of small particles and fragments
with weak interconnections, making them susceptible to fragmentation. To enhance the mechanical properties of the candle soot layer, it was
immersed in a mixed solution of PDMS and 1H,1H,2H,2H-perfluorooctyltriethoxysilane (PFOTES). The PDMS polymer chains filled micropo-
rous structures during the coating process. The adhesion of the candle soot layer was enhanced by the treatment, and the surface energy of
the CS was decreased by 1H,1H,2H,2H-perfluorooctyltriethoxysilane, resulting in further enhancement of the superhydrophobicity of the CS
surface. The contact angle of the GPCS was measured to be 157° using a contact angle meter in Figure 2J.

Effect of CS thickness on photothermal conversion characteristics

The thickness of candle soot is adjusted by varying the deposition time. The optimum deposition thickness was determined by testing the
photothermal conversion properties of candle soot at different deposition thicknesses. Figures 3A-3C show the cross-sectional views of
the 45.9 pm, 49.7 um, and 52.5 um candle soot layers, respectively. The temperature rise (AT) of the CS was measured under one sunlight,
and Figure 3D shows that the temperature of the surface of the three different thicknesses of the CS increased gradually with the enhance-
ment of the illumination time. Meanwhile, when the CS thickness is 52.5 um, the equilibrium temperature of the coated surface is able to reach
65°C under one sunlight, and its heating rate is able to reach 0.55°C/s, which is competitive with previously reported photothermal ice-
removing surfaces. In addition, it can be concluded from Figure 3E that the temperature rise of the coating surface increases gradually
with the increase of the CS thickness and tends to stabilize when the CS thickness is greater than 52.5 um. This is mainly attributed to the
effects of heat conduction and radiation from the soot layer. Once the soot layer reaches a certain thickness, it becomes a relatively good
insulator, reducing the ability to conduct heat outwards through the soot layer. At this point, more heat is retained inside the soot layer
than is conducted to the surface of the coating. Therefore, even if the candle continues to burn, the thicker the soot layer, the rate of increase
in surface temperature rise slows down and eventually stabilizes.
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Figure 2. Surface characterization and wettability of the metamaterial

(A) The SEM characterization image of graphene film shows a relatively smooth surface.

(B) Carbon nanoparticles are in situ loaded onto the graphene film, and the microscopic morphology image of carbon nanoparticles reveals the formation of
numerous clusters on the surface, aggregated at a scale of 200 nm.

(C) Morphology image of carbon nanoparticles after multiple coatings with PDMS mixed solution, showing a tight binding and smoother, more rounded particle
morphology.

(D and E) XRD spectra of graphene films prepared by graphene oxide and reduced graphene oxide methods, respectively. The characteristic peak positions shift
after the treatment of graphene oxide.

(F) XRD spectra of GPCS with almost unchanged characteristic peaks compared to graphene film.

(G) Elemental composition analysis of GPCS reveals its primary composition as Si, C, and O, with a higher content of Si.

(H-J) Contact angle test images of graphene film, GCS(polymerization of graphene films with carbon nanoparticles), and GPCS, indicating excellent
superhydrophobicity in GPCS.

Testing of photothermal conversion properties of the metamaterial

To evaluate the photothermal conversion properties of the metamaterial, we tested their equilibrium temperatures at various optical power
densities (OPD). When the metamaterials were exposed to different OPDs (0.1 w/cm?, 0.15 w/em?, and 0.2 w/cm?), the surface equilibrium
temperature of the metamaterial increased gradually with the increase of OPD (Figure 4A). In addition, we recorded the infrared thermograms
of the materials at different OPDs separately. The surface temperature of the metamaterial reaches different equilibrium values as the OPD
varies: 67.7 °C at 0.1 w/cm?, 85 °C at 0.15 w/cm?, and 98.8 °C at 0.2 w/cm?. Furthermore, we explored the temperature change of three
different materials under one sunlight. Due to the low absorption of aluminum sheet in the full spectral range, the equilibrium temperature
of the aluminum sheet at an OPD of 0.1 w/cm? is only about 40°C, whereas the metamaterial can reach 62°C (Figure 4B). These results
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Figure 3. Effect of deposited CS layer thickness on photothermal conversion characteristics

(A-C) SEM images of CS cross sections with thicknesses of 45.9 um (A), 49.7 um (B) and 52.5 pm (C), respectively.
(D) Photothermal conversion characteristic curves of CS coatings with three different thicknesses.

(E) Temperature rise curves (AT) for different CS thicknesses in one sunlight.

demonstrate the superior photothermal conversion properties of the metamaterial. After switching off the solar simulator, the surface tem-
peratures of the three materials decreased rapidly. The equilibrium temperatures of the three materials then converged after a while. It is
worth noting that the superhydrophobic photothermal material exhibited the fastest rate of temperature drop. Furthermore, Figure 4C illus-
trates the cyclic temperature variation of the metamaterial at an OPD of 0.1w/cm?. The results indicate that the metamaterial exhibits stable
photothermal properties, with the maximum and minimum temperatures of the metamaterial essentially converging and the process curves
remaining consistent throughout the five cyclic tests. This is crucial for the practical implementation of the metamaterial. In addition, by
changing the shading area of the metamaterial and maintaining a light intensity of 0.1 w/cm?, it can be found that the relative percentage
temperature difference between the shaded and unshielded portions was only 0.128 for half the shaded area, and the relative percentage
temperature difference gradually tends to zero as the shading area decreases (Figure 4E). It can be concluded that the metamaterial has
a strong ability to resist environmental changes, especially solar irradiation, and has a significant resistance to the actual environment of
clouds, shade, pollutants and other parts of the shade, highly adaptable to the environment. Furthermore, the delayed icing time under
different OPDs was tested separately (Figure 4F), and the delayed icing time gradually became longer with the increase of OPD. Moreover,
the defrosting time and de-icing time can reach 114 s and 450 s, respectively under the light intensity of 0.1 w/cm? (Figure S6).

Electrothermal property testing of the metamaterial and electrothermal de-icing performance

Although photothermal de-icing can remove ice from a material’s surface under certain conditions, it is not effective in wet, dark, and cold
environments.”” In such cases, proactive intervention with electrical de-icing is necessary. After testing, the graphene film exhibited an elec-
trical conductivity of up to 1.13 x 10° m/s (Figure S5), forming the basis for metamaterial electrothermal de-icing. The entire electrical heating
system relies heavily on the electrical properties of the metamaterial.

The electrothermal properties of the metamaterials can be studied at different electrical heating power densities (EPD). The results indi-
cate that the temperature of the metamaterial surface increases with an increase in EPD, and the equilibrium temperature changes of the EPD
and the metamaterial are synchronized, which is by Joule’s law. The surface temperature of the metamaterial reaches only 49.3°C at an EPD of
0.1 w/cm?, but can reach 82.6°C when the EPD is increased to 0.25 w/cm? (Figure 5A). This demonstrates the metamaterial’s strong electro-
thermal properties. The figure illustrates the metamaterial’s rapid electro-thermal response, with the surface reaching equilibrium tempera-
ture quickly. As shown in Figure 5B, it primarily illustrates the temperature variation of the metamaterial under different EPDs during heating
and cooling cycles, while Figure 5C illustrates the temperature variation of the metamaterial under the same EPD during heating/cooling cy-
cles. The results indicate that the maximum and minimum temperatures of the metamaterials under the same EPD are essentially identical,
leading to the conclusion that the metamaterials possess electro-thermal stabilization properties. Additionally, infrared thermograms were
taken of the metamaterial at various EPDs (Figure S7). The results indicate that the surface temperature of the metamaterial is uniformly
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Figure 4. Photothermal conversion property testing

A) Demonstration of the equilibrium temperature of the metamaterial at three different OPDs.

B) The photothermal response of different materials to individual sunlight was tested under ambient conditions with lights on and off.

C) The photo-thermal stability of the metamaterial was tested under cyclic on and off light ambient conditions.

D) The temperature variation of the metamaterial under individual sunlight, and Schematic thermal imaging of equilibrium temperatures.

(
(
(
(
(E) Effect of masking area on the heat transfer of the metamaterial.
(F) Delayed icing test of the metamaterial at different OPDs.

distributed and gradually increases with the increase of EPD. The temperature at the edge of the metamaterial is relatively low, mainly
because the contact area with the air at the edge is larger and the convective heat transfer is stronger, resulting in greater heat loss. In addi-
tion, the metamaterial easily removes surface ice with only 1.6W of output power (Figure S7). This work provides a new direction for the prep-
aration of ultralow power de-icing/anti-icing as well as for the development of flexible and energy-efficient de-icing/anti-icing materials.*”

Testing of the metamaterial for delayed icing property

Ice-phobicity is a key indicator of the anti-icing performance of the material surfaces. The metamaterial improves the ice-phobic properties of
material surfaces by preventing adhesion under the impact of water droplets,”’™* inhibiting heat transfer during the icing process,’"** and
decreasing ice adhesion,*® which are three aspects of ice-phobicity.
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Figure 5. Electrothermal property testing of the metamaterial

(A) The electro-thermal response of the metamaterial at different EPDs.

(B) Testing the electro-thermal stability properties of the metamaterial under multiple switching power conditions.

(C) Testing the electro-thermal response of the metamaterial under switching power supply conditions with gradually increasing EPDs.

To assess the delayed icing properties of the metamaterial, we recorded the delayed icing conditions of the droplets. The metamaterials
were tested at —10°C, —20°C, and —30°C and 35% =+ 5% relative humidity (Figure 6A). As shown in Figure 6A, this indicates that a 10pL
droplet placed on the metamaterial will assume a spherical shape due to the superhydrophobic properties. After 360 s, the droplet begins
to freeze and eventually freezes completely within 400 s, forming a spike shape at the top. Droplet condensation nucleation is dependent on
the free energy of the substrate surface and the wettability of the metamaterial surface. By reducing the wettability of the metamaterial sur-
face, the free energy of the interface can be reduced, thereby achieving delayed icing. More critically, the explanation for this phenomenon
can be attributed to the interfacial geometry of the metamaterial surface. The metamaterial has micro- and nano-scale rough structures that
can trap air with relatively low thermal conductivity.”” This reduces the thermal conductivity of the droplets to the solid surface, thereby slow-
ing down the icing time of the droplets. As the temperature rises to —20°C, the delayed icing time increases to nearly 812 s, and as the tem-
perature continues to rise to —10°C, the delayed icing time can increase to an astounding 1200 s. It is evident that as the refrigeration plate
cooling temperature increases, the delayed icing time also increases.

In order to gain a clearer understanding of the delayed icing capability of the metamaterial, we have investigated, studied, and compared
the delayed icing properties of some of the materials described in the literature. The results revealed that the metamaterial composed of
carbon nanoparticles and graphene film demonstrated outstanding performance in delaying ice formation (Figure 6B). In addition, the
use of graphene film as a base material for anti-icing/de-icing has the advantage that its weight is easy to laminate on curved surfaces,
and its good flexibility and mechanical properties allow it to be adapted to any curved surface. However, one of the most compelling advan-
tages of developing graphene film-carbon nanoparticle hybrid metamaterials is the possibility of low-cost, scalable fabrication. We success-
fully produced a set of 270 mm wide metamaterial films at a speed of 3 m/min (Figure 6C).

Mechanical durability testing

The metamaterial’s robustness is crucial for protecting the material. The sample’s contact and roll angles were tested once per 20g drop while
varying the amount of sand dripped. The flowchart of the experimental setup is shown in Figure 7A. As shown in Figure 7B, after the
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Figure 6. Testing the delayed icing of metamaterials in various environments and conditions

(A) The delayed icing condition of the metamaterial was tested separately in different environments.

(B) Comparison of the delayed icing properties of metamaterials with those of other materials mentioned in the literature.
(C) Photograph of a set of 270 m wide hybrid metamaterial films produced at 3 m/min.

metamaterial was impacted by the sand, the contact angle of its surface underwent a slight decrease, but the overall contact angle remained
above 150°, and the rolling angle increased slightly, but the overall increase was not very large. Similarly, the volume of the droplet was varied,
and the contact angle and roll angle of the coated surface were tested after each 500mL drop. The flow of the device for droplet dropping
(Figure 7C) is similar to that of Figure 7A. As shown in Figure 7D, it demonstrates that the surface’s contact and rolling angles remained largely
unchanged after being impacted by water droplets. These experiments lead to the conclusion that the metamaterial exhibits good mechan-

ical durability. Moreover, through outdoor testing experiments, the contact angle of the metamaterial can still be maintained above 150°
when placed in an outdoor environment for 720 h, demonstrating continuous durability.

DISCUSSION

In this study, we have prepared a novel metamaterial with a combination of flexible, photothermal-electrothermal properties, and strong
superhydrophobicity for anti-icing and de-icing. Superhydrophobic materials with both active and passive de-icing were prepared by in
situ loading of carbon nanoparticles on graphene membranes and encapsulation with PDMS. The metamaterial exhibits excellent photother-
mal and electrothermal properties, reaching a surface temperature of 67.7°C under a single sunbeam, in addition to easily removing ice from
the surface of the metamaterial at an output power of only 1.6w. The surface of the metamaterial is superhydrophobic with a water contact
angle of 156°, and the CA of the metamaterial is still greater than 150° after water droplet impact and sand impact tests, demonstrating good
superhydrophobic durability. The photo-/electro-thermal effect of the metamaterial gives the surface good active anti-icing capabilities when
photo-heat and electricity are applied. This metamaterial combines active photo-/electro-thermal, passive superhydrophobicity to make the
best use of heat for low-energy anti-icing and all-weather anti-icing capabilities. In addition, through the 720 h outdoor environment test, its
contact angle can still be maintained at more than 150°, showing good mechanical durability. More importantly, the metamaterial is ready for
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Figure 7. Mechanical durability testing of the metamaterial

(A and B) Continuous dropping of sand onto the inclined sample surface, maintaining a contact angle consistently above 150°, and a rolling angle consistently
below 10°.

(C and D) The continuous dropping of liquid droplets onto the sample surface, with the contact angle consistently above 150° and the rolling angle consistently
below 10°.

mass production, showing strong application potential. This study provides a promising way to achieve high efficiency in anti-icing/de-icing
systems for aircraft, high-speed railways, and wind power generation.

Limitations of the study

1. Difference between experimental conditions and actual application environment: The conditions used in experiments, such as temper-
ature, humidity and light intensity, are often carried out in the laboratory and cannot fully simulate the complex and changing environ-
ment in reality. For example, under a variety of extreme conditions such as low outdoor temperatures, wind and snow, and high hu-
midity, the actual performance of the material may not be able to achieve the results in the experiment. Therefore, the
performance and stability of materials in real environments still need to be further verified.

2. Long-term durability and environmental adaptability: The durability and stability of materials, particularly with regard to the decay of
properties under long-term exposure to extreme weather conditions (e.g., strong winds, freeze-thaw cycles, etc.), has not been fully
investigated. The mechanical and chemical stability of the material under these conditions, as well as the ability to maintain the super-
hydrophobic properties of the surface over the long term, still need to be assessed through longer-term outdoor experiments.
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REAGENT or RESOURCE SOURCE IDENTIFIER
Chemicals, peptides, and recombinant proteins

Polydimethylsiloxane (PDMS) Dow Corning Sylgard 184
Cyclohexane Aladdin Reagent C109819
1H,1H,2H,2H-perfluorooctyltriethoxysilane (97%) Shanghai Dibo Biotechnology Co. Ltd. SIC2266
graphene oxide (GO),50% wt. Shanghai McLean Biochemical Technology Co. Ltd. G10194
polyethylene terephthalate (PET) Shanghai McLean Biochemical Technology Co. Ltd. P82487

Software and algorithms

visio Microsoft https://www.microsoft.com
Origin OriginLab Corporation https://www.originlab.com
Other

scanning electron microscopy (SEM)
Energy dispersive spectrometer (EDS)
the LFA467 NanoFlash instrument
contact angle meter JC2000D

Portable data logger
solar simulator(CEL-PE300L-3A)

ZEISS
ZEISS
NETZSCH

Shanghai Zhongchen Digital
Technology Equipment Co., Ltd.

HIOKI, Japan
Beijing Zhongjiao Jinyuan Technology Co., Ltd.

https://zeiss.com.cn
https://zeiss.com.cn
https://analyzing-testing.netzsch.com/en

http://www.powereach.com/

https://www.hioki.com/

http://www.bjaulight.com/

EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS

The model of this study is based on thermal conduction and fluid dynamics models.

METHOD DETAILS
Materials

Polydimethylsiloxane (PDMS), specifically Sylgard 184 base and curing agent, was purchased from Dow Corning. Cyclohexane (99.7%) was
purchased from Aladdin Reagent. 1H,1H,2H,2H-perfluorooctyltriethoxysilane (97%) was purchased from Shanghai Dibo Biotechnology Co.
Ltd. Candles were purchased from Taobao Boca Lighting Flagship Store. Commercially available 50% wt. graphene oxide (GO) paste, poly-
ethylene terephthalate (PET) was purchased from Shanghai McLean Biochemical Technology Co. All remaining chemical reagents were pro-
vided by the laboratory and sterilized.

Preparation of the metamaterial

1 A 50% wt. graphene oxide (GO) slurry that is commercially available was diluted with ultrapure water to a final concentration of 20 mg/
mL. The diluted GO suspension was then uniformly coated onto a polyethylene terephthalate (PET) substrate and evaporated at room
temperature for 24 h to obtain a GO assembled film.

2 The metamaterial was subjected to annealing at 1300°C for 120 min, followed by annealing at 2850°C for 60 min in an argon (Ar) gas flow
environment. The flexible gap was then obtained through a rolling process.

3 To create the dip coating solution, 0.5g of 1H,1H,2H,2H-perfluorooctyltriethoxysilane (PFOTES) was added to an 80 mL solution of
cyclohexane and stirred magnetically for 2 h. Next, 1.5 g of PDMS and 0.15 g of curing agent were added to the mixed cyclohexane
solution. The solution was dispersed by ultrasonic waves for 30 min and then stirred magnetically for 6 h. The photothermal superhy-
drophobic coating was obtained by immersing the graphene film, prepared using the redox method, into a solution at a rate of 0.03 m/
s. The film was first placed at the two-thirds position of a candle flame to collect soot from incomplete combustion. The immersion-
coated film was then vacuum-dried for 20 min. This process was repeated five times to achieve the desired coating (Figure S1).

Sample characterization

The morphology of the samples was characterized using scanning electron microscopy (SEM, ZEISS). Energy dispersive spectrometer (EDS)
measurements were performed to determine the elemental content. The thermal conductivity of graphite film (GF) was measured using the
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laser flash method in the LFA467 NanoFlash instrument according to standard test method ASTME1461. Contact angle (CA) and sliding angle
(SA) were measured using 10 plL of deionized water droplets analyzed by a contact angle meter JC2000D (Shanghai Zhongchen Digital Tech-
nology Equipment Co., Ltd.). Solar thermal experiments were conducted using a solar simulator (CEL-PE300L-3A, Beijing, China). The exper-
imental data collection uses a data acquisition instrument (HIOKI, Japan).The de-icing performance was investigated using a customized
cryogenic test rig.

Performance evaluation

Photothermal conversion, photothermal de-icing/anti-icing, and electrothermal de-icing/anti-icing of the samples were determined using an
in-house visualized experimental system. The temperature variations of the samples were tested at different OPDs and EPDs, respectively.
The photothermal conversion performance of GPCS (Graphene films, PDMS and polymers with carbon nanoparticles), G (graphene film),
and aluminum panels under one solar illumination condition was also compared and the temperature distribution on the sample surface
was captured using an infrared thermal imager.

The delayed freezing time of individual droplets under different light intensities was measured to characterize the anti-icing properties of
the material. A 10 uL droplet was first injected onto the surface of the sample material at room temperature, and then the humidity inside the
refrigeration cavity was controlled to be about 35%. At this time, the water-cooled refrigeration system was turned on, and the temperature
inside the cavity was rapidly reduced. Then the temperature controller was adjusted to —10°C, —20°C and —30°C to investigate the delayed
freezing time of the droplets in three different temperature environments.

In addition, the materials were tested for de-icing/defrosting properties. Specifically, samples were placed on the surface of a water-
cooled refrigeration sheet in an open environment. The refrigeration system was then switched on and the refrigeration rate was maintained
at 2 °C/min until the surface temperature dropped to —20°C. After 1 h, a thin layer of frost was formed on the surface of the material, after
which a xenon lamp was switched on to observe the defrosting behavior of the material under one sunlight. Then a layer of ice with a thickness
of about 3 mm was prepared with a mold, placed on the surface of the material and the de-icing properties of the material were observed
under one sunlight.

The mechanical durability properties of the prepared photothermal anti-icing/de-icing materials were tested by water flow impact and
sand impact experiments, respectively. The mass of water flow and sand for each drop was fixed, and then the angular change of each
drop was detected by contact angle and rolling angle gauges. The photothermal materials were also placed in an outdoor environment
to test their durability performance in the outdoor environment.

QUANTIFICATION AND STATISTICAL ANALYSIS
Statistical analysis of data was performed using Excel (Microsoft) and Origin (OriginLab).
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