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  Abstract 
Photothermal superhydrophobic surfaces have garnered significant attention for 
their exceptional anti-icing and photothermal deicing capabilities. However, the 
shortcomings of stability and fabrication complexity limit their practical applica-
tion. This work designed and fabricated a HWCNTs/EP composite coating that 
combines anti-icing/deicing performance, and facile preparation. During fabrica-
tion, the HWCNTs and EP ratio was systematically optimized by evaluating wetta-
bility, photothermal conversion capability, and anti-icing/deicing performance. 
The composite coating in the ratio of HWCNTs/EP 1:1 exhibited a water CA of 
156.7°. Photothermal testing revealed a maximum temperature increase of 69 ℃ 
(reached in 200 s) under one sun intensity. The composite coating demonstrated a 
prolonged droplet freezing time of 1026 s at −15 ℃. Photothermal deicing testing 
achieved complete ice melting and detachment within 44 s.  This work provides 
novel insights for designing stable photothermal superhydrophobic coatings with 
anti-icing/deicing functionality, contributing to the development of ener-
gy-efficient ice mitigation technologies. 
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1. Introduction 

In low-temperature conditions, icing phenomena significantly impact daily life and 
pose potential safety risks in industrial operations[1]. In power transmission sys-
tems, ice accretion on cables may damage or fracture transmission lines, potentially 
triggering large scale power outages[2]. In aviation and maritime sectors, ice for-
mation on aircraft wings or ship propellers increases weight, reduces operational 
speed, and may compromise structural integrity[3-5]. While conventional deicing 
methods—including mechanical removal[6], chemical deicers[7], and electrother-
mal deicing[8]can effectively eliminate ice layers to some extent, they frequently 
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suffer from limitations such as relatively low efficiency, high operational costs, and 
potential environmental impacts[9]. Consequently, developing stable and sustaina-
ble anti-icing/deicing coatings remains critical. 
Superhydrophobic surfaces, characterized by extremely high water contact angles 
and low rolling angles, prevent water droplet wetting by inducing droplet rebound 
or rolling off[10]. This unique property grants them promising potential in passive 
anti-icing applications. For example，the novel superhydrophobic surface fabricat-
ed on aluminum conductors through a two-step anodization technique[11] and the 
calcium sulfate whisker-reinforced thermoplastic polyurethane composite coat-
ing[12] both demonstrate significant enhancements in surface ice accumulation re-
sistance and freezing delay capabilities. Nevertheless, surface icing remains inevita-
ble under low-temperature/high-humidity conditions. As a green and clean energy 
source, sunlight inherently exhibits ice-melting capabilities. Based on this, re-
searchers have focused on harnessing solar energy. While solar energy has been 
well-established in photovoltaic power generation[13], photobiological utiliza-
tion[14], and photochemical applications[15], its application in photothermal de-
icing[16] remains relatively underdeveloped. Consequently, researchers have de-
veloped photothermal superhydrophobic surfaces with active deicing functionality 
by incorporating photothermal fillers such as carbon powder[17, 18], carbon nano-
tubes[19-21], titanium nitride[22], graphene[23-25], and polydopamine[26-28], 
combined with hydrophobic nanoparticles. These surfaces efficiently melt ice 
through solar-to-thermal energy conversion, facilitating rapid residue-free ice re-
moval and transforming deicing technologies. The design strategy for such surfaces 
involves two synergistic approaches: 1) enhancing anti-icing performance through 
microstructure optimization based on wettability theory, and 2) improving photo-
thermal deicing efficiency in low-temperature environments by leveraging photo-
thermal materials[29-31]. This dual mechanism provides critical insights for devel-
oping highly efficient and eco-friendly anti-icing/deicing surfaces. Photothermal 
superhydrophobic surfaces not only prevent ice formation by repelling water drop-
lets but also actively remove pre-existing ice through localized heating[32]. Com-
pared to conventional superhydrophobic surfaces, they integrate anti-icing and 
photothermal deicing capabilities, positioning them as highly promising solutions 
for ice prevention/removal applications. The technological advantages have been 
validated through multiple innovative fabrication processes: Gou et al.[33] imple-
mented a modified SiO2/graphene nanocomposite coating on copper substrates via 
spraying technology, which extended droplet freezing time by fivefold and enhanced 
photothermal deicing efficiency by 90%. Li et al.[34] employed multi-pulse laser 
sintering combined with HDTMS chemical modification on carbon steel surfaces, 
achieving fourfold prolongation of droplet freezing duration and complete ice melt-
ing under 210-second intensity. Liu et al.[35] developed a TiO2/MWCNTs composite 
epoxy coating exhibiting tenfold ice formation delay and rapid photothermal deicing 
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within 20 seconds. However, durability and stability remain persistent challenges 
for superhydrophobic coatings. Practical large-scale deployment further requires 
addressing critical prerequisites such as scalable manufacturing and 
cost-effectiveness, posing significant design challenges for photothermal superhy-
drophobic coatings[36-38]. A representative design strategy involves embedding 
photothermal fillers into resin matrices. Resins can enhance coating durability and 
stability through their mechanical robustness, strong adhesion, and chemical re-
sistance. Nevertheless, achieving superhydrophobicity typically necessitates surface 
modification of photothermal fillers, complicating fabrication processes. Conse-
quently, low-surface-energy substrates like silicone-fluorocarbon resins[39] and 
silicone resins[40] have become preferred matrices for photothermal superhydro-
phobic coatings. 
In this work, a HWCNTs/EP composite coating with anti-icing/deicing performance 
was designed and prepared by combining the epoxy resin and HWCNTs. The suc-
cessful incorporation of low-surface-energy functional groups into epoxy resin via 
chemical grafting endows the coating with enhanced hydrophobicity and stability. 
This methodology offers advantages of simplified processing and cost-effectiveness 
for scalable fabrication. The HWCNTs establishes a nano structure that confers su-
perior superhydrophobicity and effective photothermal conversion capability, while 
the epoxy resin binder ensures robust interfacial adhesion to substrates and en-
hanced wear resistance. Results confirm that the fabricated coating retains both su-
perhydrophobic properties and photothermal performance following rigorous du-
rability testing. This work provides critical insights for designing durable photo-
thermal superhydrophobic surfaces for anti-icing applications, facilitating the prac-
tical implementation of photothermal superhydrophobic technologies. 

2. Experimental 
2.1. Materials 

The experimental materials were as follows: AZ31B magnesium alloy plates were 
purchased from Dongguan Hongdi Metal Materials Co., Ltd. Bisphenol A-based 
epoxy resin (E51) and curing agent (D230) were obtained from Nanchang Chenfang 
Adhesive Products Co., Ltd. Hydroxylated multi-walled carbon nanotubes (HWCNTs, 
95% purity, with an outer diameter of 20 nm) were acquired from Sinopharm 
Chemical Reagent Co., Ltd. Silane coupling agent (KH550) was purchased from 
Aladdin Biochemical Technologies Co., Ltd. 
1H,1H,2H,2H-perfluorodecyltrimethoxysilane (FAS) was obtained from Shanghai 
Macklin Biochemical Co., Ltd. Pellet-shaped sodium hydroxide, anhydrous ethanol 
(99.7%), and ethyl acetate were supplied by Tianjin Fuyu Fine Chemical Co., Ltd. All 
reagents were of analytical grade and used without further purification. 

2.2. Preparation of HWCNTs/EP Photothermal Superhydrophobic 
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Coating 

Magnesium alloy plates (20 mm × 20 mm × 1 mm) were mechanically polished with 
800, 1200, and 2000 grit sandpapers to remove surface oxides, followed by ultra-
sonic cleaning in anhydrous ethanol for 10 minutes. The cleaned substrates were 
dried with a cold air blower and stored for subsequent use. The synthesis of the 
HWCNTs/EP photothermal superhydrophobic coating is schematically illustrated in 
Fig.1. First, a mixture of 1 g KH-550 and 0.2 mL NaOH (0.25 mol/L) solution was 
prepared in 10 mL anhydrous ethanol. The solution was stirred at 60°C for 2 hours 
to ensure complete hydrolysis of KH-550. Subsequently, 0.5 g FAS was added to the 
reaction mixture, and the stirring was continued for an additional 2 hours to obtain 
a transparent fluorinated oligomer. To prepare the modified epoxy resin (EP-M), the 
synthesized fluorinated oligomer was mixed with epoxy resin at a mass ratio of 5:1 
and dispersed in 10 mL ethyl acetate under magnetic stirring for 30 minutes. Next, 
different mass ratios of EP and HWCNTs were dispersed in 10 mL ethyl acetate un-
der magnetic stirring for 30 minutes. The specific mass ratios of EP and HWCNTs 
are listed in Tab.1. After adding 0.2 g D230 as a curing agent, the mixture was stirred 
for an additional 10 minutes to form a homogeneous solution. The coating solution 
was sprayed onto the pre-treated magnesium alloy substrate and cured at 80°C for 3 
hours to obtain the final photothermal superhydrophobic coating 

Tab 1. the mass ratio of EP/HWCNTs 

HWCNTs 0.2g 0.2g 0.2g 0.2g 0.2g 

EP 0g 0.2g 0.4g 0.6g 0.8g 

 

Fig 1. Preparation of HWCNTs/EP composite coating. 
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3. Results and discussion 

3.1. Surface morphology and chemical composition 

Fig. 2 presents the surface microstructures and corresponding structural character-
ization of HWCNTs/EP composite coatings with different ratios. When the EP mass 
was 0g, the SHC0/4 coating exhibited a uniformly distributed porous microstructure 
(Fig. 2a). EDS analysis revealed homogeneous elemental distribution on the surface, 
predominantly composed of C (72.2%), O (18.2%), and F (5%), with trace amounts 
of Si derived from KH550 and FAS (Fig. 2b). The three-dimensional laser confocal 
microscopy topography demonstrated a surface roughness of 4.5 μm for the coating 
(Fig. 2c). When the EP mass adjusted to 0.2g (Fig. 2d), the SHC1/3 coating displayed 
pronounced larger spherical aggregates with nano-mastoid structures on the sur-
face and abundant voids, formed by the agglomeration and stacking of HWCNTs on 
EP surfaces. Compared to the SHC0/4 coating, the C content decreased while the Si 
content increased due to the addition of EP. The formation of these spherical struc-
tures resulted in an elevated surface roughness of 6.4 μm (Fig. 2e-f). As evidenced in 
Fig. 2g-i, when the addition amounts of EP was 0.4g, the SHC1/1 coating exhibited a 
substantial increase in spherical aggregates on its surface, accompanied by a denser 
distribution of nano-mastoid structures. A noticeable reduction in surface voids was 
observed, resulting in enhanced coating compactness. Notably, the surface rough-
ness reached a maximum value of 15.4 μm under these conditions. As illustrated in 
Fig. 2j, the SHC3/1 coating demonstrates predominant spherical surface structures 
with increasing EP proportion, though accompanied by a marked reduction in 
nano-mastoid structures. This phenomenon is ascribed to diminished surface ag-
gregation of EP caused by the decreased HWCNTs ratio. When exclusively incorpo-
rating EP, the SHC4/0 coating exhibits further increased spherical structures and 
enhanced surface smoothness, with nano-mastoid being virtually absent (Fig. 2m). 
EDS elemental mapping reveals significant compositional alterations: C content de-
creases to 37.3% while Si content rises to 23%, concurrent with reduced surface 
roughness to 5.5 μm (Fig. 2n-o). The synergistic interplay between EP and HWCNTs 
establishes a hierarchical micro-nano architecture that fundamentally enables the 
coating's superhydrophobic surface characteristics. 
As revealed by Fourier transform infrared (FTIR) spectroscopy analysis of coating 
samples (Fig. 3), both EP and EP-M exhibit characteristic absorption bands at 2928 
cm⁻¹ and 2868 cm⁻¹, corresponding to the stretching vibrations of methyl (-CH₃) 
and methylene (-CH₂) groups in the epoxy resin[41]. The intensified peak intensities 
observed in EP-M originate from increased methyl/methylene groups through 
KH550 and FAS grafting. Absorption peaks at 1616 cm⁻¹ and 1509 cm⁻¹ are at-
tributed to aromatic ring stretching vibrations in the epoxy matrix[37]. Notably, 
compared with pristine EP, EP-M demonstrates two new characteristic peaks at 
1096 cm⁻¹ and 1211 cm⁻¹, assigned to asymmetric Si-O-Si stretching and C-F bond 
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vibrations respectively[42]. These emerging peaks confirm the successful grafting of 
KH550 and FAS, effectively introducing low surface energy functional groups into 
the epoxy resin, thereby verifying the successful chemical modification of EP. 

 

Fig 2. SEM image, corresponding EDS analysis and 3D structure diagram of different 
SiO2/HWCNTs mass ratios: (a-c) SHC0/4, (d-f) SHC1/3, (g-i) SHC1/1, (j-l) SHC3/1, (m-o) 
SHC4/0. 
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Fig 3. FTIR of epoxy resin and modified epoxy resin. 

3.2. Wettability and photothermal conversion capability 

As depicted in Fig. 4a, the wettability characteristics of various coatings were sys-
tematically investigated. The magnesium alloy substrate exhibited a water contact 
angle (WCA) of 37.3°, indicative of hydrophilicity, due to its smooth surface and high 
surface tension. In contrast, the EP-M coating achieved a WCA of 139°, demonstrat-
ing hydrophobicity through synergistic surface roughening and low surface energy 
modification. Notably, all HWCNTs/EP composite coatings exhibited superhydro-
phobicity with maximum WCA reaching 156.7°, representing approximately four-
fold enhancement compared to the substrate. This remarkable performance con-
firms that the synergistic combination of modified epoxy resin and nanoparticles 
effectively engineered the coating's superhydrophobic properties. As evidenced in 
Fig. 4b-d, the photothermal performance of coatings demonstrates an initial en-
hancement followed by gradual reduction under light irradiation. The magnesium 
alloy substrate exhibited a temperature elevation to merely 33.8 °C within 200 s, 
whereas the EP-M coating achieved 41.2 °C, attributable to the lower specific heat 
capacity of epoxy resin that facilitates more pronounced temperature rise under 
equivalent heat absorption. Notably, SHC4/0 to SHC1/3 coatings displayed substan-
tially enhanced photothermal conversion efficiency with maximum temperatures 
reaching 69 °C (35.2 °C higher than the substrate), achieved through the inherent 
black coloration of carbon nanotubes that significantly reduces visible light reflec-
tivity. In contrast, SHC0/4 coating exhibited inferior performance with a maximum 
temperature of 27.3 °C, even lower than the substrate. All coatings exhibited prompt 
thermal dissipation to ambient following light source deactivation, demonstrating 
robust photothermal conversion capabilities. The results in Fig. 4e reveal that even 
after five cyclic irradiation-cooling tests, the SHC coatings exhibit negligible varia-
tion in their maximum equilibrium temperatures, demonstrating excellent thermal 
stability. This phenomenon can be attributed to the photothermal conversion 
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mechanism of carbon nanotubes, primarily involving lattice vibrations. Under solar 
irradiation, numerous loosely-bound electrons are excited from π to π* orbitals. 
These excited electrons dissipate the absorbed energy through phonon-phonon 
coupling while returning to ground states, simultaneously inducing lattice-scale vi-
brations that confer superior structural stability to the coatings[43-45]. 

 

Fig 4. (a) CA of different coating surfaces, (b) photothermal temperature rise curves of 
coatings with different proportions, (c) comparison of maximum temperature of different 
coatings, (d) photothermal cycle curve under one sunlight intensity, (e) infrared thermogram 
of different surfaces. 

3.3. Static delay icing performance 

The anti-icing performance of HWCNTs/EP composite coatings was evaluated by 
monitoring droplet freezing behavior and freezing durations on different surfaces at 
-15 °C. As illustrated in Fig. 5a, sequential images of 10 μL droplets during freezing 
clearly demonstrate the ice-resistant properties of fabricated coatings through dis-
tinct droplet states at identical freezing stages. For the magnesium alloy substrate, 
the droplet rapidly turned opaque with a pronounced conical tip at 12 s, indicating 
complete freezing[46]. The EP-M hydrophobic surface marginally prolonged freez-
ing time due to its moderate hydrophobicity, maintaining partial liquid state at 12 s 
with limited ice nucleation at the bottom, followed by full freezing at 50 s. The 
SHC4/0 superhydrophobic coating, benefiting from its high contact angle, retained 
liquid state until 608 s. Notably, the SHC0/4 superhydrophobic surface exhibited 
further extended freezing duration, attributed to synergistic effects between the 
black HWCNTs (enhancing photothermal conversion/heat absorption) and super-
hydrophobicity. Remarkably, the SHC1/1 coating, incorporating both EP and 
HWCNTs, achieved optimal performance: HWCNTs anchored on EP aggregated sur-
faces formed nano-mastoid structures, significantly amplifying surface roughness 
and creating intricate internal architectures. This design synergistically enhanced 
atmospheric heat absorption while preserving superhydrophobicity and photo-
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thermal characteristics, ultimately delaying droplet freezing to 1026 s. Compared 
with the substrate, this represents a 1014 s extension in freezing time, demonstrat-
ing exceptional anti-icing performance. 
The ice formation process can be fundamentally divided into two critical stages: nu-
cleation and crystal growth[47]. The anti-icing mechanism of superhydrophobic 
surfaces primarily relies on effectively suppressing the droplet nucleation stage to 
delay freezing progression. The ice nucleation rate can be quantitatively evaluated 
using the following equation (1)[48, 49]: 

( ) ( ) ( ) ( )bulk lg lg sl sl slR T R T V R T S R R T S= + + +
            （1） 

Where: R(T), Rbulk(T), Rlg(T) and Rsl(T) represent the total nucleation rate, volume 
nucleation rate, liquid-gas and solid-liquid interface nucleation rate related to tem-
perature respectively; V, Slg and Ssl are liquid volume, liquid-gas contact area and 
solid-liquid contact area respectively; T means the temperature. As shown in the 
equation, ice nucleation formation is closely associated with surface wettability, 
surface structure, and temperature. This achieves superhydrophobic anti-icing per-
formance (Fig. 5b) through the fabrication of high-roughness micro-nano structures 
combined with hydrophobic modification. This approach effectively reduces both 
the contact area between the coating surface and ice nucleation sites (specifically 
decreasing the solid-liquid interfacial area) and the interfacial thermal conduction 
through these interfaces. 

From the perspective of thermodynamics, the heat exchange between the environ-
ment and water droplets is mainly conducted through conduction and radiation, and 
the heat transfer equation is expressed as follows[50]: 

s lsQ Q Q∆ = −                           （2） 

Where ΔQ means the heat absorbed by the droplet per unit time, Qs means the heat 
obtained per unit time, and Qls is the heat lost at the solid-liquid interface per unit 
time. For the substrate, the heat gained from water droplets is significantly less than 
the thermal loss experienced at the cold interface, resulting in ΔQ<0. Over time, the 
cumulative heat loss from the droplet gradually increases. When the lost heat sur-
passes the gained heat, the droplet ultimately freezes completely. In contrast, the 
micro-nano structured photothermal superhydrophobic surface exhibits a Cas-
sie-Baxter state, forming an air layer between the surface and the droplet. This con-
figuration markedly reduces the solid-liquid contact area, thereby diminishing heat 
dissipation from the droplet to the cold surface and prolonging freezing time. The 
heat transfer equation can be expressed as[51, 52]: 

s ls lg ptQ Q Q Q Q∆ = − + +
                     （3） 

Where Qlg means the heat loss at the gas-liquid interface per unit time, and Qpt is 
the heat generated by the surface photothermal effect per unit time. Additionally, 
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the highly spherical morphology of water droplets on superhydrophobic surfaces 
increases their contact area with air, thereby enhancing heat absorption capacity 
from ambient air through conduction or radiation processes (Fig. 5c). These com-
bined factors collectively reduce the thermal dissipation per unit time of droplets, 
resulting in prolonged freezing delay time on superhydrophobic surfaces. As shown 
in Fig. 6, comparative analysis of icing initiation times across different surfaces 
demonstrates that the fabricated photothermal superhydrophobic coating signifi-
cantly delays the freezing process on magnesium alloy surfaces. By minimizing sol-
id-liquid contact area and reinforcing thermal barrier effects, this coating effectively 
suppresses ice crystal nucleation and growth, ultimately achieving exceptional an-
ti-icing performance. 

 

Fig 5. (a) Anti-icing performance of different surfaces, (b) static icing mechanism on 
superhydrophobic surfaces, (c) heat transfer model of hydrophilic and superhydrophobic 
surfaces. 
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Fig 6. Icing time of different coatings. 

3.4. Photothermal deicing performance 

Although photothermal superhydrophobic coatings exhibit superior anti-icing per-
formance compared to conventional superhydrophobic coatings, complete preven-
tion of ice formation remains challenging under extreme low-temperature and 
high-humidity conditions. To validate the photothermal deicing efficacy of the fab-
ricated coating in practical environments, a series of performance evaluation ex-
periments were conducted. As illustrated in Fig. 7a, controlled 1 cm³ water droplets 
were frozen into ice blocks at -15 °C and placed on magnesium alloy substrates, 
modified epoxy resin (EP-M) coatings, and SHC coating surfaces, respectively. The 
samples were irradiated using a xenon lamp simulating solar irradiation at 1 sun 
intensity. Results demonstrated that ice blocks on the magnesium alloy substrate 
required 421 s for complete melting under identical intensity. In contrast, melting 
time was substantially reduced to 146 s for ice blocks on the EP-M coating. However, 
the SHC4/0 superhydrophobic coating exhibited prolonged melting time of 397 s, 
representing only a 24 s reduction compared to the substrate. From the theoretical 
perspective of light absorption, incident photons interact with microscopic particles 
(ions, electrons, and atoms) within materials, inducing complex optical phenomena 
including transmission, scattering, absorption, and reflection. When surface rough-
ness is significantly smaller than the incident light wavelength, scattering effects can 
be reasonably neglected compared to other optical mechanisms. Under such condi-
tions, incident light energy distribution is predominantly governed by three funda-
mental mechanisms: transmission, absorption, and reflection. Accordingly, material 
light absorption efficiency can be calculated using equation (4)[13]: 

A=1-R-T                           （4） 

Where: A is the absorption rate, R means the reflectivity, T is the transmissivity. The 
SHC0/4 superhydrophobic coating demonstrates exceptionally low reflectivity due 
to the intrinsic black coloration of HWCNTs, enabling high light absorption efficien-
cy. Consequently, ice blocks on this coating surface completely melted within 56 s, 
followed by spontaneous ice shedding facilitated by its superhydrophobicity. Re-
markably, the SHC1/1 composite coating incorporating both EP and HWCNTs 
achieved ice shedding within 44 s, representing nearly a ten-fold reduction in melt-
ing time compared to the magnesium alloy substrate. From the perspective of wet-
ting theory, when heated, ice melts progressively from the bottom upward on su-
perhydrophobic surfaces. During this process, the ice transitions from the Wenzel 
state to the Cassie-Baxter state, forming a thin interfacial water film that substan-
tially reduces ice adhesion strength. This enables ice detachment under gravitation-
al forces or mild natural wind (Fig. 7b). This mechanism effectively mitigates struc-
tural damage to micro-nano hierarchical textures during repeated icing/deicing cy-
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cles, thereby enhancing the coating's operational longevity. 
Furthermore, the photothermal deicing mechanism of this multi-structured super-
hydrophobic composite surface can be elucidated through Fig. 7c, where the thermal 
content of a droplet is denoted as Q1, and the heat generated by the coating under 
irradiation is designated as Q2. Under low-temperature, light-free conditions, drop-
lets adhere to the coating surface and resist removal. During this phase, the drop-
let's thermal energy (Q1) rapidly dissipates into the surrounding cold medium, 
leading to droplet freezing. However, when exposed to intensity, the intricate mi-
cro-nano hierarchical structures formed by EP and HWCNTs on the photothermal 
superhydrophobic surface create "optical traps" that efficiently absorb incident light 
while minimizing reflection. Concurrently, HWCNTs are stimulated to generate sub-
stantial heat (Q2), which transfers through the coating surface to the frozen droplet, 
enabling active deicing and achieving high-efficiency photothermal ice removal. No-
tably, the magnitude of Q2 generation critically depends on the material's light ab-
sorption capability. The reflectivity of the light-absorbing layer toward incident ra-
diation can be calculated using equation (5)[53]: 

( ) ( )
( ) ( )

2

0

0

Z Z
R

Z Z
ω ω
ω ω

−
=

+
                      （5） 

Where: Z(ω) is the impedance of the material absorption layer; Z0(ω) means the 
impedance of free space, which meets the following relationship: 

( ) ( ) ( )0 0/Z ω µ ω µ ε ω ε=
                   （6） 

( )0 0 0/Z ω µ ε=
                       （7） 

In the provided equations, ε(ω) and μ(ω) represent the complex permittivity and 
complex permeability of the material, respectively, while ε0 and μ0 denote the per-
mittivity and permeability of free space. When μ(ω) equals ε(ω), the material satis-
fies the impedance matching condition Z(ω)=Z0(ω), achieving minimal reflectivity 
and maximum light absorption efficiency. Furthermore, the electromagnetic proper-
ties governing light absorption at the surface can be characterized by the effective 
complex permittivity ε(ω)eff and effective complex permeability μ(ω)eff. According 
to Maxwell-Garnett theory[54], the ε(ω)eff of the composite surface depends on the 
permittivity of its constituent materials ε(ω) and the dielectric constant of air εair, 
which can be calculated using equation (8)[53]: 

( )
( ) ( ) ( )

( )air1
2 2

aireff air

air aireff

V
ε ω ε ε ω ε
ε ω ε ε ω ε

− −
= − ×

+ +
                （8） 
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Where: Vair represents the volume fraction of air within the material. Therefore, en-
hancing the structural roughness of the superhydrophobic surface significantly in-
creases air entrapment at the material interface, thereby reducing surface reflectiv-
ity and improving the light absorption performance of the photothermal superhy-
drophobic surface. As shown in Fig. 8, comparative ice-melting durations across dif-
ferent surfaces reveal that the fabricated photothermal superhydrophobic coating 
significantly reduces the ice-melting duration on magnesium alloy substrates, 
demonstrating exceptional photothermal deicing efficacy. These synergistic effects 
collectively enhance the thermal energy absorption per unit time of the coating, 
thereby accelerating ice-melting on superhydrophobic surfaces. Specifically, the op-
timized superhydrophobic coating exhibits superior solar energy capture and con-
version into thermal energy, a critical factor for rapid ice removal. Additionally, en-
hanced light absorption minimizes thermal dissipation from the coating surface un-
der intensity, further improving deicing efficiency. 

 

Fig 7. (a) Photothermal deicing performance of different surfaces, (b) ice melting mechanism 
on superhydrophobic surfaces, (c) light absorption mechanism of composite 
superhydrophobic surfaces. 
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Fig 8. Ice melting time of different coatings. 

3.5. Self-cleaning and anti-fouling properties 

The inevitable accumulation of solid contaminants on material surfaces in practical 
applications not only obstructs sunlight but also adversely affects photothermal ef-
ficiency. In this study, comparative self-cleaning tests were conducted on magnesi-
um alloy substrates and HWCNTs/EP composite coating surfaces using sand parti-
cles as model contaminants. As demonstrated in Fig. 9a, substantial residual water 
and contaminants remained on bare substrates after water droplet application, 
while the HWCNTs/EP composite coating achieved complete contaminant removal 
through rolling droplets, exhibiting lotus leaf-like self-cleaning behavior. This phe-
nomenon originates from the ultralow solid-liquid contact area and surface energy 
of the superhydrophobic surface, enabling rapid droplet shedding with contaminant 
entrainment. Meanwhile, the coating demonstrated exceptional liquid repellency 
against four common pollutants (tea, cola, milk, coffee), maintaining superhydro-
phobicity as shown in Fig. 9b. anti-fouling tests (soak for 30 seconds) revealed no 
liquid residue on HWCNTs/EP composite coating surfaces compared to contami-
nated substrates (Fig. 9c). The superior self-cleaning and anti-fouling performance 
stems from two fundamental characteristics: 1) hierarchical micro-nano structures 
enhancing surface roughness to achieve Cassie-Baxter state; 2) ultra-low surface 
energy minimizing liquid spreading and adhesion through thermodynamic stabili-
zation. These combined attributes significantly improve photothermal conversion 
efficiency and operational durability in real-world applications. 
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Fig 9. (a) Self-cleaning test, (b) photos of different liquid pollutants on the 
SiO2/HWCNTs@EP coating, (c) anti-fouling performance test. 

4. Conclusions 

In summary, this work fabricated a HWCNTs/EP composite coating with photo-
thermal superhydrophobic performance via a “one-step spraying” method. This in-
volved spraying a mixed solution of modified epoxy resin and HWCNTs onto AZ31B 
magnesium alloy substrates. The coating exhibits exceptional photothermal conver-
sion capability and effective anti-icing/deicing performance while maintaining su-
perior self-cleaning properties. Notably, the coating extends water droplet freezing 
time to 1026 s at -15°C. Under 1-sun intensity, the surface temperature reaches 
69 °C within 360 s and achieves complete deicing in 44 s, effectively preventing ice 
formation in low-temperature environments. Furthermore, surface contaminants 
exhibit significantly reduced adhesion strength and are readily removed by water 
flushing. This work provides novel perspectives for scalable deployment of photo-
thermal superhydrophobic coatings in anti-icing/deicing applications. 
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