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A B S T R A C T

Superhydrophobic coatings, as a passive de-icing strategy, hold great promise for addressing the significant 
economic losses and safety issues caused by icing. However, conventional superhydrophobic materials often 
suffer from low de-icing efficiency, high energy consumption, and reliance on environmentally harmful fluori
nated compounds. In this study, we developed a novel robust and fluorine-free anti-icing coating with high 
photothermal conversion efficiency by depositing a mixture of carbon nanotubes (CNTs), hydrophobic silica 
(SiO2) nanoparticles, and an adhesive acrylate polymer resin onto an aluminum substrate. The optimized 
composite coating features a micro/nano-roughness of 3.34 µm, exhibiting excellent superhydrophobicity with a 
water contact angle of 165◦ and a sliding angle of 6.5◦. Through the synergistic effect of passive anti-icing and 
active photothermal de-icing, the coating prolongs the water freezing time by 377 s and significantly reduces ice 
adhesion strength to 36.9 kPa. Most importantly, under near-infrared irradiation, the surface temperature can 
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rapidly rise to 90 ℃, achieving complete de-icing within 8 s in an outdoor environment. The demonstrated 
durability, eco-friendliness, and high efficiency suggest a broad range of potential applications for this coating in 
aviation and power transmission.

1. Introduction

The accumulation of ice and snow is a natural phenomenon that can 
lead to severe consequences across various sectors, including aviation 
[1,2], power transmission [3,4], wind power generation [5], and agri
cultural production [6]. For instance, the catastrophic snowstorm in 
Texas significantly impacted personal safety and economic stability [7]. 
Consequently, developing safe and efficient de-icing strategies is of 
paramount importance. Traditional active de-icing methods, such as 
mechanical scraping [8], electro-thermal heating [9], and chemical 
fluids [10], are widely used but often criticized for their high energy 
consumption, environmental pollution, and limited applicability in 
remote areas.

Inspired by the lotus leaf, superhydrophobic coatings have emerged 
as a promising passive anti-icing strategy. These surfaces utilize 
micro/nano-roughness to trap air pockets, minimizing the contact area 
between water droplets and the substrate, thereby reducing ice adhesion 
[11–14]. However, in harsh environments (e.g., high humidity or 
extremely low temperatures), passive surfaces alone may fail due to frost 
accumulation or mechanical interlocking of ice. To overcome this lim
itation, integrating active photothermal de-icing capability into 
superhydrophobic coatings has attracted considerable attention [15, 
16]. Carbon nanotubes (CNTs), known for their exceptional photo
thermal conversion efficiency, are widely employed in this regard. For 
example, recent studies have successfully combined CNTs with various 
polymers to create coatings that generate heat under sunlight or 
near-infrared (NIR) irradiation [17–20].

Despite these advancements, two critical challenges remain. First, 
to achieve low surface energy, most existing photothermal super
hydrophobic coatings heavily rely on fluorinated polymers or fluoro- 
silanes [17,19]. These fluorinated compounds are expensive and pose 
potential risks to human health and the environment due to their 
persistence and toxicity. Second, constructing a robust hierarchical 

structure is difficult; many superhydrophobic surfaces are mechanically 
fragile and easily lose their anti-icing function under abrasion or wear 
[12,21]. Therefore, developing a coating that simultaneously achieves 
fluorine-free eco-friendliness, mechanical robustness, and high 
photothermal efficiency remains a significant challenge.

Addressing these issues, we propose a facile spray-coating strategy to 
fabricate a robust and fluorine-free photothermal superhydrophobic 
coating for synergistic passive and active de-icing. We synthesized a 
specialized acrylate copolymer resin (AR) as a robust binder and com
bined it with multi-walled carbon nanotubes (CNTs) and hydrophobic 
silica (SiO2) nanoparticles. The resulting composite coating features a 
stable micro/nano-structure that creates an effective barrier against 
water and ice. Distinct from conventional fluorinated coatings, our 
design utilizes eco-friendly materials while maintaining excellent water 
repellency (WCA~165◦) and wear resistance. Under NIR irradiation, the 
coating demonstrates rapid photothermal response, enabling efficient 
de-icing in outdoor environments. This work provides a sustainable and 
durable solution for anti-icing applications in aviation and power 
infrastructure. (Fig. 1)

2. Experimental section

In a 250 mL four-neck flask, add tetrahydrofuran (THF) (30 g), and 
adjust the reaction temperature to 69 ◦C. Prepare a mixed solution of 
acrylic acid (AA), methyl acrylate (MMA), butyl acrylate (BA), THF, and 
the initiator azobisisobutyronitrile (AIBN), then ultrasonically homog
enize to obtain a uniform mixture and transfer it to a constant-pressure 
addition funnel. After the monomer mixture is purged with nitrogen for 
5 min, begin the dropwise addition. The mass ratio of AA, MMA, and BA 
is 15:5:6, and the AIBN addition amount is 5 % of the total mass of AA, 
MMA, and BA. Real-time monitoring of the reaction progress is per
formed by FTIR sampling, and the reaction ends after 8 h. The synthe
sized copolymer is purified with hexane twice, then placed in an oven at 

Fig. 1. Preparation process of the coating.
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60 ◦C. to dry for 12 h and kept aside for future use. AR (0.5 g), CNTs 
(0.02 g), SiO2 (0.3 g), and Hexadecyltrimethoxysilane (HDTMS, 0.1 g) 
were then dissolved in ethanol and sonicated for 30 min. The coating, 
labeled ACSH15, was prepared by spray-coated the suspension onto a 
30 mm*30 mm aluminum sheet. For comparison study, the control 
samples including AR/SiO2, AR/CNTs and AR, were also prepared. 
Additionally, coatings were fabricated using CNTs and SiO2 in mass 
ratios of 1:5, 1:10, 1:20, and 1:25, following the aforementioned method 
(the mass ratio of CNTs and SiO2 were 1:5, 1:10, 1:15, 1:20, 1:25, named 
as ACSH5, ACSH10, ACSH15, ACSH20, ACSH25). Figure. S1 displays 
the typical fourier transform infrared (FT-IR) spectrum of the synthe
sized AR. The absorption peaks at 2960 cm− 1 and 2875 cm− 1 corre
spond to the antisymmetric and symmetric stretching vibrations of -CH2- 
[22]. The strong band near 1760 cm− 1 is assigned to the -C––O 
stretching vibration of ester groups present in the polymerized acrylic 
resin (MMA and BA units) formed during AR resin synthesis [23]. The 

absence of a -C––C- absorption peak at 1640 cm− 1 after 6 h of reaction 
indicates the successful AR synthesis [24].

3. Results and discussion

3.1. Surface morphology and wettability

The microscopic morphology of the coatings with different compo
nent ratios is illustrated in Fig. 2. The surface sprayed with pure AR resin 
appears flat and smooth (Fig. 2a). The pristine SiO2 nanoparticles 
exhibit good particle size uniformity and dispersion (Figure S2). With 
the incorporation of SiO2, a distinct rough micro/nano-structure 
emerges due to the synergistic assembly of CNTs and SiO2 (Figure. 
S3). Specifically, for the ACSH15 sample, the particles are uniformly 
dispersed, forming a hierarchical villous structure (Fig. 2b). However, 
when the SiO2 content is further increased to a ratio of 1:25, severe 

Fig. 2. (a-c) SEM images of AR, ACSH15 and ACSH25 coatings. (d-e) EDS images of ACSH5 and ACSH25. (f) 3D images of different samples.
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particle agglomeration is observed (Fig. 2c).
Energy-dispersive X-ray spectroscopy (EDS) analysis confirms the 

composition changes (Figures. 2d, e, and S4). The silicon (Si) content 
on the surface increases from 7.79 wt% to 41.91 wt% with the addition 
of SiO2, which aligns well with the SEM observations. Furthermore, 3D 
profilometry reveals that while the AR sample is relatively flat, the 
composite coatings exhibit numerous gully-like protrusions. The surface 
roughness (Ra) increases from 1.09 μm to 3.98 μm as the particle con
centration rises (Fig. 2f and S5). Notably, for the optimized ACSH15 
coating, the dense coverage of nanoparticles results in a uniform surface 
with a roughness of 3.34 μm.

The wettability of the coatings was evaluated by measuring water 
contact angles (WCAs) and sliding angles (SAs), as shown in Fig. 3a. The 
bare aluminum, AR, and ACSH5 samples fail to achieve super
hydrophobicity, exhibiting WCAs below 150◦. In contrast, the ACSH15 
sample demonstrates excellent superhydrophobicity with a high WCA of 
165◦ and a low SA of 6.5◦. This superior water repellency is attributed to 
the air pockets trapped within the stable hierarchical micro/nano- 
structure, which corresponds to the Cassie-Baxter state. As expected, 
further increasing the SiO2 content (1:20 and 1:25) leads to a decrease in 
superhydrophobicity due to excessive agglomeration. Additionally, the 
hydrophobic SiO₂ nanoparticles used in this study are rendered hydro
phobic through modification with long-chain organosilane molecules, 
without the incorporation of any fluorine-containing species (Figure S6), 
thereby enabling superhydrophobicity while avoiding potential envi
ronmental harm.

3.2. Durability and chemical stability

The durability of the coating is critical for practical applications. As 
shown in Fig. 3b, the ACSH15 coating exhibits outstanding chemical 
stability against various liquids, including acidic/alkaline solutions, 
soda, cola, milk, and tea. All droplets retain a spherical shape and slide 

off easily, confirming the coating's excellent self-cleaning ability.
Mechanical robustness was assessed via a tape-peeling test and an 

abrasion test. Thanks to the strong adhesion of the AR binder, the de
tached area of the ACSH15 coating after the tape-peeling test was less 
than 5 % (Fig. 3c), classifying it as Grade 0–1 standard. Moreover, the 
coating maintained its superhydrophobicity even after 10 cycles of 
abrasion under a 200 g load (Fig. 3d), with an average water contact 
angle (WCA) of 153.5◦. Interestingly, although the WCA fluctuated 
slightly, the abrasion process exposed fresh micro/nano-rough struc
tures, allowing the coating to sustain its high water repellency.

3.3. Passive anti-icing performance

The passive anti-icing performance was evaluated by measuring the 
freezing time of water droplets and ice adhesion strength at − 10 ◦C. As 
shown in Fig. 4a-c, the water droplet on the bare Al substrate froze 
rapidly within 130 s. In contrast, the freezing time on the ACSH15 
coating was significantly prolonged to 527 s, which is nearly four times 
that of the Al substrate. This delay in freezing is attributed to the "air 
cushion" effect trapped within the superhydrophobic micro/nano- 
structure. This air layer acts as a thermal barrier, effectively reducing 
heat transfer between the water droplet and the cold substrate [25,26].

Furthermore, low ice adhesion is crucial for easy ice removal. 
Superhydrophobic micro/nanostructures reduce ice adhesion strength 
primarily by trapping air in their hierarchical roughness, which pro
motes the Cassie-Baxter wetting state. This state significantly decreases 
the real contact area between the ice and the surface. The fraction of the 
actual solid-liquid contact area at the bottom of the droplet relative to its 
projected base area is defined as ϕ. Consequently, the heterogeneous 
stress distribution and minimized solid-liquid interface facilitate crack 
initiation and ice detachment under external forces, leading to ultra-low 
ice adhesion [13]. Fig. 4d presents the ice adhesion strength (τice) of 
different surfaces. The bare Al substrate exhibited a strong ice adhesion 

Fig. 3. (a) The contact angles and sliding angles of different samples. (b) Self-cleaning test of ACSH15. (c) Adhesion of ACSH15. (d) Contact angle of ACSH15 under 
different wear cycles.
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of 245.6 kPa due to the large contact area caused by its hydrophilic 
nature. The AR/SiO2 coating reduced this value to 166.7 kPa. Remark
ably, the ACSH15 coating demonstrated the lowest ice adhesion strength 
of only 36.9 kPa, well below the threshold for passive ice shedding (100 
kPa). The corresponding schematic illustration of the mechanism is 
shown in Fig. 4e. Based on established theoretical models and indirect 
experimental indicators, such as wettability, surface roughness, and 
macroscopic adhesion measurements (Figs. 2f, 3a and 4d), the ultra-low 
ice adhesion is generally attributed to the significantly reduced real 
contact area associated with the Cassie-Baxter wetting state, as well as 
the heterogeneous stress distribution at the ice-solid interface. Such 
interfacial characteristics have been widely reported to promote inter
facial crack initiation and facilitate ice detachment under external per
turbations [13,17,27].

3.4. Active photothermal de-icing performance

While passive thermal management strategies are effective, they may 
be insufficient under extreme conditions. To enhance de-icing perfor
mance, active photothermal capabilities were integrated into the coat
ings. As shown in Fig. 5a, under near-infrared (NIR) laser irradiation 
(808 nm, 2 W), the bare aluminum (AR) substrate exhibits minimal 
temperature rise, maintaining around 18 ◦C due to its high thermal 
conductivity but limited heat storage. The AR coating elevates the 
temperature to 48 ◦C, demonstrating the heat-storage ability of the 
resin. Incorporation of SiO₂ and CNTs further boosts photothermal 
response; the AR/SiO₂ coating reaches approximately 60 ◦C, while the 
AR/CNTs coating attains about 80 ◦C, indicating enhancements of 12 ◦C 
and 32 ◦C over the plain AR coating, respectively. The optimized 

ACSH15 coating achieves a steady-state temperature of 89.9 ◦C in just 
210 s, reflecting the combined effects of the aluminum substrate’s 
thermal conductivity, the heat-retention capacity of the resin matrix, 
and the dispersion state of SiO₂ and CNTs. In the photothermal de-icing 
experiment, we evaluate the photothermal energy utilization via a semi- 
quantitative energy-balance approach [18]. The calculated photo
thermal conversion efficiency for the ACSH15-coated sample is 48.9 %. 
The detailed calculation procedure and the corresponding experimental 
data are presented in the supplementary information and Figure S7.

The effect of component ratio on photothermal efficiency is detailed 
in Fig. 5b. The ACSH15 sample, with increased SiO2, exhibits pro
nounced micro/nano-rough structure with more uniform nanoparticle 
dispersion, yielding a velvet-like micro/nano morphology (Fig. 2b). This 
morphology further enhances the surface's photothermal performance 
by increasing light trapping and absorption. However, excessive SiO2 (e. 
g., 1:20 and 1:25 ratios) tends to cover the CNTs, impeding light ab
sorption and reducing the equilibrium temperature. The cyclic stability 
of the ACSH15 coating was also tested (Fig. 5c). After six heating- 
cooling cycles, the peak temperature remained stable at approximately 
90 ◦C, indicating excellent photothermal durability.

The practical de-icing capability was demonstrated through both 
laboratory and outdoor tests. In the laboratory defrosting test at − 10 ◦C 
(Fig. 5e), the frost layer on the ACSH15 surface completely melted 
within 150 s under NIR irradiation. More impressively, in the de-icing 
test (Fig. 5f), the ice bead on the coating melted into water in just 
26 s, whereas the ice on the reference samples remained frozen.

Finally, to simulate real-world conditions, an outdoor de-icing test 
was conducted under natural sunlight at 15 ◦C (Fig. 5g). Due to the 
smooth surface of the bare Al substrate, the ice slipped off by gravity in 

Fig. 4. The icing process of Al (a), AR/SiO2 (b) and ACSH15 (c). (d) Ice adhesion strength of different samples. (e). Schematic diagram illustrating the ice adhesion 
mechanisms on different sample surfaces.
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13 s. However, the ACSH15 coating achieved the fastest de-icing per
formance, with the ice sliding off in just 8 s. Table S1 compares our 
coating with recently reported photothermal superhydrophobic anti- 
icing coatings, and the results show that our sample exhibits excellent 
superhydrophobic anti-icing performance [18,19,21,28–34]. As shown 
in Fig. 5h, the de-icing behavior of the ACSH15 coating was further 
evaluated at − 10 ◦C under xenon-lamp-simulated solar irradiation to 
mimic practical sunlight-driven conditions. After illumination, the ice 
on the ACSH15 surface began to melt rapidly from the ice-substrate 
interface, and a distinct water layer formed at 120 s, followed by com
plete melting at 207 s. This superior performance is attributed to the 
synergistic effect of the superhydrophobic interface (which reduces 
adhesion) and the photothermal heat generation (which creates a 
lubricating water layer at the interface). These results indicate that, even 
at subzero temperatures, the ACSH15 coating enables rapid and 
energy-efficient solar-driven de-icing, highlighting its strong potential 
for real-world outdoor anti-icing applications.

4. Conclusion

In summary, we have successfully developed a robust, fluorine-free, 
and high-efficiency photothermal superhydrophobic coating via a facile 
spray-coating method. By synergizing the photothermal conversion of 

CNTs, the roughness of SiO2 nanoparticles, and the strong adhesion of 
acrylate resin, the composite coating exhibits excellent super
hydrophobicity (WCA~165◦) and mechanical durability. The coating 
demonstrates a dual-mode anti-icing mechanism: passively prolonging 
the water freezing time by 377 s and actively reducing ice adhesion 
strength to 36.9 kPa. Under NIR irradiation or sunlight, the surface 
temperature can rapidly rise to~90 ◦C, enabling ultrafast de-icing (8 s) 
in outdoor environments. This work provides an eco-friendly and scal
able solution for ice protection in aviation, power transmission, and 
other industrial applications, offering a viable alternative to traditional 
fluorinated coatings. [14–16,20,21]
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