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A B S T R A C T   

Outdoor equipment can suffer from functional failure in winter due to ice accumulation. Although functional 
materials are widely recognized as promising candidates for anti-icing and de-icing applications, ice inevitably 
accretes on surfaces at extremely low temperatures and high humidity. If surfaces display reversible super-
hydrophobic and slippery performance, similar to Lotus leaves and fish skin, it will significantly improve the 
anti-icing and de-icing performance. This study proposes a novel type of multifunctional coating that could 
smartly reverse between superhydrophobic and slippery properties on demand. The superhydrophobic coatings 
with diverse morphologies were obtained by employing different sizes and shapes of nanoparticles. Due to the 
low adhesion and photothermal properties, the superhydrophobic samples presented good freezing rain pre-
vention and snow-melting performances by outdoor tests in winter. The samples with slippery surfaces were 
produced by infusing dodecane on the as-prepared superhydrophobic surface. Both the superhydrophobic and 
slippery surfaces can effectively propel the water droplets, prolong the freezing time and enhance ice removal 
performance in an extremely cold environment. Therefore, the coated samples with bi-stable states (i.e., 
superhydrophobic and slippery states) were successfully achieved with the potential to be widely applied under 
different service environments. This facile strategy will provide the possibility for developing novel materials 
with smart reversible wettability for anti-icing and de-icing applications.   

1. Introduction 

With ice accumulation in winter, the functions of aircraft or outdoor 
equipment may severely degrade and even result in high operational 
risks [1,2]. However, the traditional ice prevention methods have the 
shortcomings of high energy consumption and potential environmental 
pollution with complex operational challenges at large scale. Hence, 
developing active anti-/de-icing strategies becomes urgently needed 
[3,4]. The anti-icing strategy prevents water/ice accumulation before 
adhesion occurs, while the de-icing strategy removes ice actively with/ 
without external stimuli. 

Nature has provided numerous examples of materials with unique 
structures that can be potentially applied to prevent ice accumulation 
[5–7], such as lotus leaves and fish. Inspired by the natural wetting 
phenomenon, functional materials can potentially achieve active anti- 
icing and de-icing strategies. For example, superhydrophobic materials 
are designed by mimicking the self-cleaning functions of a lotus leaf. 

Various superhydrophobic surfaces with improved functions have been 
developed by combining physical and chemical methods, such as laser 
ablation [8], machining [9], 3D printing [10,11], chemical etching [12], 
etc. The spraying method is commonly used in surface coating [13,14], 
easily scalable, low-cost, and easy to process. For example, Celik et al. 
[15] developed the superhydrophobic coatings of two-tier hierarchical 
structures under optimized spraying conditions. Due to the complex 
shapes and sizes of various facility structures, spray coating is the most 
facile technique for depositing superhydrophobic layers at an industrial 
scale for anti/de-icing applications. However, such superhydrophobic 
coatings can suffer from chemical degradation and mechanical wear 
with poor icephobic performance under extreme conditions. Water 
droplets inevitably bond on superhydrophobic surfaces in a high- 
humidity environment, leading to the degradation of interfacial func-
tions [16]. Especially, the tiny droplets may occupied the air pockets and 
anchor at the hierarchical structures at low-temperature [17]. Thus, 
anti-icing can fail on a simple superhydrophobic surface, and some novel 
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hybrid, multifunctional composite materials need to be developed to 
improve the anti-icing and de-icing performance under extreme condi-
tions. In contrast to the mechanical and chemical methods, electro-/ 
photo-thermal methods are more efficient with precise control in 
removing ice. Wang et al. [18] developed a photothermal super-
hydrophobic polyimide surface by laser-induced graphene (LIG) depo-
sition technology. It offers high light absorbance with ultra-long freezing 
delay time under sunlight irradiation. In addition, Zhao et al. [19] 
proposed a multifunctional anti-icing and de-icing strategy by 
combining electrothermal and photothermal effects on a super-
hydrophobic surface. Consequently, developing multifunctional super-
hydrophobic materials for efficient anti-i/de-icing applications is 
becoming a new trend. 

Inspired from fish skin, a slippery surface is another popular type of 
icephobic coatings [20–23]. Long et al. [24] first fabricated a super-
hydrophobic surface with micro/nanoscale rough structures and the 
slippery surface was developed by infusing silicone oil. Results showed 
that the slippery surface offered better anti-icing performance than the 
non-slippery superhydrophobic surface. Carlotti et al. [25] reported a 
simple method of fabricating a slippery surface by adding silicon oil onto 
a candle-soot-covered stretchable double-sided tape. The ice removal 
strength was reduced to as low as 20 kPa. Moreover, some studies dis-
cussed the possibility of introducing phase-change materials as the 
lubricant for smart icephobic applications due to their stimuli-response 
to environmental changes [26,27]. The phase change enables them to 
store and release heat when the temperature changes. Chatterjee [28] 
presented the icephobic property of a superhydrophobic surface and 
phase-change slippery surface by selecting the phase-switching liquids. 
The presence of phase-changing materials prolonged the freezing delay 
time and reduced frost condensation by altering the condensation pro-
cess [29]. Wang et al. [30] developed a phase-change slippery material 
by introducing peanut oil as the lubricant into the porous PDMS matrix, 
which enhanced the anti− /de-icing stabilities. However, the lubricants 
on slippery surface may suffer from degradation, leakage, and vapor-
ization, resulting in the short life span in real applications. And the 
degraded slippery surface may greatly reduce its icephobic performance. 
Fewer reports focus on the renewable behavior and long-term perfor-
mance of a slippery surface for icephobic applications. 

Combining the advantages of lotus leaf and fish skin, in this work, we 
developed a multifunctional coating that could smartly reverse between 
superhydrophobic surfaces and slippery surfaces on demand. The 
superhydrophobic coating EP-4 can reach a high water contact angle 
(WCA) of ~151 ± 1◦ and a low sliding angle (WSA) of 18 ± 3◦. Its micro- 
nano hierarchical structures provided sufficient air pockets for super-
hydrophobic performance and also an enhanced storage capacity of 
lubricants. The reversible wettability property of these featured coatings 
was investigated, and the stability was demonstrated by repeated cycles. 
At the superhydrophobic state, the as-prepared coatings presented good 
anti-icing performance by preventing the adhesion of freezing water and 
an effective de-icing performance due to the photothermal property. 
Furthermore, the as-prepared superhydrophobic coatings infused with 
dodecane displayed the slippery and ultra-low friction property, where 
the WCA and WSA were ~ 112◦ and ~ 6◦, respectively. At this state, the 
as-prepared coating presented enhanced water sliding, freezing delay, 
and ice reduction performance. Therefore, this paper provides a novel 
strategy to prepare multifunctional coatings with wettability-reversible 
performance for anti-icing and de-icing improvement. 

2. Experimental section 

2.1. Materials 

Commercially available aluminum alloy, glass, and tinplate were 
selected as the substrates for different applications. Epoxy resin (E51) 
and curing agent were provided by Kunshan Jiulimei electronic mate-
rials Co., Ltd. (China). Multi-walled carbon nanotubes (MWNTs) were 

purchased from Suzhou Tanfeng Graphene Technology Corporation. 
Silica (SiO2) nanoparticles, hexadecyltrimethoxysilane (HDTMS), fer-
roferric oxide (Fe3O4), and benzyl alcohol provided by Aladdin reagent 
(Shanghai, China). 

2.2. Preparation process of multi-functional coatings 

First, MWNTs, Fe3O4, and SiO2 were dispersed in 100 mL of ethyl 
acetate at the weight ratio of 3:7:5 by mechanically stirring for 10 min. 
Subsequently, 0.5 mL hexadecyltrimethoxysilane was added to the 
above solution and mechanically stirred for 6 h at room temperature. 
Then, epoxy resin (E51) was fully dissolved in the solution at the total 
weight ratio of x:1.5, where 1.5 is the weight of added particles, together 
with 5 mL benzyl alcohol. In this work, x was 3, 3.5, 4, 4.5, and 5 g. The 
corresponding samples were labeled EP-3, EP-3.5, EP-4, EP-4.5, and EP- 
5. After mechanically stirring for 6 h, the curing agents of E51 were 
added at a ratio of 4:1, followed by mechanical stirring for 1 h. After-
ward, the uniform solution was sprayed onto the aluminum alloy, glass, 
and tinplate to form a thin film coating. The spraying was conducted at 
0.6 MPa air pressure at a spraying distance of 20 cm with a spraying time 
of 5 s. The superhydrophobic coatings were transferred to the oven and 
cured at 100 ◦C for 2 h. And the slippery coatings were prepared by 
depositing a certain amount of dodecane on the selected super-
hydrophobic coatings. The excessive dodecane was removed by lifting 
the coated sample. Consequently, the superhydrophobic and slippery 
coatings can be prepared by repeatedly dropping the dodecane and 
washing it with ethanol. 

2.3. Characterization of as-prepared multi-functional coatings 

2.3.1. Surface characterizations 
A scanning electron microscope (SEM, TESCAN AMBER, Czech) and 

a 3D optical microscope (Bruker Contour GT-X, Germany) were 
employed to investigate the surface morphologies and roughness, 
respectively. The chemical characters were analyzed by Energy 
Dispersive Spectroscopy (EDS, Oxford Ultimately MAX40, UK) and 
Fourier Transform Infrared Spectroscopy (FTIR, Thermo Nicolet iS5, 
USA). The surface wettability of superhydrophobic coatings and slippery 
coatings was measured by a contact angle meter (Shengding-100S, 
China) at room temperature, and the volume of the tested water droplets 
was 5 μL. Two high-speed cameras (Phantom Miro C320 and Phantom 
V711, USA) captured the water dynamics on the as-prepared coatings 
from the top and side directions. 

2.3.2. Investigation of anti-/de-icing performance on the superhydrophobic 
coatings 

The outdoor experiments were carried out in winter at Harbin, 
China. The environmental temperature was − 14 ◦C, and the bare surface 
and superhydrophobic coated samples were installed on a wood plate 
with a fixed tilted angle of 30◦ relative to the horizontal plane. To 
investigate the prevention of freezing rain, water and the tested samples 
were placed in outdoors for over 10 min before the test. A sprayer was 
utilized to generate the micro-size water droplets (average diameters 
~100 μm), fixed at a distance of 20 cm from the sample. The coalescence 
process was captured by a camera. For de-icing performance test, the 
samples were placed for a night at the temperature of − 10 ◦C to cover 
them with snow. The de-icing was carried out by illuminating IR light 
(808 nm, 1 W) or exposing them to sunlight. 

2.3.3. Investigation of anti-/de-icing performance on the improved slippery 
coatings 

The in-house anti− /de-icing performances were investigated by a 
homemade apparatus illustrated in Fig. S1. In the anti-icing test, the 
freezing delay performance was evaluated by recorded the icing process 
and temperatures of water droplets (50 μL) on the tested samples in a 
sealed environment simultaneously. The freezing delay time began to be 
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recorded when the temperature of the hermetic space was decreased to 
0 ◦C. For the de-icing test, the ice shear strength (ISS) was evaluated by a 
high-precision force sensor when the ice columns were removed from 
different tested samples. 

3. Results and discussion 

3.1. Surface morphologies and chemicals 

Fig. 1 illustrates the spray coating method for preparing the super-
hydrophobic and slippery coatings. The epoxy resin ratio is important in 
achieving different surface morphology and properties. As shown in 
Fig. 2a, the EP-3 sample shows some surface crackles, ranging from 5 to 
20 μm, and numerous branches. Fig. 2a1 shows several small gaps within 
the micro-structures. Similar surface features were observed on EP-3.5. 
Although its crackles were wider than that on the EP-3, fewer branches 
were observed. No defects were found on the micro protrudes from the 
highly magnified images in Fig. 2a2 and b2. Therefore, it could be 
concluded that E51 acted as an effective binder in the preparation of 
superhydrophobic coatings, and the low ratio of EP could result in de-
fects and reduced functionality. With increasing the E51 content, the as- 
prepared coatings increased the roughness uniformly. As shown in 
Fig. 2c and c1, the surface of EP-4 displayed the hierarchical structures 
composed of numerous papillae at the micro/nano scales. The highly 
magnified SEM image in Fig. 2c2 reveals that the papillae were covered 
by plenty of nano protrudes and wrinkles, which can improve air storage 
capacity dramatically [31]. In contrast to EP-4, as shown in Fig. 2d and 
d1, the rougher morphology was observed on the coatings of EP-4.5, and 
the diameters of micro protrude increased (about ~20 μm). Meanwhile, 
the highly magnified SEM image of EP-4.5 shows more wrinkles and 
nano protrudes with an increased aspect ratio. Some larger agglomerates 
were formed on the as-prepared coatings of EP-5, where the diameters of 
micro protrude were beyond ~30 μm, as shown in Fig. 2e and e1. The 
high-magnification SEM image in Fig. 2e2 shows fewer nanoprotrudes 
and wrinkles due to the higher E51 content. 

Besides, a 3D optical microscope was employed to investigate the 
roughness of as-prepared coatings, crucial to the superhydrophobic 
property. As shown in Fig. 2a3 to e3, the as-prepared coatings became 
rougher as the EP content increased, consistent with the SEM images. 
The roughness was evaluated by the average roughness (Ra) and the root 
means square roughness (Rq) values. As listed in Table S1, the Ra and Rq 
show an increasing trend upon increasing the EP content. Especially, the 
EP-4 and EP-4.5 exhibited relatively high Ra and Rq values of 8.529 and 
11.721 μm, and 8.991 and 11.776 μm, respectively. However, the Ra 
and Rq values of the EP-5 were decreased relative to EP-4.5 due to the 
high EP content. Therefore, higher concentrations of EP result in 
rougher structures, while the excessive content of EP negatively influ-
ence surface morphology and roughness. 

The unique structures of as-prepared coatings were formed by the 

aggregations of nanoparticles with different sizes and shapes, as shown 
in Fig. 3. From the TEM images, it shows that the long fibrous CNTs with 
a diameter of ~10 nm has acted as the supporting structures attached by 
the Fe3O4 and SiO2 spherical particles. Moreover, the size of the Fe3O4 
particles is ten times larger than the SiO2 particles. The deposition of the 
Fe3O4 and SiO2 particles between the CNTs fibers improves the 
complexity and roughness of the as-prepared hierarchical structures 
[33]. To investigate the distribution of chemical compositions, the 
elemental mapping of the as-prepared EP-4 was measured by EDS. From 
Fig. 3d, the EDS spectrum shows that the EP-4 surface is formed with C, 
O, Si, and Fe, and the corresponding weight contents of 67.82 %, 24.14 
%, 3.54 %, and 4.5 %, respectively. Meanwhile, all elements, especially 
Si and Fe, were evenly distributed on the coating surface, indicating 
uniform surface composition, as shown in Fig. 3e. Furthermore, char-
acteristic vibrational peaks of the as-prepared EP-4 coating were eval-
uated by FTIR spectrum in Fig. S2. The peak at 3441 cm− 1 is assigned to 
the stretching of the O–H. The peaks at 2924 and 1457 cm− 1 are 
attributed to the asymmetrical C–H stretching and bending of the alkyl 
groups [34]. Additionally, the peaks at 1103 and 1036 cm− 1 are ascribed 
to the Si-O-Si group [35], and the peak at 566 cm− 1 is assigned to the 
vibration of Fe–O group [36]. The FTIR results demonstrated that the 
as-prepared surface was covered by micro/nanoparticles modified by 
hexadecyltrimethoxysilane, forming the low surface energy state. 

3.2. Reversible wettability and self-cleaning property 

To evaluate the wettability of the coatings with different EP contents, 
the water contact angle (θCA) and water sliding angle (θSA) were 
measured. As shown in Fig. 4a, the θCA decreased when the EP content 
increased, in contrast to the trend of surface roughness. The EP-3 pre-
sented the highest θCA of 155 ± 2◦ with the corresponding θSA of 18 ±
3◦. It should be noticed that the θCA of EP-4 decreased to 151 ± 1◦ while 
the θSA has no obvious change. However, the θCA of EP-4.5 and EP-5 
were much lower than 150◦, while the θSA was over 90◦, exhibiting 
superhydrophobic and high adhesion performance. The super-
hydrophobic property of a coated surface is dominated by both surface 
morphology and chemical compositions [37]. The addition of EP led to 
the surface coating of each particle, leading to the degradation of the 
superhydrophobic performance. Here, the as-prepared sample of EP-4 
was selected as the best coating for further investigation. 

Besides, superhydrophobic surfaces can be developed to transfer 
confidential information. To achieve information transfer, as shown in 
Fig. 4b, the superhydrophobic substrates were covered by a copper 
protective mask with target characters and irradiated by oxygen atmo-
sphere plasma for 30 s. When the patterned surface was wetted by water, 
as displayed in Fig. 4c, the characters of “HIT” were completely wetted 
instead of superhydrophobic regions. It proved that the information on 
the protective mask had been successfully transferred onto the super-
hydrophobic surfaces. Therefore, the complex shapes or patterns can be 

Fig. 1. Schematic of the preparation process of as-prepared multifunctional coatings.  
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potentially transferred onto the superhydrophobic surfaces for future 
applications. 

The challenge to the coatings in outdoor applications is that it 
inevitably suffers from the contamination of dust or particles. To 
investigate the self-cleaning behavior of the superhydrophobic coatings, 
silicon particles were deliberately sprinkled on the EP-4 coating, as 
shown in Fig. 4d. It is observed that the silicon particles were easily 
removed by water droplets at the tilt angle of 12◦, indicating its good 
self-cleaning property like the lotus leaves. Meanwhile, the silicon par-
ticles could be removed by water droplets if the coating was immersed in 
dodecane (dyed orange), as shown in Fig. 4e. At this time, the air pockets 
on the coatings were replaced by dodecane, presenting a good slippery 
property. Interestingly, the wettability of the coatings can reverse from 
superhydrophobicity to slippery and vice versa. As shown in Fig. 4f, the 
coatings presented good superhydrophobicity before the infusion of 
dodecane with the θCA of ~150◦ and θSA of ~23◦. After being infused 
with dodecane, the coatings presented good slippery properties with θCA 
and θSA of ~112◦ and ~ 6◦, respectively. Noticeably, the slippery surface 
could be reversed to the superhydrophobic surface when washed with 

ethanol and dried by hair drier, as shown in the insets of Fig. 4f, with a 
recovered θCA of ~150◦ and the θSA of ~28◦. Even after 9 cycles of 
infusing and washing, the coatings showed reversible wettability per-
formance. Consequently, the superhydrophobic coatings can efficiently 
inhibit the ice nucleation at the initial cooling stage and effectively 
remove the adhered ice when the coatings are transferred to be slippery. 
Therefore, the icephobic capacity of the coated surface is improved by 
smartly controlling the surface wettability. 

3.3. Anti-/de-icing performance on the as-prepared superhydrophobic 
coatings 

The superhydrophobic coatings EP-4 are expected to offer good 
anti− /de-icing performance for outdoor applications. Freezing rain is 
the most dangerous weather that may result in the functional degrada-
tion of facilities. To investigate the prevention ability against freezing 
rain, the superhydrophobic coatings EP-4 were placed on a wood plate 
with a bare tin plate for comparison. The outdoor temperature was 
− 14 ◦C, and the tilted angle was 30◦. The water was kept outdoors for 

Fig. 2. SEM images from surface of (a, a1, a2) EP-3, (b, b1, b2) EP-3.5, (c, c1, c2) EP-4, (d, d1, d2) EP-4.5, and (e, e1, e2) EP-5 at the magnifications of 200×, 2000× and 
10,000×, and a3, b3, c3, d3, and e3 are the corresponding 3D optical microscope images, respectively. 
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about 10 min to form supercold droplets before being sprayed onto the 
samples by a handheld sprayer at a distance of 20 cm. The average di-
ameters of the spraying water droplets were around 100 μm. 

From the optical pictures in Fig. 5a and Supporting Video S1, water 
droplets gradually accumulated on the coated and bare surfaces after 
being sprayed 11 times. However, it was observed that the bare surface 
was quickly wetted, while the superhydrophobic surface was only 
covered by a tiny amount of water droplets. After spraying 21 times, the 
bare surface was fully covered by water/ice, as shown in Fig. 5a1. But 
parts of the regions on the superhydrophobic surface were still free from 
water droplets. The average diameters of frozen water droplets were 
smaller than ~3 mm. After being sprayed 49 times, the average di-
ameters of the frozen water droplets increased to ≈5 mm, see Fig. 5a2. 
Besides, the adjacent regions of the water droplets on coatings were 
refreshed by coalescences if the average diameters of water droplets 
could reach ≈1 cm, see Fig. 5a3. Following the proceeding of the 
condensation, the size of water droplets increases, as shown in Fig. 5b. It 
had a high ice removal efficiency due to the low adhesion force on the 
superhydrophobic coatings. As shown in Fig. 5b1 to b2, water droplets 
were observed to slide off, sweeping all the water droplets in the rolling 
path. Water droplets eventually disappeared from the superhydrophobic 
coatings in Fig. 5b3, which refreshed the rolling path. 

For another situation, water droplets could be stocked if smaller 
water droplets are on the rolling path. During the rolling process, as 
shown in Fig. 5c and Supporting Video S2, droplet 1 firstly merged with 
droplet 2 on the rolling path 1 (P1), followed by droplets 3 and 4. It is 
eventually stuck on the surface because of less volume input from 
droplets on its rolling path, see Fig. 5c1 and c2. The same phenomenon 

was observed in the sliding process of droplet 5 due to only several small 
size water droplets on the rolling path 2 (P2). Although both water 
droplets stuck on the coatings, the rolling paths were also free from 
water, see Fig. 5c3. Consequently, the stuck water droplets were meta-
stable, and sliding behavior may be triggered in another coalescence 
process. In contrast, the water accumulated on the bare surface was 
completely frozen into ice, resulting in the degradation of the surface. 

To illustrate the sweeping behavior on superhydrophobic coatings, 
we developed a numerical model of the coalescence and sweeping 
process. As illustrated in Fig. 5d, 

the direct condensation process is achieved by the low surface 
adhesion of the superhydrophobic coatings. During the condensation, 
droplet A presents higher adhesion strength due to its larger liquid-solid 
contact area. The distance (Dx) between droplet A and the adjacent 
droplet x is the critical data for coalescence. If the Dx is smaller than the 
sum of the radius of droplet A (rA) and adjacent droplets x (rx) DX < rA +

rx, the adjacent droplets are inevitably merged. The vicinity of droplet A 
is refreshed while its volume keeps growing, leading to the increment of 
droplet size (rA` or rA``). When the size of coalesced droplet reaches its 
critical size, its adhesion strength cannot withstand gravity [38]. At this 
time, the rolling will be triggered, causing droplet A`` slides down the 
coatings, which sweep off all the water droplets on the rolling path, 
resulting in an increased droplet size (rA1 or rA2), as shown in Fig. 5e. 
The coalescence provides more energy for sliding against the adhesion. 
However, the smaller droplets may not provide enough energy for 
sliding but sticking on the coatings. Therefore, the as-prepared coatings 
displayed good anti-icing properties even for the freezing rain at a 
micrometer scale. 

Fig. 3. TEM images of the nano-particle (a)CNTs, (b)Fe3O4, (c)SiO2. (d) EDS spectra of as-prepared EP-4, and (e) EDS mapping images of characteristic chemicals.  
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De-icing from a surface refers to the capability of removing ice. A 
snowy day was chosen to investigate the de-icing performance of the as- 
prepared superhydrophobic coatings, where the temperature was 
− 10 ◦C at Harbin, China. From Fig. 6a, snow on the superhydrophobic 
coating EP-4 was quickly melted after being illuminated by IR light (808 
nm, 1 W) for 45 s. The melted water accumulated to form water droplets 
after 76 s due to the low adhesion force of the coatings. After being 
illuminated for 165 s, almost half of the surface was free from snow, and 
new water balls appeared. However, the snow on the bare surface 
cannot be melted, although it was illuminated for another 45 s (t = 210 
s). The coated and bare samples were completely covered with snow 
after being left outdoors overnight. The samples were exposed to sun-
light the next day at an outdoor temperature of − 10 ◦C. As shown in 
Fig. 6b, over 90 % of the coated surface was free from snow which is 
larger than the bare sample (about 60 %). In the meantime, it was found 
that the adjacent region outside the coated sample is also free from 
snow, with a width (~d) of about ~2 cm, possibly due to the heat 
dispersion from photothermal effects. The unique de-icing performance 
indicates the presence of photothermal effects on the superhydrophobic 
coatings. From the thermograph in Fig. 6c, it showed that the average 
temperature of snow was approximately 0 ◦C under the direct illumi-
nation of sunlight. And the melting process was significantly accelerated 
on superhydrophobic coatings, where the average surface temperature 
was around 12 ◦C, much higher than the ice melting point. In contrast, 
the average surface temperature of the bare sample was lower than 0 ◦C 
and the coldest region was about − 10.4 ◦C. Consequently, the melting 
process was slowed down on bare samples, leading to larger snow- 
covered regions. Therefore, the as-prepared superhydrophobic coat-
ings can improve the de-icing property due to its effective photothermal 

performance. 
Furthermore, we investigated the ice removal property of as- 

prepared coatings once a mass of snow accumulation occurred. When 
a bulk of snow was deliberately placed on both surfaces with a tilt angle 
of 30◦, it was observed that the snow on superhydrophobic coatings 
began to melt and slid off after 902 s and completely disappeared after 
1242 s. However, the sliding speed of snow on the bare surface was 
slower without obvious melting. Therefore, the photothermal effect of 
the superhydrophobic surface EP-4 contributes to the melting and 
sliding of snow/ice. As illustrated in Fig. 6e, the melted snow at the 
interface forms a thin water film, acting as a slippery film. As a result, 
the accumulated snow/ice could be repelled and removed easily due to 
the Cassie state with the presence of surface air pockets, which 
dramatically increases the de-icing efficiency. 

3.4. Improved anti-/de-icing performance on as-prepared slippery 
surfaces 

As discussed in Sections 3.1 and 3.2, the hierarchical structures of as- 
prepared superhydrophobic coatings provide a high capacity for air and 
dodecane. The newly developed slippery surface could expand the po-
tential applications of superhydrophobic coatings. For anti-icing appli-
cation, the water dynamics on the as-prepared samples were 
investigated by a high-speed camera at room temperature. For com-
parison, a single water droplet was released from a height of 10 cm and 
reached the impact velocity (V0) of 1.4 m/s before hitting on the sam-
ples, including the bare aluminum alloy, superhydrophobic surface EP- 
4, and improved slippery surface. Here, the non-dimensional parameter 
α (D/D0, where D is the diameter of the water droplet and D0 is the side 

Fig. 4. (a) Wettability of as-prepared coatings in Effects of different mass ratios of EP. (b) Schematic of the information transfer process when irradiated by oxygen 
atmosphere plasma and (c) the developing process when wetted by water. (d) and (e) the self-cleaning performance of the as-prepared coatings at air condition and 
dodecane immersion, respectively. (f) The reversible wettability of superhydrophobic coatings EP-4 and slippery coatings at different cycles. 
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length of the samples) is defined to characterize the dynamic diameter 
(Ddynamic) of impacting water droplet. The impacting process of water 
droplets on tested samples were recorded in Supporting Videos S3 to S5. 

As shown in Figs. 7a and S3, water droplets spread to the maximum 
diameter (Dmax) on the bare surface within (tb,spreading) ~15.6 ms and 
kept at a static state after (tb,retraction) ~46.7 ms. The water droplet 
finally adhered to the bare surface, and the static diameter (Dstatic) was 
twice lower than Dmax. As shown in Figs. 7b and S4, however, the dy-
namic behavior of water droplets on the superhydrophobic surface 
differed from that on the bare surface, which experienced three times of 
spreading, retraction, and rebounding cycles before rolling off the sur-
face. At the first cycle, the water droplet reached Dmax within (tshs, 

spreading) ~4.4 ms, over three times shorter than the bare surface. Its 
retraction process was also three times faster with a reduced retraction 
time of (tshs,retraction) ~14.4 ms. It spent (tshs,rebounding) ~53.3 ms at the 
first rebounding process. Afterward, the impacting energy was rapidly 
dissipated in the following two cycles. For the second cycle, the Dmax was 

reduced to four times smaller than the first cycle, but the spreading 
process was achieved within 5.6 ms, which was as fast as that in the first 
cycle. Comparing the rebounding time at the three cycles, the time in-
terval of cycles 2 and 3 were 35.6 ms and 20 ms, respectively. It showed 
that the rebounding time became shorter, indicating the energy loss at 
each impacting process. Eventually, the water droplets jumped and 
rolled off the superhydrophobic surface EP-4. 

As to the slippery surface, the water droplet showed a similar 
spreading and retraction process to the bare surface, although it kept 
sliding on the slippery surface at the final stage. During the impacting 
process, it took (ts, spreading) ~12.2 ms before the water droplet reached 
the Dmax and (ts, retraction) ~27.8 ms at the retraction process, see Figs. 7c 
and Fig. S5. It showed shorter spreading and retraction times than those 
on the bare surface. The maximum diameter of water droplets on the 
slippery surface was presented to be the largest, following αbare (0.44) <
αsuperhydrophobic (0.51) < αslippery (0.69). Afterward, the water droplets 
kept sliding on the slippery surface, leading to the diameter fluctuation 

Fig. 5. (a)-(a3) Images of water accumulation on as-prepares superhydrophobic surface and bare tinplate surface after spraying with supercold water 11, 21, 49, and 
79 times. (b)-(b1) Images of the water sliding process after spraying for 80 and (b2)- (b3) 81 times. (c)- (c3) Images of the water sliding process after spraying 149 
times. (d) Schematic of coalescence process on superhydrophobic coatings and (e) the water-sweeping process. 
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before the final stop. 
The impacting models of water dynamics on the three representative 

surfaces were illustrated in Figs. 7d-f. For the bare aluminum alloy 
surface (see Fig. 7d), the water droplet completely contacts the solid 
surface, resulting in the energy loss during the spreading and retraction 
process. Consequently, water droplet was stuck at the contacting site 
due to the high adhesion force of the metal surface. The water droplet 
impacting model for the superhydrophobic surface is proposed in 
Fig. 7e. The air pockets can be compressed by the high-speed water 
droplet during the impacting process, which provides the supporting 
force for the water droplet to rebounding from the surface [39]. In 
addition, the low surface energy helps to reduce the energy loss during 
the spreading and retraction process. Therefore, the impact process of 
water droplets on the superhydrophobic surface presented a fast and 
repeated bouncing behavior due to the preserved kinetic energy during 
the impacting process. In comparison, the lubricant (dodecane), filling 
in the micro-gaps plays the similar role like the air pockets, see Fig. 7f. 
The water droplet is completely repelled during the impacting process 
on the slippery surface because of the sliding at the liquid-liquid contact 
[40]. The low surface friction of the lubricant enables the water droplet 
to slide along the slippery surface due to less energy loss than on the bare 
surface. Therefore, both the superhydrophobic and slippery surfaces 

exhibit potential icephobic properties in a cold environment, which 
makes it possible to improve the icephobic performance by shifting the 
surface wettability smartly. 

We further investigated the anti-icing property of the samples by 
evaluating their freezing delay performance. A homemade apparatus 
was employed to record the frozen process of water droplets in a sealed 
chamber, as shown in Fig. S1. To quantitatively characterized the frozen 
process, its inner temperature was precisely controlled by two electronic 
temperature controllers, and the minimum temperature could reach 
− 40 ◦C. The bare aluminum alloy surface, superhydrophobic coatings, 
and slippery coatings were placed on a platform in the cold chamber. 
When the temperature of the hermetic space was decreased to 0 ◦C, a 
water droplet (50 μL) was placed on all tested sample surfaces simul-
taneously and frozen at the cooling rate of 0.43 ◦C/min. 

As shown in Fig. 8a-c, it is observed that the bottom part of the water 
droplet on all tested samples was solidified first, but its top part 
remained as liquid (or supercooled state). From Fig. 8a, it took 2196 s 
before the water droplets became opaque on the bare sample surface, 
which was recognized as the onset of icing process. And the freezing line 
for the water droplet gradually went up on the bare surface as the 
freezing proceeded. Eventually, the water droplets on bare surface 
completely froze after 2239 s and changed to a “semi-peach” shape. 

Fig. 6. (a) Investigation of snow melting behavior on the superhydrophobic coatings EP-4 and bare tinplate surface after being illuminated by IR light (808 nm, 1 W). 
(b) Investigation of snow melting behavior after exposure to sunlight over 3 h, and (c) the thermograph captured by a hand-held thermal imager. (d) Investigation of 
de-icing behavior of tested samples covered by a bulk of snow. (e) Schematic of ice/snow sliding behavior under photothermal effect on superhydrophobic coatings 
EP-4. 

X. Li et al.                                                                                                                                                                                                                                        



Progress in Organic Coatings 183 (2023) 107754

9

From Fig. 8b and c, the onset of freezing time (to) on the super-
hydrophobic and slippery coatings were 2188 and 2905 s, respectively. 
Comparing to the bare surface, the rising speed of freezing line was 
dramatically lowered, which took 118 s before the droplets were frozen 
into a “peach” shape. On the contrary, the rising speed of freezing line on 
the bare surface and slippery surface were faster, which were 43 and 48 
s, respectively. And the freezing delay time (td) on slippery coatings was 
the longest (~2953 s), indicating the improved anti-icing performance 
on slippery coatings. Correspondingly, the temperature when freezing 

started (Tf) on bare surfaces was − 18 ◦C, and the temperature when 
icing completed (Ti) was − 18.2 ◦C, as shown in Fig. 8d. And the Tf and Ti 
on the superhydrophobic surfaces were − 17.9 ◦C and − 18.5 ◦C, 
respectively. The temperature difference on superhydrophobic surface 
was dramatic (0.6 ◦C), showing that the heat loss at frozen process was 
greatly depressed. Meanwhile, the Tf and Ti on slippery surfaces were 
further decreased to − 21.6 and − 21.7 ◦C, respectively. Therefore, 
freezing delay performance of superhydrophobic coatings can be 
improved by actively altering its wettability. 

Fig. 7. Dynamic process of a single water droplet on (a) bare aluminum alloy surface, (b) superhydrophobic surface EP-4, (c) the slippery surface. Insets are the 
impacting images of water droplets captured by a high-speed camera. (d-f) The corresponding impacting mechanism of water droplets to (a-c). 

Fig. 8. (a)-(c) Images of the icing process of water droplets on bare aluminum alloy surface, superhydrophobic coatings EP-4, and as-prepared slippery coatings, 
respectively. (d) Freezing delay time and the corresponding freezing temperatures on the tested samples. (e)-(g) Schematics of heat transfer process on the 
tested samples. 
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Here, the heat transfer models were established to demonstrate the 
mechanisms of different icing process on the representative surfaces. 
Generally, there was no energy input path for the water droplets but 
only by heat loss due to the cold hermetic environment. As illustrated in 
Fig. 8e, the heat loss of water droplets on the bare surface (ΔQlW) in-
cludes two main terms because of the Wenzel state, i.e., by conduction, 
Qcw, or by natural convection, Qrw. The total heat loss is expressed as 
[41]: 

ΔQlW = Qcw +Qrw (1) 

However, water droplets in Cassie state are suspended over the hi-
erarchical structures due to air pockets. As shown in Fig. 8f, heat radi-
ation through the air cushion (Qrc

* ) should be involved during the heat 
loss process. The total heat loss, ΔQlC, can be written as [41–43]: 

ΔQlC = Qcc +Qrc +Q*
rc (2) 

As for the slippery coatings, the terms for the heat transfer should 
include the lubricant, the hierarchical structures, and the surface coating 
thickness [44]. Since the water droplets generally nucleated within the 
lubricant layer [45], the heat transfer on a slippery surface (ΔQlS) can be 
simplified, mainly including the conduction heat loss through the 
lubricant layer and the convection heat loss, as shown in Fig. 8g. The 
heat loss mechanism is similar to the Wenzel state, described as: 

ΔQlS = Qcs +Qrs (3) 

However, dodecane as the lubricant is often a good candidate for 
phase change material (PCM) with a phase change at − 9.6 ◦C [46]. The 
deposited dodecane replaces the air pockets, supported by the skeleton 
of the hierarchical structure. Consequently, the dodecane in the liquid 
phase releases the latent heat when its temperature decreases to its 
phase-transition temperature [47]. The released latent heat can be 
transferred to the water droplets, delaying ice formation. To include the 
latent heat of dodecane, Qlh, the heat loss on the slippery surface (ΔQlS) 
can be updated as: 

ΔQlS = Qcs +Qrs − Qlh (4) 

Considering the freezing delay time (t) on the tested samples was ts >
tc > tw, the total heat loss rates (η) of the tested samples follow ηw > ηc >

ηs. It can be concluded that the existence of air pockets and lubricants 
within the hierarchical structures at the interface can dramatically 
reduce the heat loss to the substrates. Therefore, the superhydrophobic 
coating not only displays good anti-icing performance, but also it can be 
developed to a slippery surface with improved functionality by 
employing the PCM as the lubricants. 

In addition to the delayed freezing performance, the ice-removal 
performance was also evaluated by measuring the ice shearing 

strength (ISS). The tested samples were first fixed on the platform, on 
which the water column was frozen into the tested ice cube after 15 min, 
as shown in Fig. 9a and Fig. S1. The ISS was measured by a force sensor. 
Fig. 9b shows that the ISS of the EP-3 and EP-3.5 coatings were 175.8 ±
3.8 and 193.6 ± 7.6 kPa, respectively, higher than that of the bare 
aluminum alloy surface (163 ± 5.1 kPa). The increase of ISS should be 
attributed to the surface defects of the as-prepared coatings. And the 
unsatisfied superhydrophobic property dramatically influenced the ISSs 
of the EP-4.5 and EP-5, i.e. 175.8 ± 2.5 and 178.3 ± 10.2 kPa, respec-
tively. The EP-4 sample showed better ice removal performance with the 
lowest ISS of 129.9 ± 12.7 kPa. After being infused with dodecane, the 
ISS of the slippery coating was two times lower than bare surfaces, 
which is 77.7 ± 6.4 kPa. The difference in the ice removal performance 
should be attributed to the interfacial interaction between the ice and 
the substrates, as shown in Fig. 9c. For bare surface, the iced area (Siw) 
could be larger than the projected area of ice column (Sproj), Siw > Sproj. 
However, the three-phase contact line on superhydrophobic coating is 
intermittent. The iced area (Sic) is smaller than the Sproj, Sic < Sproj, 
resulting in a lower ISS than that of the bare surface (Fc = τc⋅Sic < Fw =

τw⋅Siw). For the slippery coating, the ice column is completely in contact 
with the lubricant film. The iced area of ice column on the slippery 
coating (Sis) can be regarded as equal to the Sproj. In contrast to the direct 
contact with the substrates, the adhesion strength between ice and 
lubricant (τs) is much lower than that on the bare surface (τw) and the 
superhydrophobic coating (τs). Therefore, the ISS of as-prepared slip-
pery coating was the smallest (Fs = τs⋅Sis < Fc < Fw), where ice has a high 
tendency of slippage [48]. Therefore, the de-icing performance of a 
superhydrophobic coating can be improved if replacing the air pockets 
with lubricants. In addition, the ice shear strength of slippery sample 
was further evaluated to characterize its icing removal durability. As 
shown in Fig. S6, the ice shear strength of the as-prepared slippery 
sample gradually increased. After 6 icing cycles, the ISS (~148 kPa) was 
still lower than that of the bare surface. The results should be attributed 
to the exposure of micro-nanostructures by peeling the lubrication layer 
during repeated shearing process, leading to the degradation of ice 
removal performance. 

4. Conclusion 

In summary, a series of superhydrophobic coatings with hierarchical 
structures at micro/nano-scale are fabricated using a simple spraying 
method on different substrates. The superhydrophobic surface EP-4 
presents a high θCA of ~151 ± 1◦ and a low θSA of ~18 ± 3◦. After 
being infused with dodecane, the as-prepared surface displays ultra- 
slippery properties, where the θCA and θSA are ~112◦ and ~ 6◦, 
respectively. Moreover, the wettability of the as-prepared coatings can 
smartly reverse between the superhydrophobic and the slippery surfaces 

Fig. 9. Schematic diagram of the ice adhesion evaluation of an in-house equipment. (b) Ice shear strength of different tested samples. (c) Schematic of the detaching 
mechanism of ice column on bare aluminum alloy surface, superhydrophobic coatings EP-4, and as-prepared slippery coatings, respectively. 
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on demand with good reversibility after 9 washing and infusing cycles, 
exhibiting a bi-stable state. For the superhydrophobic samples, the 
outdoor freezing-rain tests show that the supercold water droplets can 
aggregate to form oversized droplets larger than the critical diameters, 
which can roll off by gravity at − 14 ◦C. The accreted snow covering over 
90 % of the coated area was quickly melted within 165 s at − 10 ◦C after 
being illuminated with IR light (808 nm, 1 W) due to the photothermal 
effects. The superhydrophobic samples also presents good water- 
repellent properties, on which water droplets quickly roll off with a 
fast spreading and retraction performance. For the slippery state, the 
impacting water droplets quickly reaches the Dmax within (ts, spreading) 
~12.2 ms and slide along the surface due to the low surface friction. 
Meanwhile, the freezing delaying time on the slippery coating is 2953 s, 
better than that on the superhydrophobic surface. The ISS of the slippery 
surface is 77.7 ± 6.4 kPa, two times lower than the bare surfaces. The 
results show that the reversible superhydrophobic and slippery coatings 
can offer excellent anti-icing and de-icing performance, expanding the 
service conditions of certain functional coatings. Therefore, we believe 
this study will provide insights for developing multifunctional coatings 
in adaption to different service environments for future anti-icing and 
de-icing applications. 

Supplementary data to this article can be found online at https://doi. 
org/10.1016/j.porgcoat.2023.107754. 
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