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Ice accretion on outdoor equipment detrimentally affect their performance and increase the
maintenance cost. Significant advancements have been made in the development of
superhydrophobic coatings for anti-icing, however, the intricate manufacturing procedures
and limited stability remain primary challenges that hinder their widespread use in practical
application. In this context, a durable superhydrophobic coating has been fabricated using a
simple spraying technique, achieving a contact angle of 166.7+1.4° and a roll-off angle of
0.6+0.2°. The coating exhibits excellent stability with contact angle maintained above 160°
after undergoing various examinations. Meantime, the superhydrophobic coating possesses
an enhanced anti-icing property with the time to ice formation prolonged to 42.8 min. This
stable superhydrophobic coating, suitable for various outdoor uses, is hoped to contribute to

the development of eco-friendly anti-icing coatings.
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1. Introduction

Icing is a natural phenomenon frequently occurred in cold area. The formation of ice
sometimes can bring damage to human production and life, such as the traffic accident, power loss
of blade airfoil, equipment damage in the aviation, malfunction of electric power transmission, and
so on [1-3]. Anti-icing technology has garnered significant interest and many de-icing methods are
developed [4-7]. The Active and passive de-icing represent the two primary approaches. The active
de-icing methods, such as hot-melt de-icing, mechanical breakage, are simple and effective but
restricted in real-world use due to excessive energy expenditure [8-9]. The passive de-icing methods
are inspired due to the convenient preparation and lower surface ice adhesion [10]. The passive de-
icing method is divided into two categories: lubricated surface and superhydrophobic surface [11-
14]. Inspired by the nepenthes, the lubricating coating can significantly weaken the ice adhesion,
but easily absorb impurities leading to the invalidation [12]. So, the superhydrophobic surface is
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regarded as a highly promising anti-icing solution because of its easy operation and good anti-icing
ability [14].

Superhydrophobic phenomenon, inspired by the lotus leaf, have been developed and
reported in recent years [15-17]. Featuring a contact angle exceeding 150° and a sliding angle below
10°, the superhydrophobic surface minimizes water droplet adhesion and the area of contact at the
interface, which makes it easier for droplets to roll off the surface, thus avoiding the formation of
ice and reducing the amount of ice [3]. Various techniques, including electro-spinning, layer-by-
layer assembly, electrochemical deposition, spray coating, sol-gel processes, and 3D printing, have
been utilized to fabricate superhydrophobic surfaces [18-26]. However, the application of
superhydrophobic surfaces is limited due to the weak mechanical stability of their microscopic
surface topographies and some complex synthetic process [27-28]. Hence, considering widespread
applicability, it is crucial to develop a stable and simple method to obtain the superhydrophobic
surface for the de-icing.

In this work, a reliable superhydrophobic coating was produced via an uncomplicated
spraying process. With the contact angle of water droplets up to 166.7° and the rolling angle as
minimal to 0.6°, the obtained superhydrophobic surface exhibited excellent stability in the adhesion
test and the mechanical stability. At the same time, the superhydrophobic surface possessed good
anti-icing property with the prolonged icing time and decreased freezing point. Furthermore, the
formation of ice on the superhydrophobic surface and the crystallization expansion of water droplets
were documented and studied.

2. Experimental

2.1. Materials

All chemical reagents were used as received without further purification. Polyurethane resin
(PU), fluorine resin (JF) and fluorine resin (F0) were obtained from Aladdin Chemical Reagent Co.,
Ltd.. Nano silica and Perfluorooctane triethoxysilane (PFOTES) were purchased from Shanghai
Chemical Reagent Co., Ltd.. Deionized (DI) water was obtained from Milli-Q water purification
system (resistivity ~18 MQ-cm, Millipore).

2.2. Method for preparing superhydrophobic surface

(1) Preparation of hydrophobic nano-silica

The 1H,1H,2H,2H-perfluoroalkyltriethoxysilanes, ethanol and deionization water were
added into a vessel at the ratio of 1:1000:10 by ultra-sonication for 10 min, and then 1g nano-silica
was incorprated into the prepared mixture, which was stirred at ambient temperature for 12 h by
magnetic stirrers at the rotation speed of 500 r'min™'. Finally, the stirred solution was filtered,
vacuum-dried at 100 °C for 3 h to yield the hydrophobic nano silica.

(2) Preparation of spray solution

The polyurethane resin (PU), fluorinated resin (JF) and fluorinated resin (FO) with the
weight ratio of 8:5:3 was mixed in acetone. Then the 20 % hydrophobic nano-silica (based on the
weight of PU) was incorprated into the acetone solution and stirred at ambient temperature for 3h
with a magnetic agitator at the rotational speed of 700 r'min” to disperse evenly in the solution.
Finally, the polyurethane and fluorine resin curing agent were added respectively, and continued
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stirring for 0.5 h to obtain the prepared spraying solution.

(3) Substrate pretreatment

The aluminum alloy substrate was polished with 1000 mesh sandpaper, and then cleaned
with acetone, ethanol and deionized water by ultra-sonication for 5 minutes in order to remove the
oil and impurities, and ultimately, it was baked in an oven to be ready for use.

(4) Preparation of the superhydrophobic surface

A 1 mm nozzle spray gun was adopted. With the air pressure of 0.3 MPa and the distance of
20 cm between the nozzle and the substrate, the spray solution was sprayed on the surface of the
substrate at a flow rate of 1.3 mL/s, while the moving speed of the spray gun was maintained at 0.2
cm/s. Sprayed again after the first time, more even coating was obtained and then placed ina 100 C
oven for 2 h curing. Finally, the superhydrophobic surface was successfully synthesized.

3. Results and discussion

The polished aluminum alloy was utilized as the hydrophilic surface (named as Al), while
the polyurethane superhydrophobic coating was served as the superhydrophobic surface (named as
SH coating). Field emission SEM was used to examine the microstructures of the two surfaces: the
hydrophilic aluminum alloy surface and the superhydrophobic coated surface. Observed in Figure
1, the aluminum alloy surface, polished using 1000 mesh sandpaper is not entirely smooth and
exhibits noticeable striated scratches and a few grooves. At higher magnifications, no nano-scale
rough structure can be existed on the surface. Conversely, on the superhydrophobic silica-coated
surface, an aggregated micro-nanometer rough structure with numerous tiny pores is observed,
which is beneficial for the surface hydrophobicity.

Fig. 1. SEM images of Surface morphology of aluminum alloy (a, b) and superhydrophobic coating (c, d).
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The surface wettability was first investigated through the contact angle and rolling angle.
As shown in Figure 2, on the Al surface, the water droplets exhibit a contact angle of 53.4+1.2°
indicating its hydrophilicity. The water droplets is firmly adhered without slipping off even tilted at
a 90° angle. In contrast, on the surface of SH coating, water droplets display a contact angle of
166.7+1.4° with a rolling angle of 0.6+0.2°, indicating that the water can rapidly roll off the surface
due to the weak adhesion, avoiding the formation of ice.
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Fig. 2. Photographs of droplet on the surface of Al (a) and SH coating (b, c).

Stability of superhydrophobic surfaces is of importance in practical applications. The
adhesion of superhydrophobic coating and the substrate is a key element for the chemical stability.
Hence, the adhesion was firstly tested through tape stripping experiments. 3M tape (adhesion value
of approximately 0.44 N/mm) with a width of 1.5 cm and a length of 5 cm was applied to the surface
of the SH coating. The tape was firmly pressed to ensure close adherence before peeled off. Then
the same operation was repeated at the same position with a new piece of tape. The contact angle
and rolling angle on the coating surface were recorded with the change of peeling times. As exhibited
in Figure 3a, even after 30 repeated stripping experiments, the SH coating maintains the
superhydrophobility with the contact angle of water droplets up to 165.1£1.8° and the rolling angle
low to 1.6+0.3°, indicating that the SH coating possesses a good adhesion and a good stability. In
addition, the durability of the superhydrophobic surface is crucial. In application, the coating
structure with low surface energy and the micro-roughness can be destroyed by physical damage.



1859

So that, the next tests were performed assess the structural durability through using the atomized
water flow to rinse the surface at different speeds and durations. As exhibited in Figure 3b, the
superhydrophobic coating was impact by the atomized water droplets with various speed for 30
seconds. It is evident that when atomized water impacts the surface at speeds ranging from 0 to 50
m/s, the contact angle and rolling angle of water droplets on the SH coating remain largely
unchanged, indicating a good stability is existed under this condition. At the same time, controlling
the flow speed at 50 m/s, the SH coating was impacted under atomized water droplets with different
times. As depicted in Figure 3c, the contact angle of water droplets on the SH coating tends to
diminish as the impact time increases, while the rolling angle of water droplets gradually increases.
This can be explained that under the test condition, some surface hydrophobic nano-silica particles
can be shed, causing small damage to the microscopic rough structure. However, even though
impacted for 60 min under high-speed water flow, the SH coating still has the superhydrophobic
property with the contact angle of 161.3+£2.2° and the rolling angle of 8.6+0.8°, indicating that the
SH coating exhibits good impact resistance stability due to the strong chemical adhesion.
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Fig. 3. The variation of contact angle and the rolling angle for water dropletson the SH coating after (a)

adhesion tests, (b) water impact tests with different speed and (c) water impact tests with different time.

The anti-icing performance of samples were investigated by after establishing the stability.
In Figure 4a, the ice formation delay tests were investigated with the temperature set to -10 °C and
the relative humidity set to 67+0.5%. It can be clearly observed that undergoing three stages of
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cooling, freezing nucleation and freezing growth during the complete freezing process, the water
droplets on SH coating begin to freeze at 180.4 s and turn completely from liquid to solid at 210.3 s
to form peach shaped ice. As a reference, the water droplets on Al surface begin to freeze at 33.2 s
and completely ice at 36.1 s. Compared with the icing delay behavior on aluminum alloy, the
superhydrophobic surface delayed the freezing of water droplets by 147.2 seconds, and the time to
completely freeze is about 6 times than that of the Al surface. At the same time, the time delay until
water droplets freeze at various temperatures were also tested. As shown in Figure 4b, with the
relative humidity at 73 + 0.8%, the freezing time of water droplets on aluminum alloy and
superhydrophobic surfaces decreases with the decrease of temperature. When the cold surface is -
4 °C, droplets of water on the Al surface freeze completely in 63 s, while droplets of water on the
SH coating surface freeze after 42.8 minutes, exhibiting a good anti-icing property. As the
temperature low to -15 °C, it takes 7 s and 62 s to completely freeze for water on the surface of Al
and SH coating, respectively. The anti-icing effect of the SH coating weakens with decreasing
temperature.
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Fig. 4. (a) The icing delay behavior for water droplets under -10 °C. (b) The icing delay time for water

droplets at different temperature.

In order to explain this phenomenon, the changes of water droplet contact angles during the
cooling process were investigated. As observed in Figure 5, the initial contact angle of water droplets
on the Al surface is 53.7°, which only decreases by 0.3° to 53.4° when the water completely freeze
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at 33.1 s. In contrast, on the SH coating surface, the initial contact angle is 165.8° and rapidly
decreases to 149.3° after 168.5 s. On the superhydrophobic surface, the water droplets exist with a
significant amount of air trapped within the grooves and holes of the micro-rough structure. During
the cooling process, the air undergoes expansion and contraction, leading to some water droplets
penetrating into the grooves. Simultaneously, water vapor in the groove condenses into small
droplets contacted with larger water droplets on the surface, enhancing their adsorption performance
on the surface. Furthermore, as the surface temperature decreases, there is an increase in material
surface tension due to the weakened molecules thermal movement, leading to enhanced adsorption
of water droplets onto the surfaces. Thus, as the contact angles decrease with the temperature, the
interaction between water and interface increases, which lead to an increase in ice nucleation rate
and accelerated nucleus growth rate.
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Fig. 5. The change of contact angles during the cooling process for water droplets on the surface of (a) Al
and (b) SH coating.

In conclusion, the superhydrophobic coating was successfully fabricated through a simple
spraying method on the Al substrate. Due to the strong adhesion and good impact resistance, the as-
prepared SH coating with a contact angle of 166.7+1.4° and a rolling angle of 0.6+0.2°, exhibits a
good stability in the tests. At the same time, the SH coating shows an enhanced anti-icing property
with the icing delay time 6 times than that on the Al surface. This work will provide a simple method
to construction a stable anti-icing coatings and make them more suitable for the outdoor application.
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