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Abstract: Accumulated ice has brought much damage to engineering and people’s lives. The accumu-
lation of ice can affect the flight safety of aircraft and lead to the failure of cables and power generation
blades; it can even cause damage to human life. Traditional anti-icing and de-icing strategies have many
disadvantages such as high energy consumption, low efficiency, or pollution of the environment. Therefore,
inspired by animal communities, researchers have developed new passive anti-icing materials such as
superhydrophobic material. In this paper, the solid surface wetting phenomenon and superhydrophobic
anti-icing and de-icing mechanism were introduced. The methods of fabrication of superhydropho-
bic surfaces were summarized. The research progress of wear-resistant superhydrophobic coatings,
self-healing/self-repairing superhydrophobic coatings, photothermal superhydrophobic coatings, and
electrothermal superhydrophobic coatings in the field of anti-icing and de-icing was reviewed. The current
problems and challenges were analyzed, and the development trend of superhydrophobic materials
was also prospected in the field of anti-icing and de-icing. The practicality of current superhydrophobic
materials should continue to be explored in depth.

Keywords: superhydrophobic coating; anti-/de-icing methods; research progress; preparation methods;
wear-resistant; self-healing/self-repairing; photothermal; electrothermal

1. Introduction

Ice adhesion is one kind of natural phenomenon that has many damages to engineer-
ing, such as aviation, transportation, and electric transmission. The adhesion of ice causes
a reduction in lift, an increase in drag, and a reduction in the stall angle of the aircraft.
Until 1988, 542 flight accidents have been caused by icing [1]. Ice adhesion can increase the
weight of wind turbine blades and a reduction in the blade lift force, which can cause the
motor to work poorly and reduce the system’s efficiency [2,3]. Ice accumulation during the
rotation of the blades can fall off and may cause personal safety accidents. Even though
some effective anti-icing and de-icing measures have been developed, they suffer from
high energy consumption, high cost, and damage to material surfaces [4]. Therefore, it is
important to study the corresponding materials for anti-icing and de-icing technology for
daily life, industrial production, economy, and national construction.

Currently, researchers have conducted numerous studies to understand the underlying
physicochemical mechanisms of icing and have developed many de-icing and anti-icing
strategies [5,6]. Anti-icing and de-icing methods can be divided into active and passive
methods. Active methods are through the use of external energy to de-icing, such as
electrothermal de-icing, mechanical de-icing, chemical de-icing, etc. Electrothermal de-
icing mainly applies current or voltage by the electric heating components so that the
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electrical energy is transformed into thermal energy and the heat energy can melt the
ice [7]. M. Mohseni et al. [8] proposed the view of an embedded thermal element as an
anti-icing and de-icing system for composite airfoils, in which an electric wire was buried
into the composite airfoil as a thermal element, by which its surface could reach 20 ◦C
and effectively prevent the surface from icing. However, this method has a large energy
consumption and cost, and when the temperature is too high, it may cause damage to
the surface material and even easily cause a fire. Mechanical de-icing is achieved through
direct mechanical impact or vibration to break up the ice layer, which may way easily
damage the road or material surface, and cable de-icing and other high-altitude operations
are unsafe [2]. Chemical de-icing is mainly performed using substances to melt the ice,
such as organic salts, glycols, and ethanol, but the frequent use of chemical methods for
de-icing can have serious negative impacts on soil and water systems [9,10].

However, several of the above methods have defects such as complex design, high energy
consumption, high cost, and environmental pollution, so it is important to research valid anti-
icing methods. The passive methods refer to a chemical or physical modification of the surface
so that the surface has the effect of rapid separation of water droplets from the substrate and
delayed icing and can reduce the adhesion of ice to the substrate [11–15]. With the development
of bionics, superhydrophobic surfaces were discovered by researchers and can be used for
anti-icing. The surfaces with a contact angle of more than 150◦ and a rolling angle of less than
10◦ are defined as superhydrophobic surfaces [16–20]. Using a superhydrophobic surface to
avoid ice formation is considered a promising method for anti-icing.

In nature, a large number of plants and animals have superhydrophobic properties of
their own. German botanists Barthlott and Neinhuis [21] revealed the surface microstruc-
ture of lotus leaves and suggested that the self-cleaning properties of lotus leaves is caused
by micro/nano structures. The surface of the lotus leaf has micron-sized bumps and
nanometer-sized wax crystals attached to the bumps, as shown in Figure 1a [22–25]. In
addition to lotus leaves, there are other plants and animals with superhydrophobic prop-
erties in nature, such as the legs of water striders [26], eyes of mosquitoes [27], wings of
butterflies [28], geckos [29], rose petals [30], etc., as shown in Figure 1. Inspired by the
above-mentioned plants and animals, researchers have developed many superhydrophobic
surfaces, but some superhydrophobic surfaces are not widely used due to their unstable
properties and susceptibility to environmental and temperature influences. Therefore, this
is the most important research task for the wide application of superhydrophobic surfaces.
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and an optical image of the contact angle of a water droplet on its surface [30]. 
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Figure 1. Animals and plants with superhydrophobic properties in nature. (a) The surface of a lotus
leaf and its microstructure; optical image of a liquid drop on the surface of a lotus leaf [31]. (b) Six legs
of a water strider standing on the water surface [26]. (c) SEM image of the microscale hemispherical
eye of a mosquito [27]. (d) Optical view of a butterfly, with insets of the SEM image of the butterfly
surface and the contact angle of the water droplet [28]. (e) Optical view of gecko with inset of SEM
image of gecko foot [29]. (f) Scanning electron microscope image of a rose petal and an optical image
of the contact angle of a water droplet on its surface [30].
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This paper first introduces the solid surface wetting phenomenon and superhydropho-
bic materials’ anti-deicing mechanism and summarizes the preparation methods of su-
perhydrophobic surfaces, then it reviews the research progress of wear-resistant superhy-
drophobic coating, self-healing/self-repairing superhydrophobic coating, photothermal
superhydrophobic coating, and electrothermal superhydrophobic coatings in the field of
anti-icing and de-icing in recent years. Finally, the current problems and challenges are
analyzed. Based on this, it is pointed out that superhydrophobic materials are the focus
and direction of future research in the field of anti-deicing, and the practicality of current
superhydrophobic materials should continue to be explored in depth.

2. Solid Surface Wetting Phenomena and Anti-Deicing Mechanisms on
Superhydrophobic Surfaces
2.1. Solid Surface Wetting Phenomena and Theory
2.1.1. Young’s Equations

When a liquid drop falls on a solid, the liquid will be extended on the solid surface, and
the original solid-gas interface and the liquid–gas interface will be transformed into a new
solid–liquid interface; this phenomenon is defined as the wetting phenomenon. In 1805,
Young [32], through continuous research on the phenomenon of wetting, proposed that
when the three phases of solid, liquid, and gas are in balance on a smooth and homogeneous
ideal surface, there is a certain relationship between the contact angle and the interfacial
tension of the three phases of solid, liquid and gas, as shown in Figure 2a. The equation is
as follows:

cosθ =
γSL − γSV

γLV
(1)

where θ is the contact angle; γSL is the solid–gas phase interfacial tension; γSV is the
solid–liquid phase interfacial tension; and γLV is the liquid–gas interfacial tension.

However, there are certain limitations of Young’s equation, which is only applicable to
surfaces with uniform chemical composition and smoothness. In reality, most solid surfaces
have an inhomogeneous chemical composition and certain roughness, so Young’s equation
would no longer be applicable [2].

2.1.2. Wenzel’s Equation

In 1936, Wenzel et al. [33] changed Young’s equation by introducing roughness. The
Wenzel model assumes that a liquid can fill the grooves in the rough solid surface when
liquid falls on the rough solid surface causing the liquid to be in complete contact with the
solid, as in Figure 2b. The equation is as follows:

cos θ∗ = r cos θ (2)

where θ* is the apparent contact angle of the rough surface and r is the roughness factor
(the ratio of the actual contact area of the solid–liquid to the apparent contact area of
the solid–liquid).

When r = 1, the solid surface is ideally smooth and the Wenzel equation is the same
as Young’s. When r > 1, for hydrophobic surfaces, θ* will increase with the increase of
roughness r, and for hydrophilic surfaces, θ* will decrease with the increase of roughness
r. This further indicates that in Wenzel’s equation, increasing the solid surface roughness
makes hydrophilic surfaces more hydrophilic and hydrophobic surfaces more hydrophobic.
However, the equation also has some limitations; the equation does not apply when the
chemical composition of the solid surface is different. Many other wetting phenomena in
nature cannot be explained by the Wenzel equation, such as the lotus effect.

2.1.3. The Cassie–Baxter Equation

Due to the limitations of Wenzel’s equation, Cassie and Baxter [34] further extended
Wenzel’s equation by suggesting that when a liquid falls on a rough solid surface, the air
in the grooves of the rough surface is trapped by the liquid, forming both a solid–liquid
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interface and a gas–liquid interface at the interface, as shown in Figure 2c. At this point,
the contact angle of the liquid will have two components, namely, the contact area of the
liquid with the solid surface and the contact area of the liquid with the air trapped in the
groove. The apparent contact angle θ* of a solid surface can be expressed by Cassie–Baxter
as follows:

cos θ∗ = f1 cos θ1 + f2 cos θ2 (3)

where f 1 is the area fraction of solid–liquid contact; f 2 is the area fraction of gas–liquid
contact, where f 1 + f 2 = 1. θ1 represents the contact angle of solid–liquid; θ2 represents
the contact angle of liquid–gas. As the contact angle between water and air θ2 = 180◦, the
above equation can be rewritten as follows:

cos θ∗ = f1 cos θ1 + f1 − 1 (4)

The Cassie–Baxter equation assumes that the liquid droplet is only partially in contact
with the solid surface and the rest of the droplet is in contact with air. This equation
illustrates that the microstructure of a superhydrophobic material can effectively keep air
underneath the droplet so that the liquid droplet cannot enter the micro-nanostructure. The
theory is of great importance for future research on superhydrophobic materials.
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Figure 2. Schematic diagram of theoretical wetting models [35]. (a) Young’s equations; (b) Wenzel’s
equation; (c) the Cassie–Baxter equation.

2.2. Superhydrophobic Anti-/De-Icing Mechanism

Since researchers discovered the superhydrophobic characteristics of plants and an-
imals such as lotus leaves [36] and mosquito eyes [37], many researchers have started
to imitate the characteristics of plants and animals with superhydrophobic properties to
prepare superhydrophobic materials with micro/nano structures. Currently, there are three
main principles for preventing ice formation on superhydrophobic surfaces: (1) reducing
the residence time of water droplets on superhydrophobic surfaces (causing water droplets
to roll off the surface before they nucleate and freeze) [38–40]; (2) delaying the freezing time
of water droplets [41,42]; and (3) reducing the adhesion of ice even if water droplets freeze
on superhydrophobic surfaces [43,44].

2.2.1. Reducing the Residence Time of Water Droplets on Superhydrophobic Surfaces

Surfaces with a contact angle of more than 150◦ and a rolling angle of less than 10◦

are generally defined as superhydrophobic surfaces. Superhydrophobic surfaces usually
have micro/nano structures. When a water droplet falls on a superhydrophobic surface,
the air is trapped in the micro-nanostructure, forming a Cassie–Baxter model of solid–
liquid–gas three-phase contact [45,46] and reducing the interaction between the droplet
and the surface, and when the surface is tilted, the droplet slides on the superhydrophobic
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surface [40,47–50]. In addition, due to the low contact angle hysteresis (CAH < 5◦) of
superhydrophobic surfaces, droplet bounce behavior will occur when a water droplet
comes into contact with a superhydrophobic surface at an initial velocity; the droplet
will first spread into a pancake shape. This process can store kinetic energy; the stored
energy then causes the droplet to shrink into a sphere and finally rebound from the
superhydrophobic surface [51]. As shown in Figure 3, droplets adhere to and freeze on
hydrophilic and hydrophobic surfaces because they do not fully retract when they impact,
whereas impacting droplets on superhydrophobic surfaces can fully recoil and rebound
before freezing occurs. In summary, superhydrophobic surfaces can remove water droplets
before they freeze [41].
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Figure 3. Continuous dynamic action of a 15 µL water droplet impacting different cooling surfaces
from a height of 10 cm [51].

2.2.2. Delaying the Freezing Time of Water Droplets

In nature, ice formation is a widespread phenomenon. When the temperature falls
below 0 ◦C, water droplets will undergo nucleation over a period of time [52]. Water droplet
freezing is the process of nucleation of supercooled water. Ice nucleation is divided into
homogeneous nucleation and non-homogeneous nucleation. Under ideal circumstances,
the process of ice nucleation is not affected by other impurities or external surfaces and
the probability of forming a critical nucleus is accordant throughout the system, which
is called homogeneous nucleation. Homogeneous nucleation usually occurs at around
−40 ◦C. Homogeneous nucleation rarely occurs in most ice formation processes. When the
ice nucleation process is influenced by impurities or external surfaces, nucleation will be
promoted, and extensive nucleation occurs on the impurities or external surfaces, which
is called non-homogeneous nucleation. Non-homogeneous nucleation normally happens
when the water is chilled to roughly 0 ◦C. Therefore, delaying the freezing period entails
increasing the nucleation time of the ice. The generation of the nucleation process requires
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overcoming the free energy nucleation barrier [53]. The homogeneous phase nucleation
Gibbs free energy barrier is as follows:

∆Fhomo =
16πγ3

3(ρn∆µ)2 (5)

where ρn is the number density of nucleating phase; ∆µ is obtained by subtracting the
chemical potential of the nucleating phase (water) from the chemical potential of the form-
ing phase (ice); and γ is the tension at the ice—water interface. Homogeneous nucleation,
which is described by the above equation, can only occur if the ice nucleus reaches the
critical size R*:

R∗ =
2γ

ρn∆µ
(6)

In non-homogeneous nucleation, the nucleation barrier can be expressed as follows:

∆FHETERO = ∆FHOMO f (m, x) (7)

x =
R
R∗ (8)

where m is the contact angle formed between the nucleated phase body (liquid water when
ice is crystallized) and the solid surface at the contact interface; x is the ratio of surface
roughness radius of curvature (R) to the critical radius (R*).

From Equation (7), it is clear that the ability to delay ice nucleation is mainly deter-
mined by the wettability and surface roughness of the solid surface. Superhydrophobic
surfaces have lower surface energy and larger roughness, which can delay the time of ice
nucleation. In addition, water droplets on superhydrophobic surfaces have a large contact
angle. The higher the contact angle of water droplets on the superhydrophobic surface, the
smaller the solid–liquid contact area and the larger the liquid–gas contact area; an air layer
with low thermal conductivity is formed, thereby weakening the heat transfer from the
hotter water droplets to the colder superhydrophobic surface and reducing the possibility
of non-homogeneous nucleation at the water–superhydrophobic interface [54–56].

2.2.3. Reducing the Adhesion of Ice

The adhesion force of the ice is closely connected to the real contact area between the
ice and the solid surface. Superhydrophobic surfaces may reduce the adhesion force of ice,
according to Sarkar et al. [57]. As the actual contact area shrinks, so does the adhesion force
of ice. Even if water droplets freeze on a superhydrophobic surface, the ice adhesion force
is reduced due to the minimal actual contact between the ice and the surface, and the ice
slips off naturally when external forces are applied (wind, gravity, etc.).

Additionally, the strength of ice adherence is correlated with the surface’s wetting
hysteresis. According to studies comparing the adhesion of a superhydrophobic surface
with that of a normal surface, a superhydrophobic surface with low hysteresis has lower
ice adhesion [43]. Huang et al. [58] tested the ice adhesion of superhydrophobic coatings,
room temperature vulcanized silicone rubber (RTV) coatings, and bare glass panels and
concluded that the ice adhesion of superhydrophobic coatings was much lower than that
of RTV coatings and bare glass panels. This is also due to the micro and nanostructure of
the superhydrophobic surface, which allows for a smaller contact area between the ice and
the surface. However, not all superhydrophobic surfaces can reduce ice adhesion, and it is
controversial that superhydrophobic surfaces can reduce the adhesion of ice [59,60].

3. Methods for the Preparation of Superhydrophobic Surfaces

A surface’s superhydrophobic properties is primarily influenced by surface free energy
and surface roughness [30,61–64]. A surface’s superhydrophobic properties rises with
rising surface roughness and with falling surface free energy. Therefore, altering the surface
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roughness and lowering the substance’s surface free energy are the two key steps in creating
superhydrophobic surfaces.

3.1. Template Method

A surface with low surface energy is used as a template in the template method.
Materials such as polymers are then extruded or poured to mimic the rough structure on
the template and then demolded to produce a superhydrophobic surface. Soft and hard
templates make up the two categories of frequent sorts of templates. Polymer templates
such as Polytetrafluoroethylene (PTFE), polypropylene, and polydimethylsiloxane are the
most common types of soft stencils. Metal and glass stencils are the two most common
types of hard templates.

The natural substrate may be duplicated using the template method, and the superhy-
drophobic structure of the plants and animals can be accurately modeled. Sun et al. [65]
used the two-template method to create the superhydrophobic surface. The mixture of
Polydimethylsiloxane (PDMS) and catalyst was poured onto the surface of the lotus leaf,
after curing at room temperature, and the PDMS was stripped from the leaf to obtain
a soft stencil with a complementary microstructure to the lotus leaf. The previous step
was repeated; the mixture of PDMS and catalyst was poured onto the soft stencil, and
after curing, the PDMS was stripped to obtain a superhydrophobic surface, as shown in
Figure 4a. As seen in Figure 4b,c, the surface had a microstructure resembling that of a
lotus leaf, and water droplets were spherically on it.
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Figure 4. (a) Replication process of a PDMS superhydrophobic surface [65]. (b) SEM image of a
PDMS superhydrophobic surface [65]. (c) Image of a water droplet on a PDMS superhydrophobic
surface [65]. Process diagram for fabrication of nanoimprint patterns driven by heat and pressure
for nanofabrication of the surface of the thick polymer substrate with (d) aligned nanoemboss,
(e) nanopost array with embossed base, and (f) aligned nanofibers [66].

Liu et al. [67] poured PDMS prepolymer onto fresh lotus leaves; the PDMS prepolymer
was cured at 40 ◦C for 4 h and demolded to obtain a soft PDMS template. The epoxy-based
azo polymer was dissolved in tetrahydrofuran (solution concentration of 35 mg·mL−1), and
the solution was dripped onto the surface of the substrate. The prepared PDMS template
was pressed onto the surface of the substrate, and after some time, the PDMS template was
peeled off and the surface of the substrate was placed in a vacuum oven at 25 ◦C for 6 h
to obtain a superhydrophobic surface. The surface’s roll angle was less than 10◦, and its
contact angle was larger than 150◦.

Nanoimprint lithography is also a technique that can replicate surfaces features,
which is mainly done by heat and pressure and is capable of replicating morphologies of
nanometers [68]. Lee et al. [66] prepared nano-polystyrene (PS) surfaces with controllable
stretch ratios by using nanoimprinting, as shown in Figure 4d–f. Firstly, textured aluminum
sheets and nanoporous alumina were prepared as replica templates, then a certain amount
of heat and pressure was applied to drive the polymer melt to impregnate the nanopatterns
of the replication templates, and, finally, the replication template was removed from the
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polymer substrate by reacting with Al in saturated HgCl2 solution to obtain a large area of
nanostructured PS surface. The contact angle of the synthesized surface was between 155.8◦

and 147.6◦ and the synthesized surface was slightly tilted; water droplets that fall on the
superhydrophobic surface will roll out. It is worth paying attention to the circumstance that
the thickness of the replica template can be varied to control the length of the PS nanofibers.

Guo et al. [69] used a similar method to prepare a superhydrophobic surface, the
porous anodic aluminum oxide was used as a template, and the porous anodic aluminum
oxide was rolled on a polycarbonate (PC) under appropriate pressure and temperature
conditions, which formed a well-aligned polycarbonate (PC) nanopore array surface. This
method modifies the originally hydrophilic PC surface to a hydrophobic PC surface and
can be used for large-area preparation, as shown in Figure 5.
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Alternatively, a manual template can also be obtained by etching the substrate. In
order to create hard templates, Wu et al. [70] etched aluminum alloy through hydrochlo-
ric acid (2 mol/L), and then immersed it for 30 min in an ethanol solution containing
N-dodecyltrimethoxysilane (0.01 mol/L). In order to create a PDMS superhydrophobic
surface, Sylgard 184 Silicone was mixed in a 10 to 1 weight ratio of elastomer and curing
agent and then poured into the hard templates. After being cured at 60 ◦C for two hours,
the PDMS was stripped from the hard templates. This superhydrophobic surface offered a
165◦ contact angle, good self-cleaning capabilities, and good water droplet bounce.

The template method is simple, reproducible, low cost, and can quickly replicate the
rough structure of the stencil surface.

3.2. Coating Method
3.2.1. Solution Spraying Method

To provide the substrate’s superhydrophobic properties, the particles with low surface
energy can be sprayed on the substrate’s surface. The method allows any material to be
selected as the substrate, such as metal, glass, fabric, etc. It can be prepared across a sizable
area, and if a portion of the coating fails, the solution can be resprayed to the failed area.

Xu et al. [71] prepared a superhydrophobic copper mesh by spraying method. An
amount of 0.42 g of n-octadecanethiol was mixed with 20 mL of ethanol and swirled for
20 min at room temperature to create a homogenous solution. Then, the homogeneous
solution was mixed with 20 mL of an ethanol solution of silver nitrate and agitated for
60 min. Using the spraying technique, the reaction solution was applied to the copper
mesh. When C18H37SAg was produced on the copper mesh surface and its alkyl end was
exposed to the air, the free energy on the copper mesh surface was reduced, creating a
superhydrophobic surface, as shown in Figure 6.
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Similarly, Elszaabalawy et al. [72] used a spraying method to prepare a superhydropho-
bic coating with multifunctional properties. The two-component silicone polymer was
dissolved in 40 mL of acetone solvent and sonicated for 10 min. Then, 1 g of functionalized
SiO2 nanoparticles were added to the dispersions and the mixed solution was sprayed
onto the substrate using a spray gun at the prescribed air pressure. The coated substrates
were cured at 120 ◦C for an hour and then cured at room temperature for 24 h to obtain a
superhydrophobic coating. The coating provided superhydrophobic properties when the
SiO2 concentrations were greater than 9 wt%, and the coating maintained superhydropho-
bic properties under hot and corrosive conditions. However, the coating created with this
technique generally has poor adherence strength at the substrate-to-coating interface.

Therefore, Rafik Abbas et al. [73] proposed a method to improve the adhesion be-
tween substrate and coating by adding a mucoadhesive polymer. The functionalized silica
nanoparticles modified with octyltriethoxysilane (FS) were mixed with epoxy resin (Epoxy)
and sprayed on different substrate surfaces with a spray gun, and then the substrate was
cured to obtain a superhydrophobic coating with micro and nano-graded structure. The
adhesion of the coatings was tested with tape, and the adhesion of the coatings increased
with the content of the epoxy resin, as shown in Table 1. This further demonstrates that the
use of adhesives does increase the coating’s adherence to the substrate.

3.2.2. Chemical Deposition Method

Chemical deposition is a process whereby the substrate reacts with a chemical solution
to form a coating with a rough structure on the substrate. For example, Zhang et al. [74]
prepared a superhydrophobic coating with a layered structure and bimetallic composition
by chemically depositing Ag onto a copper surface. In addition, the superhydrophobic
coating had the added benefit of enhanced antibacterial activity. Chen et al. [75] prepared
a superhydrophobic gold–zinc alloy surface by chemical deposition and annealing treat-
ment. The prepared superhydrophobic surface had a contact angle of up to 170◦ and a
roll angle of less than 1◦, providing a significant superhydrophobic effect without any
modifier incorporation.

The chemical deposition method is low-cost, simple, and reproducible, and the su-
perhydrophobic coatings obtained by this method have good chemical stability. However,
it also has certain drawbacks, and the addition of chemical substances can cause some
damage to the human body and the environment.

In addition, according to the difference in deposition conditions, electrochemical
deposition and chemical vapor deposition are proposed.
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Table 1. Adhesion magnitude of superhydrophobic coatings with different epoxy resin contents [73].

FS% CA (◦) before Test CA (◦) after Test Adhesion Evaluation

Without adhesive polymer (0%)
1% 155 118.44 0B

1.5% 158.3 123.65 0B
2% 160 134.1 0B

2.5% 163.5 141.35 0B
Polymer (1%)

1% 146.2 141.12 2B
1.5% 153.94 149.33 2B–3B
2% 154.81 152.07 2B–3B

2.5% 156.98 154.87 2B–5B
Polymer (2%)

1% 128.65 127.22 4B
1.5% 140 137.14 4B
2% 152.17 150.92 4B–5B

2.5% 154.39 153.75 4B–5B
Polymer (3%)

1% 119.82 119.0 5B
1.5% 138.34 138.0 5B
2% 154.1 154.1 5B

2.5% 154.61 154.61 5B

3.2.3. Electrochemical Deposition Method

Electrochemical deposition is a technique for crystallizing metals or oxides by causing
the cations and anions in a solution to migrate and produce redox reactions on the surface
of the working electrode under the influence of an electric field. The shape and rate of
crystal formation can be changed by adjusting the voltage, current, and concentration of
the reaction solution. For instance, Yang et al. [76] created a nickel film superhydrophobic
surface by depositing nickel onto a copper surface using a one-step electrodeposition
process. As shown in Figure 7a, a homogeneous electrolyte was made from a mixture
of nickel chloride (NiCl2–6H2O) and myristic acid (CH3(CH2)12COOH), where myristic
acid served as a surface modifier. When an electric current was applied, nickel ions
(Ni2+) moved to the cathode electrode and gained electrons to produce nickel (Ni). In
addition, nickel ions (Ni2+) reacted with myristic acid (CH3(CH2)12COOH) to form nickel
myristate (Ni[CH3(CH2)12COO]2), which formed low surface energy functional groups on
the cathodic electrode surface. Meanwhile, some hydrogen ions (H+) around the cathode
plate also gained electrons to form hydrogen (H2) during the reaction process, the released
hydrogen gas caused the surface of the cathode electrode to be loosened. The above
reactions resulted in a nickel film superhydrophobic surface with a rough structure such as
cauliflower or thorn, as shown in Figure 7b,c.

Similarly, Li et al. [77] used electrochemical deposition to gain a hydrophobic ZnO film.
Then, the superhydrophobic ZnO film was gained with (fluoroalkyl) silane modification;
the electrochemical settings may be adjusted to alter the film’s thickness and morphology.
Shirtcliffe et al. [78] electrodeposited copper ions from an acidic copper sulfate solution
onto the surface of a copper plate by electrochemical deposition, forming a rough surface.
Then, superhydrophobic surfaces were obtained after heat treatment and fluorination. To
create superhydrophobic surfaces with high contact and low rolling angles, Su et al. [79]
performed Ni electrodeposition in a typical Watts bath containing NiSO4, NaCl, and H3BO3.
Then, the superhydrophobic surface was obtained by heat treatment and fluorination.
Remarkably, the superhydrophobic surfaces may be employed in both alkaline and acidic
conditions and exhibit good hardness and wear resistance.
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Electrochemical deposition methods have the advantages of being a simple oper-
ation and having a low cost, which provides a viable approach to the preparation of
superhydrophobic coatings for a variety of metallic materials and has broad industrial
application prospects.

3.2.4. Chemical Vapor Deposition

Chemical vapor deposition is a technique in which gas reactants are deposited on a
solid surface to form a thin film. Notably, the morphology of the film on the solid surface
can be altered by changing the type of gas reactant and the reaction conditions.

Huang et al. [80] used chemical vapor deposition to synthesize carbon nanotubes on Si
substrates and deposited alumina on carbon nanotubes to obtain stable superhydrophobic
surfaces. Among them, carbon nanotubes provide the nanostructure, and the presence of
ZnO makes the surface have low surface energy. Notably, the wettability of the ZnO–CNTs
surface can be modified by UV irradiation and light-free storage. To further reduce the
operational difficulty of the chemical deposition method, Zimmermann et al. [81] prepared
a silicon nanowire superhydrophobic textile coating by a one-step chemical deposition
method. The textile superhydrophobic coating had good superhydrophobic properties.
When the textile coating was slightly tilted, the water droplets on the coating rolled off. In
addition, the coating had good mechanical stability. After 1450 wear cycles, the textile’s
superhydrophobic coating still had superhydrophobic properties.

3.2.5. Other Methods of Generating Coatings

There are also sol-gel and self-assembly techniques for creating superhydrophobic coat-
ings on surfaces in addition to the three ways mentioned above. The fabrication of superhy-
drophobic coatings using the sol-gel technique involves two key steps: (1) a highly chemically
active compound is used as a precursor, which undergoes a hydrolytic condensation reaction
to form a sol in solution; (2) the resulting sol slowly polymerizes between colloidal particles
to form gels, and when the solvent has completely evaporated, a micro- and nanostructured
surface is formed [68,82]. For instance, Nadargi et al. [83] used the sol-gel technique to create
a superhydrophobic silica-iron oxide nanocomposite. Methyltrimethoxysilane (MTMS) was
hydrolyzed for 24 h to create a sol, and aqueous iron nitrate and aqueous ammonium hydrox-
ide were added for stirring to cause significant aggregation of the MTMS sol to form a gel; the
gel was then aged in methanol for two days to reinforce the gel network.

Self-assembly, a process that turns elements of an already-existing chaotic system into
an ordered molecular whole without the need for human intervention, is a method for
creating covalent bonds between atoms to create molecules. Liu et al. [84] prepared a novel
smart stimuli-responsive superhydrophobic coating by self-assembly of graphene monolay-
ers and titanium dioxide nanofilms on a substrate. Notably, UV irradiation can change the
wettability of this superhydrophobic coating; this was because when the superhydrophobic
coating was irradiated by UV light, the atomic structure of titanium dioxide was changed,
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producing particles and particle clusters with greater surface energy. The design of this
coating offers crucial suggestions for future stimulus-responsive surfaces.

3.3. Etching Method

The etching method mainly uses lasers or chemical reagents to etch substrates to build
superhydrophobic surfaces with micro- and nanostructures [85–87]. The method can build
the rough structure directly on the solid surface, so there is no need to consider the adhesion
between the coating and the substrate interface, and it is promising to build the rough structure
and obtain the superhydrophobic surface by etching directly on the metal surfaces [4].

3.3.1. Chemical Etching Method

Common metals such as copper and aluminum have many dislocation defects that are
high in energy and easily destroyed. Therefore, when the metal is exposed to a chemical
etchant, the dislocation defects with greater energy react preferentially and generate a
rough structure [88]. Chemical etching is the process of building rough structures on solid
surfaces using chemical reagents to create superhydrophobic surfaces. Acidic and alkaline
solutions are often used as etchants.

Common acids such as nitric acid and hydrochloric acid are widely applied as etchants
in chemical etching. Tan et al. [89] used micro-etching techniques to construct micro and
nano rough structures on brass surfaces, which were modified by stearic acid to reduce
surface energy. First, to remove surface oxides, polished and cleaned brass plates were
submerged in a solution of 10 wt% H2SO4 solution for 30 s. NaCI and Na2SO4 were
added to a reaction solution containing 1 M HCI. Brass plates that had undergone the
aforementioned treatment were submerged in the prepared solution for 10 s before being
removed, heated in an oven, and micro-etched to create a rough surface structure. The
samples were immersed in an ethanol solution of 0.1 M stearic acid (STA) for 2 min. Finally,
a superhydrophobic surface was obtained, as shown in Figure 8a. The superhydrophobic
surface had a contact angle of 152.4◦, and when the sample was bent at a 60◦ angle, only a
small portion of its micro-nanostructure was lost, as shown in the Figure 8b,c; the majority
of it remained the same, so the water droplets at the bend remained spherical. A similar
strategy was utilized by Qu et al. [90], who used a mixture of nitric acid and hydrogen
peroxide as an etchant and fluoroalkylsilanes to reduce the surface energy. Wang et al. [91]
created a flowerlike cluster of a superhydrophobic surface on copper plates by soaking copper
plates in an ethanolic solution of n-tetra decanoic acid for three days. The flowerlike cluster
superhydrophobic surface had a contact angle of up to 162◦, and the rolling angle was only 2◦.

Alternatively, common alkaline solutions can be used for chemical etching. For instance,
inspired by the hierarchical structure of a water strider’s leg, Yao et al. [92] prepared a surface
with a conical nanoarray structure similar to the leg structure of a water strider by submerging
the copper surface in an ammonia solution. After surface modification, superhydrophobic
surfaces of copper hydroxide were obtained, as shown in Figure 9d,e. It was also worth noting
that, unlike other superhydrophobic surfaces, the droplets could recover from the Wenzel state to
the Cassie–Baxter state when two identical copper hydroxide superhydrophobic surfaces were
subjected to steps such as squeezing and relaxing the droplets; this was primarily because the
conical nanoarray structure had lateral nano-slots that released the fixation of the deformation
boundary, as shown in Figure 9f.

Guo et al. [93] used wet chemical etching to obtain rough structures on the surface of
aluminum alloys and modified them to obtain superhydrophobic surfaces. To create the
superhydrophobic surfaces, aluminum alloys were submerged in various concentrations of
NaOH solution for several hours. After being rinsed with deionized water to remove any
remaining surface impurities, the alloys were then annealed at 120 ◦C for about an hour,
modified with perfluorononane, and then dried at 80 ◦C for two hours. The contact angle of
the surface reached 157◦, and the superhydrophobic properties of the surface were affected
by the concentration of the NaOH solution and the roughness of the substrate surface.
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Figure 8. (a) Process flow diagram for preparing superhydrophobic surfaces on copper plates [89].
(b) Optical photographs of the shape of the water drop at the bend of the copper plate [89]. (c) SEM
image of the bending copper plate area [89]. (d) SEM image of the setae on a water strider’s
leg. (e) SEM image of Cu(OH)2 superhydrophobic surfaces [92]. (f) Sequential snapshots of two
superhydrophobic surfaces undergoing compression and relaxation processes. Image (iv) shows the
maximum compression between the two surfaces. In image (vii), the water droplet was completely
separated from both surfaces. The whole sequence appears to be reversible [92].

3.3.2. Laser Etching Method

In laser etching, when the material surface is irradiated by laser, the material surface
will be ablated and melted, thus forming a rough surface. The morphology of the surface
microstructure is influenced by the energy density of the laser beam, the scan rate, and the scan
spacing. The issue of the unequal distribution of rough structures on superhydrophobic surfaces
can be resolved by laser etching, and superhydrophobic structures can be precisely constructed.
Additionally, high-hardness materials can still be etched with a laser.
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Figure 9. SEM micrographs of the laser-processed surface: (a) images for a line spacing of 150 µm;
(b) images for a line spacing of 200 µm. The insets in (a,b) illustrate the corresponding contact angles
after laser processing [94].

Li et al. [94] used one-step laser processing to create lattice structures on aluminum
alloy surfaces. When the surfaces were irradiated, different lattice types could be created
by adjusting the laser’s power and line spacing. The splash structure, lattice structure, and
groove structure generated throughout the operation were primarily what provided this
sample its superhydrophobic qualities. This surface reached a contact angle of 154.6◦ and a
roll angle of 3◦. As shown in Figure 9a,b, the contact angle decreases as the line spacing
increases from 150 m to 200 m during laser beam irradiation.

Shen et al. [95] created microstructures and nanostructures on the titanium surface by
obliquely irradiating femtosecond laser onto a surface, as shown in Figure 10a. As shown in
Figure 10b, the surface contact angle also changed as the laser beam incidence angle did, this
was mainly because different incident angles of the laser beam create different rough structures.
When the laser beam incident angle was 50◦, the contact angle on the titanium surface was 151◦.

However, laser etching for the large-scale preparation of superhydrophobic surfaces has
not been studied enough. When a laser is used to treat non-metallic materials, it leads to
deformation and changes in the surface chemistry of the non-metallic material. In addition, the
equipment used for laser etching is more expensive, resulting in higher production costs.

Materials 2023, 16, x FOR PEER REVIEW 16 of 32 
 

 

 

Figure 10. (a) SEM image of a femtosecond laser incidence angle of 50° [95]. (b) Histogram of tita-

nium surface contact angle versus femtosecond laser incidence angle [95]. 

However, laser etching for the large-scale preparation of superhydrophobic surfaces 

has not been studied enough. When a laser is used to treat non-metallic materials, it leads 

to deformation and changes in the surface chemistry of the non-metallic material. In ad-

dition, the equipment used for laser etching is more expensive, resulting in higher pro-

duction costs. 

4. Advances in Research on Superhydrophobic Surfaces 

In recent years, the ability of superhydrophobic coatings to delay and reduce ice for-

mation has been explored and studied by researchers [43]. The continuous development 

of superhydrophobic materials has shown good prospects for application in many fields. 

An increasing number of studies have shown that superhydrophobic materials have the 

characteristics of delayed icing and reduced ice adhesion [52,96–101]. However, the anti-

icing capability of superhydrophobic materials is affected by many factors, such as low-

temperature failure, fragile micro-nanostructured surfaces, and low durability. Therefore, 

to address these issues, researchers have developed superhydrophobic coatings such as 

wear-resistant and self-healing surfaces [102–104]. Meanwhile, to further improve the de-

icing ability of superhydrophobic surfaces, the idea of combining photothermal or elec-

trothermal effects with superhydrophobic coatings has been proposed by researchers. Re-

search progress of wear-resistant superhydrophobic coatings, self-healing/self-repair su-

perhydrophobic coatings, photothermal superhydrophobic coatings, and electrothermal 

superhydrophobic coatings in the field of anti-icing and de-icing are highlighted in this 

section. 

4.1. Superhydrophobic Coating Based on Passive Anti-Icing 

Ordinary superhydrophobic coatings often suffer from a lack of mechanical stability. 

When the coating is abraded by external forces, its micro-nanostructure is destroyed, lead-

ing to the failure of the superhydrophobic coating. Therefore, the development of a super-

hydrophobic coating with wear-resistant, self-healing, or self-healing effects is the key to 

solving this problem. 

4.1.1. Wear-Resistant Superhydrophobic Coating 

Superhydrophobic biomimetic coatings are excellent at preventing ice [38,41,105]. 

However, superhydrophobic coatings are challenging to use in practice due to their fragile 

microstructures and nanostructures and lack of sustained stability [106]. Therefore, the 

development of superhydrophobic coatings with high mechanical stability is the key to 

solving this problem. 

Researchers have improved the mechanical stability of superhydrophobic coatings 

by adding some flexible polymers. For example, Ruan et al. [107] mixed polytetrafluoro-

ethylene (PTFE), polydimethylsiloxane (PDMS), and tetraethyl orthosilicate to prepare a 

PTFE/PDMS superhydrophobic coating by spin coating on an aluminum substrate. When 

Figure 10. (a) SEM image of a femtosecond laser incidence angle of 50◦ [95]. (b) Histogram of
titanium surface contact angle versus femtosecond laser incidence angle [95].

4. Advances in Research on Superhydrophobic Surfaces

In recent years, the ability of superhydrophobic coatings to delay and reduce ice
formation has been explored and studied by researchers [43]. The continuous develop-
ment of superhydrophobic materials has shown good prospects for application in many
fields. An increasing number of studies have shown that superhydrophobic materials have
the characteristics of delayed icing and reduced ice adhesion [52,96–101]. However, the
anti-icing capability of superhydrophobic materials is affected by many factors, such as
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low-temperature failure, fragile micro-nanostructured surfaces, and low durability. There-
fore, to address these issues, researchers have developed superhydrophobic coatings such
as wear-resistant and self-healing surfaces [102–104]. Meanwhile, to further improve the
de-icing ability of superhydrophobic surfaces, the idea of combining photothermal or
electrothermal effects with superhydrophobic coatings has been proposed by researchers.
Research progress of wear-resistant superhydrophobic coatings, self-healing/self-repair
superhydrophobic coatings, photothermal superhydrophobic coatings, and electrother-
mal superhydrophobic coatings in the field of anti-icing and de-icing are highlighted
in this section.

4.1. Superhydrophobic Coating Based on Passive Anti-Icing

Ordinary superhydrophobic coatings often suffer from a lack of mechanical stability.
When the coating is abraded by external forces, its micro-nanostructure is destroyed,
leading to the failure of the superhydrophobic coating. Therefore, the development of a
superhydrophobic coating with wear-resistant, self-healing, or self-healing effects is the
key to solving this problem.

4.1.1. Wear-Resistant Superhydrophobic Coating

Superhydrophobic biomimetic coatings are excellent at preventing ice [38,41,105].
However, superhydrophobic coatings are challenging to use in practice due to their fragile
microstructures and nanostructures and lack of sustained stability [106]. Therefore, the
development of superhydrophobic coatings with high mechanical stability is the key to
solving this problem.

Researchers have improved the mechanical stability of superhydrophobic coatings
by adding some flexible polymers. For example, Ruan et al. [107] mixed polytetrafluo-
roethylene (PTFE), polydimethylsiloxane (PDMS), and tetraethyl orthosilicate to prepare a
PTFE/PDMS superhydrophobic coating by spin coating on an aluminum substrate. When
0.6 g of PTFE was added, the contact angle of the coating was as high as 163.6◦. As shown
in Figure 11, the surface structure of the coating remained essentially unchanged after
34 icing/de-icing cycles and the coating exhibited good mechanical wear resistance after
1 m of mechanical abrasion with sandpaper. When the temperature dropped from 13.3 ◦C
to −6 ◦C, the water droplets on the aluminum plate completely froze in only 37 s, while
the water droplets on the superhydrophobic coating took 82 s before ice nuclei started
to form, thus demonstrating the ability of the PTFE/PDMS superhydrophobic coating to
delay icing.

Using surface covering meshes and spraying silica nanoparticles on the outer surface,
Kravanja et al. [108] successfully prepared superhydrophobic concrete samples with ex-
cellent mechanical stability by adding hydrophobic non-fluorinated additives to the inner
surface. The sample exhibited good superhydrophobic properties with contact angles of
up to 157.6◦ and rolling angles of up to 6.5◦ and maintained superhydrophobic properties
under high-intensity mechanical wear, with six times lower de-icing strength compared to
the unmodified surface.

Lv et al. [109] prepared a wear-resistant and ice-resistant superhydrophobic surface
by bonding nano-SiO2 to a polyurethane surface under light-curing conditions, as shown
in Figure 12a. When the silica content was 2 wt%, the superhydrophobic surface showed
excellent superhydrophobicity (CA ≈ 165◦, SA ≈ 2◦) and good mechanical stability. In a
−10 ◦C environment, water droplets on a blank aluminum sheet froze after 6 min, while
on this coating, water droplets completely froze after 56 min, which is a result that shows
that the superhydrophobic coating had good delayed icing, and the superhydrophobicity
remained when left at −10 ◦C for 100 h, as shown in the Figure 12b. The superhydropho-
bicity also remained after 150 cycles of rubbing with sandpaper under an applied load of
100 g. Additionally, by creating covalent connections between the coating and the substrate
or by cross-linking with the coating, the superhydrophobic coatings’ mechanical stability
can be increased [103].
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4.1.2. Self-Repairing/Self-Healing Superhydrophobic Surfaces

The application of superhydrophobic materials is significantly limited by the fact
that the micro and nano rough structure of the surface is easily damaged by external
scratching, while the modified low surface energy substances can be decomposed in
harsh environments, resulting in the loss of superhydrophobicity of the material. To
overcome this problem, some researchers have combined self-healing properties with
superhydrophobicity to produce self-healing superhydrophobic materials with excellent
surface stability. When the self-repairing/self-healing superhydrophobic surfaces lose
superhydrophobicity, the superhydrophobicity can be repaired spontaneously or under
certain conditions. Therefore, the study of self-healing superhydrophobic materials is of
great importance both from the point of view of scientific theory and practical application.

Fu et al. [110] synthesized a new fluorinated polyurethane (FPU) on a substrate by a two-
step thiol click reaction and then added SiO2 nanoparticles to prepare a robust superhydrophobic
surface with self-healing capabilities. The polyurethane chains had a greater tendency to move
into the coating, while the fluoroalkyl chains tended to stay on the surface of the coating or
had a tendency to migrate to the upper surface. Therefore, when the surface was damaged,
the fluoroalkyl chains migrated to the upper surface by heating at 130 ◦C for 1 h and regained
their superhydrophobic properties, achieving a self-healing effect. In addition, the coating had a
good delayed-icing capability, with water droplets on the coating completely icing after 504 s at
−20 ◦C; the icing time of the coating was seven times of the bare substrate.

However, preparation of most self-healing superhydrophobic coating involves the use of
fluorides and organic solvents, and there is a chance that the environment could be contami-
nated. Therefore, Li et al. [111] first reported a robust self-healing superhydrophobic coating
that was completely aqueous and without fluoride involvement. The coating was obtained by
successively spraying polyurethane (PU) aqueous solution and a cetyl polysiloxane-modified
SiO2 aqueous suspension onto the substrate. Unlike other superhydrophobic coatings, the sur-
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face of this coating had large protrusions that form a macroscopically rough structure. When
sandpaper abrasion and tape peeling tests were conducted, the coating showed good mechan-
ical stability, which was attributed to its macroscopic rough structure and the polyurethane
utilized as a binder. As shown in the Figure 13a, water droplets on the self-healing super-
hydrophobic coating completely froze in 40 min 37 s at −15 degrees Celsius, while water
droplets on the bare substrate completely froze in 9 min 58 s, and the coating did not freeze
when water droplets were continuously dropped on the tilted coating. The above results
indicated the coating’s good anti-icing ability. In addition, the coating was also self-healing,
and when the coating’s surface was damaged by O2 plasma, the surface transformed from
superhydrophobic to superhydrophilic. However, after heating at 150 ◦C for 1 h, the coating
regained its original superhydrophobic properties because cetyl groups migrated to the coat-
ing’s upper surface during the heat treatment, and hydrophilic groups were embedded in the
coating, as shown in Figure 13b.
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Figure 13. (a) Photographs of the icing process of water droplets on the superhydrophobic coating
and bare glass slide at −15 degrees Celsius [111]. (b) Schematic illustrations of the mechanism
and process of damaged/self–repair of the PU/SiO2@HD–POS superhydrophobic coating, and the
corresponding photographs of water droplets on the coatings [111].

In addition, superhydrophobic coatings with similar chemical composition and struc-
ture can be constructed on the exterior and interior of the surface. The superhydrophobic
coating can be repaired by simply rubbing the damaged area away to reveal a fresh coating
with the same structure [112].

However, wear-resistant superhydrophobic coatings and self-healing/self-repairing
superhydrophobic coatings still generate ice in harsh environments, which causes the
failure of superhydrophobic coatings. This is a major challenge for superhydrophobic
coatings in the field of anti-icing. To solve the above problem, researchers proposed the
idea of combining passive anti-icing with active de-icing.

4.2. Superhydrophobic Coating Based on a Combination of Passive Anti-Icing and Active De-Icing

The anti-icing properties of superhydrophobic coatings have been demonstrated,
but there are still differing views on whether superhydrophobic coatings can reduce ice
adhesion. Some researchers believe that a superhydrophobic coating can reduce ice ad-
hesion [96,98,100,101], but others believe that ice adhesion strength increases when su-
perhydrophobic coating icing occurs, which is mainly due to the anchor effect caused
by water condensation in the microstructures and nanostructures of superhydrophobic
coatings in wet or cold environments [113,114]. Ice formation in the surface microstruc-
ture can damage the superhydrophobic coating microstructure, leading to the failure of
the anti-icing properties of the superhydrophobic coating [115–117]. To solve this issue,
an idea to combine photothermal materials with superhydrophobic coatings has been
proposed. Passive anti-icing performance is accomplished using the superhydrophobic
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surface, while active de-icing performance is usually accomplished using photothermal
and electrothermal effects.

4.2.1. Photothermal Superhydrophobic Coating

Solar energy as nature’s largest green renewable energy source has a lot of potential
for application in the field of de-icing. The use of the photothermal effect can delay the
formation of ice or melt it directly, but the water that remains on the surface after melting
absorbs the temperature generated by the photothermal surface, which slows down the
melting rate of the unmelted part of the ice; therefore, an idea to embed photothermal ma-
terials in superhydrophobic coatings has been proposed by researchers. The photothermal
superhydrophobic coatings melt the ice using the photothermal effect, and then, melted
water droplets will roll out of the coating due to superhydrophobicity, preventing any
impact on the unmelted ice [118]. Even at night, the photothermal superhydrophobic
coatings can also reduce or delay ice formation. Common photothermal materials include
semiconductor materials (e.g., copper sulfide, zinc oxide, etc.) [119], carbon materials
(e.g., graphite, graphene, graphene oxide, carbon nanotubes, carbon black, etc.) [120–122],
precious metal nanoparticles (e.g., gold, silver, etc.) [123], bio-melanin [124], etc.

Some semiconductor materials have the capability of photothermal conversion. When
a semiconductor material is irradiated by light with energy equal to or higher than the
band gap, electron-hole pairs are generated in the semiconductor and the excited electrons
eventually return to lower energy levels. Releasing energy in the form of photons [125], or
by non-radiative relaxation, the excited electrons transfer energy to the impurity/defect,
and the energy is released into the crystal system in the form of phonons, causing lo-
cal heating of the lattice, thereby generating heat [126,127]. Bao et al. [119] prepared an
ER/H-ZnO@CuS/PDMS photothermal superhydrophobic coating with excellent super-
hydrophobic properties and mechanical durability by using hydrangea-like ZnO@CuS
(H-ZnO@CuS) as photothermal nanofiller particles. As shown in Figure 14a, after being
irradiated by an 808 nm laser, the temperature of the hydrangea-shaped ZnO@CuS (H-
ZnO@CuS) rapidly increased to 60.7 ◦C, indicating that the hydrangea-shaped ZnO@CuS
(H-ZnO@CuS) had good photothermal properties. At −15 ◦C, the freezing time of water
droplets on this photothermal superhydrophobic surface was 4.3 times longer than that
of pure aluminum. As shown in Figure 14b, even if water droplets froze on the surface,
when the photothermal superhydrophobic coating was illuminated, the surface melted the
droplets within 1.5 min. It is worth noting that after 40 friction cycles or 100 tape peels
(tape adhesion of 0.44 N/mm) the photothermal superhydrophobic coating still had good
superhydrophobic properties.

Carbon materials also have a photothermal conversion effect. Broadband light can be
efficiently absorbed by carbon-based materials. When light is illuminated on the carbon
materials, π-orbiting electrons are excited to π* orbitals and electron leaps occur; the
light-absorbing electrons rise from the ground state (HOMO) to a higher energy orbital
(LUMO), releasing energy in the process [128]. Through electron–phonon interactions,
the absorbed light energy is transmitted from excited state electrons to vibrational modes
throughout the lattice, raising the material’s surface temperature [126,129]. Jiang et al. [130]
prepared a photothermal SiC/CNTs superhydrophobic coating by using ordinary cable
sheath material (EVA) as a substrate and spraying carbon nanotubes as photothermal filler
particles. When the ratio of SiC to CNTs was 2:1, the contact angle could reach 161◦ and the
roll angle was less than 2◦, and it had excellent anti-icing properties. As shown in Figure 15a,
when at −30 ◦C, the freezing time of water droplets on the SiC/CNTs superhydrophobic
coating was 66 s, which was 4.4 times that of the EVA surface. In addition, the SiC/CNTs
photothermal superhydrophobic coating also had excellent de-icing capabilities. When the
SiC/CNTs coating was exposed to NIR (808 nm, 2.5 W) for 10 s, the coating temperature
increased to approximately 120 ◦C, while there was no change in temperature on the EVA
surface. As shown in Figure 15b,c, carbon nanotubes (CNTs) had excellent photothermal
conversion properties and thermal conductivity; when a large area of ice on the coating was
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irradiated by NIR (808 nm, 1 W), the generated heat was transferred from the illuminated
area to the surrounding coating and the average temperature of the coating rose to −2.4 ◦C,
resulting in the melting of the ice. The method is of great importance for large-area
anti-icing and de-icing.
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Figure 15. (a) Optical photographs of water droplets starting to freeze and completely freezing on EVA
bare and SiC/CNTs 2−1 surfaces [130]. (b) Infrared thermography images of the superhydrophobic
coating surface before and after photothermal deicing [130]. (c) Optical images of the photothermal
deicing process on coating surfaces [130].

Zheng et al. [131] prepared a magnetically responsive and soft superhydrophobic pho-
tothermal film consisting of polydimethylsiloxane (PDMS), iron powder (Fe), and candle
soot (CS), where the candle soot (CS) acts as a photothermal particle. The superhydrophobic
photothermal film was formed by superimposing a PDMS/Fe superhydrophobic layer
and a PDMS/CS superhydrophobic layer. This structure created two air layers, which
prevented heat from escaping from the photothermal superhydrophobic film during illumi-
nation. Due to the presence of iron powder (Fe), the superhydrophobic film had magnetic
responsivity and could fit tightly to complex substrates under a magnetic field. As shown
in the Figure 16a, PFe−PCS film had good delayed-icing performance relative to other
coatings when the temperature ranged from 20 ◦C to −20 ◦C. The total freezing time for
the bare surface, the PFe coating, and the PCS coating were 81.3 s, 214.5 s, and 193.9 s,
respectively, while the summary ice time for the PFe−PCS film was up to 385.2 s; this is
because the PFe−PCS film had a double-layer micro-nanostructure. Total freezing time
was calculated as t = ti + tf, where ti was the time required for the droplet to go from 0 ◦C
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to the phase transition temperature and tf was the time required for the droplet to start the
phase transition to freeze completely. As shown in the Figure 16b, an ice layer of 1 mm
on the PFe−PCS film was melted completely at 237 s when irradiated with 1 solar light
at −5 ◦C. In addition, the photothermal superhydrophobic film had good durability and
resistance to acids and alkalis.
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Figure 16. (a) Temperature profiles of water droplets on bare, PFe, PCS, and PFe−PCS surfaces [131].
(b) Photothermal de-icing process of a thin ice layer of approximately 1 mm thickness on PFe−PCS
under 1 solar irradiation [131].

Xue et al. [124] extracted melanin nanoparticles from cuttlefish juice and prepared
a photothermal superhydrophobic coating using melanin nanoparticles, modified SiO2
nanoparticles, and PDMS precursors, where the melanin nanoparticles were used as pho-
tothermal filler particles. The freezing time of water droplets on an aluminum plate at
−20 ◦C was 30 s, while the freezing time on the photothermal superhydrophobic coating
was 144 s, which was five times longer than the freezing time of the aluminum plate. This
difference can be attributed to the micro-nanostructure of the photothermal superhydropho-
bic coating, which increased the liquid–gas contact area and decreased the heat transfer
from the water droplets to the colder surface. As shown in Figure 17, when the coating
was illuminated after icing, the ice on the photothermal superhydrophobic coating gradu-
ally melted, and, eventually, the melted water droplets rolled off the coating to achieve a
de-icing effect, and there was no change in the ice on the bare surface.

In addition, precious metal materials can also generate heat when they are illu-
minated by light. Metal nanoparticles can absorb light in a specific wavelength range
when infrared light strikes precious metal materials, producing a plasma resonance ef-
fect (LSPR) [132]. Hot electrons are excited from occupied to non-occupied states under
the effect of the resonance effect (LSPR), and, due to electron–electron interactions and
electron–phonon interactions, the energy can be converted into vibrational energy of the
crystal lattice and transferred to the surrounding medium, thus increasing the surface
temperature [133]. However, precious metals are significantly more expensive than the
photothermal materials listed before, so it is not suitable for large-scale preparation of
photothermal superhydrophobic coatings.
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4.2.2. Electrothermal Superhydrophobic Coating

Traditional electrothermal de-icing has many shortcomings, such as causing fires and
consuming large amounts of energy. Therefore, the idea of combining electrothermal effects
with superhydrophobic properties, which uses lower voltage to generate heat to prevent
fires caused by high voltage and significantly reduces energy consumption, has been pro-
posed by researchers. The combination of superhydrophobic coatings and electrothermal
properties offers a promising strategy for durable anti-icing and de-icing [134].

Conductive nanomaterials with high heating rates and ease of use are ideal for prepar-
ing electrothermal superhydrophobic coatings [135]. Among them, graphene, carbon
nanotubes, and reduced graphene oxide are the more commonly used conductive nanoma-
terials. Hou et al. [136] obtained an electrothermal superhydrophobic coating by combining
an electrothermal (ET) layer with a superhydrophobic layer (SH). Graphene with good
electrical conductivity was used as the lower electrothermal layer, and carbon nanotubes
(CNTS) and SiO2 were used as the upper superhydrophobic layer, as shown in Figure 18a.
The resistances could be adjusted by changing the thickness of the graphene electrothermal
layer. The electrothermal superhydrophobic surface had a contact angle of up to 163◦

and a rolling angle of 2◦. As shown in Figure 19b, the freezing time of 2 mL of water
on the SH@ET coating (560 s) was much greater than that for the stainless steel (0 s) and
ET coatings (52 s), and larger ice crystals were formed on the SH@ET coating after the
water droplets froze; this was because the superhydrophobic surface had air layers, which
hindered the heat transfer and delayed the freezing time. Additionally, the SH@ET coating
had good de-icing capabilities; when the coating was energized, it caused the ice on the
coating to melt after 60 s due to the effect of Joule heat, and water droplets didn’t remain
on the coating, as shown in Figure 18c.

Wang et al. [137] developed an electrothermally driven shape-memory composite struc-
ture with tunable wettability, which was prepared by a superhydrophobic layer with micro-
pillars of MWCNTs/ESMP and adhered to an electrothermal layer of MWCNTs/PDMS.
Due to the good electrothermal properties of the multi-walled carbon nanotubes (MWC-
NTs), the electrothermal superhydrophobic coating heated up rapidly to 140 ◦C at 12 V.
This electrothermal superhydrophobic coating had good anti-icing properties. Compared
to a smooth surface, the start of electrothermal superhydrophobic coating freezing time
was delayed for 199 s and the complete freezing time was delayed for 256 s. Notably, the
shape memory and the fast electrothermal response capability of the MWCCNTs/ESMP
layer allowed the surface micropillar array to switch between deformed and upright states,
resulting in changes in surface-wetting properties. The design concept provided ideas for
dynamic anti-icing. When in a −10 ◦C environment, this electrothermal superhydrophobic
surface had good anti-icing properties, with the start of freezing time being delayed by
199 s and the complete freezing time being delayed by 256 s compared to a smooth surface.



Materials 2023, 16, 5151 22 of 30

Materials 2023, 16, x FOR PEER REVIEW 23 of 32 
 

 

tal lattice and transferred to the surrounding medium, thus increasing the surface temper-

ature [133]. However, precious metals are significantly more expensive than the photo-

thermal materials listed before, so it is not suitable for large-scale preparation of photo-

thermal superhydrophobic coatings. 

4.2.2. Electrothermal Superhydrophobic Coating 

Traditional electrothermal de-icing has many shortcomings, such as causing fires and 

consuming large amounts of energy. Therefore, the idea of combining electrothermal ef-

fects with superhydrophobic properties, which uses lower voltage to generate heat to pre-

vent fires caused by high voltage and significantly reduces energy consumption, has been 

proposed by researchers. The combination of superhydrophobic coatings and electrother-

mal properties offers a promising strategy for durable anti-icing and de-icing [134]. 

Conductive nanomaterials with high heating rates and ease of use are ideal for pre-

paring electrothermal superhydrophobic coatings [135]. Among them, graphene, carbon 

nanotubes, and reduced graphene oxide are the more commonly used conductive nano-

materials. Hou et al. [136] obtained an electrothermal superhydrophobic coating by com-

bining an electrothermal (ET) layer with a superhydrophobic layer (SH). Graphene with 

good electrical conductivity was used as the lower electrothermal layer, and carbon nano-

tubes (CNTS) and SiO2 were used as the upper superhydrophobic layer, as shown in Fig-

ure 18a. The resistances could be adjusted by changing the thickness of the graphene elec-

trothermal layer. The electrothermal superhydrophobic surface had a contact angle of up 

to 163° and a rolling angle of 2°. As shown in Figure 19b, the freezing time of 2 mL of 

water on the SH@ET coating (560 s) was much greater than that for the stainless steel (0 s) 

and ET coatings (52 s), and larger ice crystals were formed on the SH@ET coating after the 

water droplets froze; this was because the superhydrophobic surface had air layers, which 

hindered the heat transfer and delayed the freezing time. Additionally, the SH@ET coating 

had good de-icing capabilities; when the coating was energized, it caused the ice on the 

coating to melt after 60 s due to the effect of Joule heat, and water droplets didn’t remain 

on the coating, as shown in Figure 18c. 

 

Figure 18. (a) Fracture surface of SH@ET nanocomposite coating [136]. (b) Ice formation time of 2 

mL of water in stainless steel, ET coating, and SH coating, respectively [136]. (c) Ice melting after 

powering the SH@ET coating [136]. 

Wang et al. [137] developed an electrothermally driven shape-memory composite 

structure with tunable wettability, which was prepared by a superhydrophobic layer with 

micro-pillars of MWCNTs/ESMP and adhered to an electrothermal layer of 

MWCNTs/PDMS. Due to the good electrothermal properties of the multi-walled carbon 

nanotubes (MWCNTs), the electrothermal superhydrophobic coating heated up rapidly 

to 140 °C at 12 V. This electrothermal superhydrophobic coating had good anti-icing prop-

erties. Compared to a smooth surface, the start of electrothermal superhydrophobic coat-

ing freezing time was delayed for 199 s and the complete freezing time was delayed for 

Figure 18. (a) Fracture surface of SH@ET nanocomposite coating [136]. (b) Ice formation time of
2 mL of water in stainless steel, ET coating, and SH coating, respectively [136]. (c) Ice melting after
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Figure 19. (a) SEM images of SiO2/rGO superhydrophobic folded film. The size of the wrinkles
and the distance between them are indicated by the yellow dashed line and the red dashed line,
respectively [138]. (b) High magnification SEM image of SiO2/rGO superhydrophobic folded film.
The size of the wrinkles and the distance between them is shown by the yellow dashed line and the red
dashed line, respectively [138]. (c) Electrothermal de-icing process of SiO2/rGO superhydrophobic
folded film [138].

Chu et al. [138] used reduced graphene oxide as the electrothermal material to prepare
a SiO2/rGO superhydrophobic folded film modified by 1H, 1H, 2H, 2H-perfluoro decyl
trichlorosilane (FDTS). As shown in Figure 19a,b, due to the existence of folds and SiO2,
the film had a micro-nanostructure. When the folded size is 22 µm and the fold spacing is
36.4 µm, the electrothermal superhydrophobic film’s contact angle can reach 161.4◦ and its
rolling angle can be as low as 1.2◦. The superhydrophobic electrothermal film delayed the
freezing time of water droplets by 297 s at −10 ◦C, which was 8.3 times longer than that of
the smooth rGO film. In addition, after passing a DC voltage of 15 V, the superhydrophobic
electrothermal film can melt the ice accumulation in 30 s in a −20 ◦C environment, as
shown in Figure 19c.

However, superhydrophobic coatings are easily scratched or even broken under con-
ditions of external forces in complex and changing environments, which greatly reduces
the anti-icing effect of superhydrophobic coatings and shortens the service life of super-
hydrophobic coatings. Therefore, Peng et al. [139] prepared a stretchable electrothermal
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superhydrophobic coating by embedding hydrophobically modified graphene into Ecoflex
elastomer. Due to the resilient properties of Ecoflex, the coating was able to maintain
excellent superhydrophobic properties even under conditions of large deformation.

To further improve the durability of electrothermal superhydrophobic coatings,
Li et al. [140] prepared an electrothermal superhydrophobic three-layer composite with
high self-healing capabilities after complete rupture based on the self-healing epoxy resin
(hEP), multi-walled carbon nanotubes (CNTs), and superhydrophobic copper powder
(nCu), as shown in Figure 20a. The microstructures and nanostructures formed by the
superhydrophobic copper powder can trap air, thus making a composite superhydrophobic
coating with a contact angle of up to 154◦ and a roll angle as low as 3◦. As shown in
Figure 20b, the nCu-CNTs/hEP-hEP composite can reach a temperature of 96.7 ◦C when
a voltage of 15 V is applied to it. As shown in Figure 20c, the nCu-CNTs/hEP-hEP com-
posite coating was cut into two pieces and the two coatings were in contact with each
other and placed at 160 ◦C for 1h. Finally, a perfect composite block was obtained, and
the healed composite coating also showed good superhydrophobicity and anti-deicing
properties, which is mainly due to the good ductility and self-healing properties of hEP.
The proposed composite material greatly improved the efficiency of the electrothermal
anti-deicing coating for anti-icing.
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5. Summary and Outlook

In this paper, three models of the wetting phenomenon on solid surfaces are intro-
duced. Then, the main principles of anti-icing on superhydrophobic surfaces and methods
for preparing superhydrophobic surfaces were summarized. Current methods for the
preparation of superhydrophobic coatings are usually costly, use harmful chemicals, and
are difficult to scale up [141,142]. To make superhydrophobic coatings widely available,
researchers should develop advanced techniques for fabricating superhydrophobic mate-
rials, which should be easy to operate, cost-effective, and environmentally friendly and
greatly facilitate the large-scale preparation of superhydrophobic materials. In addition, the
advantages and disadvantages of conventional anti-icing methods and superhydrophobic
anti-icing methods were summarized as shown in Table 2.
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Table 2. The advantages and disadvantages of conventional anti-icing methods and superhydropho-
bic anti-icing methods.

Anti-Icing and De-Icing Technology Advantage Disadvantage

Mechanical de-icing
and anti-icing technology

Effective de-icing
and easy removal of thick ice

High machine cost,
waste of manpower, easy to

break the ring on the material surface

Hot melt de-Icing
and anti-icing Technology

The clear de-icing effect, short
de-icing time, the wide application range

High energy consumption,
easy to start a fire

Chemical-based de-icing
and anti-icing technology

Lower the melting point of ice
and completely remove the ice layer

Pollute the environment
and corrode material surfaces

Superhydrophobic de-icing
and anti-icing technology

Resource-saving,
low-cost, and anti-icing effect

Poor mechanical stability
and easy failure at low temperatures

Compared with traditional anti-deicing techniques, superhydrophobic coatings can
roll off the surface before the water droplets freeze. Due to superhydrophobic coatings
having lower surface energy and a smaller solid–liquid contact area, they can enhance the
free energy barrier of ice cores and restrict the heat energy exchange from droplets to colder
surfaces, which in turn delays the freezing period of water droplets. In addition, due to the
presence of microstructures and nanostructures on the superhydrophobic coatings, when
the superhydrophobic coatings have ice formation, the contact area between the ice and the
coatings becomes smaller, making the adhesion of ice to the coatings lower and easier to
remove. However, it is also suspected that the superhydrophobic coatings can increase the
adhesion of ice; this is due to the anchor effect between the ice and the coating.

It is generally known that a superhydrophobic coating’s performance is mostly in-
fluenced by its surface topography. However, the microscopic morphology of a super-
hydrophobic coating is very easily disrupted, which leads to the failure of the superhy-
drophobic coating. Excellent Cassie state stability, high water resistance, minimal ice
adhesion, and strong mechanical wear resistance are necessary for good superhydrophobic
coatings [35]. The anti-icing applications of superhydrophobic coatings are currently in
the basic performance evaluation stage and are primarily focused on laboratory-based
discussions and analyses. The anti-icing ideas are still focused on static droplet delayed
icing and ice adhesion reduction and lack the study of dynamic droplet anti-icing and
water droplet impact processes.

Since ordinary superhydrophobic coatings easily lose their superhydrophobic prop-
erties, researchers propose to prepare superhydrophobic coatings with high mechanical
stability and self-repairing/self-healing functions. To further increase the effectiveness of
superhydrophobic surfaces in de-icing, researchers suggest a technique that combines active
de-icing with passive anti-icing to further increase the effectiveness of superhydrophobic
surfaces in de-icing. This technique applies photothermal or electrothermal effects to su-
perhydrophobic coatings and then illuminates or electrifies them to achieve a significant
de-icing effect with superhydrophobic coating. However, many superhydrophobic coatings
have not yet been applied on a large scale, and related performance tests have been confined
to the laboratory. Therefore, performance testing of superhydrophobic coatings should
focus on real-world environments. In the upcoming decades, the technique combining
active de-icing and passive anti-icing will be spread throughout the anti-/de-icing industry.

Author Contributions: Conceptualization, Q.C., X.Q. and T.C.; writing—original draft preparation,
X.Q. and T.C.; writing—review and editing, Q.C., C.L. and J.J.; data curation, X.Q., T.C. and M.W.;
funding acquisition, T.C.; supervision, Q.C. All authors have read and agreed to the published version
of the manuscript.

Funding: This work was supported by the National Natural Science Foundation of China (Grant
No. 52205309), the Department of Science and Technology of Jilin Province, China (Grant Nos.



Materials 2023, 16, 5151 25 of 30

20220101215JC and 20200801049GH), and the Education Department of Jilin Province, China (Grant
No. JJKH20211070KJ).

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: The data supporting the findings of this study are available in the article.

Acknowledgments: We thank Jin Xu and Jiaxu Wang for editing the first draft of the paper.

Conflicts of Interest: On behalf of all authors, the corresponding author states that there is no conflict
of interest. The funder had no role in the test design, collection, analyses, or interpretation of data, in
the writing of the manuscript, or in the decision to publish the results.

References
1. Cao, Y.; Tan, W.; Wu, Z. Aircraft Icing: An Ongoing Threat to Aviation Safety. Aerosp. Sci. Technol. 2018, 75, 353–385. [CrossRef]
2. He, H.; Guo, Z. Superhydrophobic Materials Used for Anti-Icing Theory, Application, and Development. iScience 2021, 24, 103357.

[CrossRef]
3. Olejniczak, D.; Nowacki, M. Evaluate the Influence of Icing on the Rotor Blades of a Wind Turbine with a Horizontal Axis to

Change Its Operating Parameters. IOP Conf. Ser. Earth Environ. Sci. 2019, 214, 012133. [CrossRef]
4. Lin, Y.; Chen, H.; Wang, G.; Liu, A. Recent Progress in Preparation and Anti-Icing Applications of Superhydrophobic Coatings.

Coatings 2018, 8, 208. [CrossRef]
5. Cober, S.G.; Isaac, G.A. Reply to “Comments on ‘Characterization of Aircraft Icing Environments with Supercooled Large Drops

for Application to Commercial Aircraft Certification’.”. J. Appl. Meteorol. Climatol. 2013, 52, 1673–1675. [CrossRef]
6. Etemaddar, M.; Hansen, M.O.L.; Moan, T. Wind Turbine Aerodynamic Response under Atmospheric Icing Conditions: Wind

Turbine Aerodynamic Response under Atmospheric Icing Conditions. Wind Energ. 2014, 17, 241–265. [CrossRef]
7. Ibrahim, Y.; Kempers, R.; Amirfazli, A. 3D Printed Electro-Thermal Anti- or de-Icing System for Composite Panels. Cold Reg. Sci.

Technol. 2019, 166, 102844. [CrossRef]
8. Mohseni, M.; Amirfazli, A. A Novel Electro-Thermal Anti-Icing System for Fiber-Reinforced Polymer Composite Airfoils. Cold

Reg. Sci. Technol. 2013, 87, 47–58. [CrossRef]
9. Dai, H.L.; Zhang, K.L.; Xu, X.L.; Yu, H.Y. Evaluation on the Effects of Deicing Chemicals on Soil and Water Environment. Procedia

Environ. Sci. 2012, 13, 2122–2130. [CrossRef]
10. Talalay, P.; Liu, N.; Yang, Y.; Xu, H.; Sysoev, M.; Fan, X. Ice Drills Recovery Using Chemical Deicers. Polar Sci. 2019, 19, 49–56.

[CrossRef]
11. Wu, X.; Chen, Z. A Mechanically Robust Transparent Coating for Anti-Icing and Self-Cleaning Applications. J. Mater. Chem. A

2018, 6, 16043–16052. [CrossRef]
12. Farhadi, S.; Farzaneh, M.; Kulinich, S.A. Anti-Icing Performance of Superhydrophobic Surfaces. Appl. Surf. Sci. 2011, 257,

6264–6269. [CrossRef]
13. Yang, C.; Wang, F.; Li, W.; Ou, J.; Li, C.; Amirfazli, A. Anti-Icing Properties of Superhydrophobic ZnO/PDMS Composite Coating.

Appl. Phys. A 2016, 122, 1. [CrossRef]
14. Wang, L.; Gong, Q.; Zhan, S.; Jiang, L.; Zheng, Y. Robust Anti-Icing Performance of a Flexible Superhydrophobic Surface. Adv.

Mater. 2016, 28, 7729–7735. [CrossRef]
15. Wang, G.; Liu, S.; Wei, S.; Liu, Y.; Lian, J.; Jiang, Q. Robust Superhydrophobic Surface on Al Substrate with Durability, Corrosion

Resistance and Ice-Phobicity. Sci. Rep. 2016, 6, 20933. [CrossRef]
16. Xu, Q.; Zhang, W.; Dong, C.; Sreeprasad, T.S.; Xia, Z. Biomimetic Self-Cleaning Surfaces: Synthesis, Mechanism and Applications.

J. R. Soc. Interface 2016, 13, 20160300. [CrossRef]
17. Ellinas, K.; Tserepi, A.; Gogolides, E. Durable Superhydrophobic and Superamphiphobic Polymeric Surfaces and Their Applica-

tions: A Review. Adv. Colloid Interface Sci. 2017, 250, 132–157. [CrossRef]
18. Martin, S.; Brown, P.S.; Bhushan, B. Fabrication Techniques for Bioinspired, Mechanically-Durable, Superliquiphobic Surfaces for

Water, Oil, and Surfactant Repellency. Adv. Colloid Interface Sci. 2017, 241, 1–23. [CrossRef]
19. Teisala, H.; Butt, H.-J. Hierarchical Structures for Superhydrophobic and Superoleophobic Surfaces. Langmuir 2019,

35, 10689–10703. [CrossRef]
20. Yan, Y.Y.; Gao, N.; Barthlott, W. Mimicking Natural Superhydrophobic Surfaces and Grasping the Wetting Process: A Review on

Recent Progress in Preparing Superhydrophobic Surfaces. Adv. Colloid Interface Sci. 2011, 169, 80–105. [CrossRef]
21. Barthlott, W.; Neinhuis, C. Purity of the Sacred Lotus, or Escape from Contamination in Biological Surfaces. Planta 1997, 202, 1–8.

[CrossRef]
22. Zhang, P.; Lv, F.Y. A Review of the Recent Advances in Superhydrophobic Surfaces and the Emerging Energy-Related Applications.

Energy 2015, 82, 1068–1087. [CrossRef]
23. Khandelwal, M.; Sharma, C.S. Nature Inspires. Resonance 2021, 26, 1279–1285. [CrossRef]
24. Darmanin, T.; Guittard, F. Superhydrophobic and Superoleophobic Properties in Nature. Mater. Today 2015, 18, 273–285. [CrossRef]

https://doi.org/10.1016/j.ast.2017.12.028
https://doi.org/10.1016/j.isci.2021.103357
https://doi.org/10.1088/1755-1315/214/1/012133
https://doi.org/10.3390/coatings8060208
https://doi.org/10.1175/JAMC-D-12-0213.1
https://doi.org/10.1002/we.1573
https://doi.org/10.1016/j.coldregions.2019.102844
https://doi.org/10.1016/j.coldregions.2012.12.003
https://doi.org/10.1016/j.proenv.2012.01.201
https://doi.org/10.1016/j.polar.2018.08.005
https://doi.org/10.1039/C8TA05692G
https://doi.org/10.1016/j.apsusc.2011.02.057
https://doi.org/10.1007/s00339-015-9525-1
https://doi.org/10.1002/adma.201602480
https://doi.org/10.1038/srep20933
https://doi.org/10.1098/rsif.2016.0300
https://doi.org/10.1016/j.cis.2017.09.003
https://doi.org/10.1016/j.cis.2017.01.004
https://doi.org/10.1021/acs.langmuir.8b03088
https://doi.org/10.1016/j.cis.2011.08.005
https://doi.org/10.1007/s004250050096
https://doi.org/10.1016/j.energy.2015.01.061
https://doi.org/10.1007/s12045-021-1229-6
https://doi.org/10.1016/j.mattod.2015.01.001


Materials 2023, 16, 5151 26 of 30

25. Latthe, S.; Terashima, C.; Nakata, K.; Fujishima, A. Superhydrophobic Surfaces Developed by Mimicking Hierarchical Surface
Morphology of Lotus Leaf. Molecules 2014, 19, 4256–4283. [CrossRef]

26. Lu, H.; Zheng, Y.; Yin, W.; Tao, D.; Pesika, N.; Meng, Y.; Tian, Y. Propulsion Principles of Water Striders in Sculling Forward
through Shadow Method. J. Bionic Eng. 2018, 15, 516–525. [CrossRef]

27. Liu, J.; Zhang, X.; Wang, R.; Long, F.; Zhao, P.; Liu, L. A Mosquito-Eye-like Superhydrophobic Coating with Super Robustness
against Abrasion. Mater. Des. 2021, 203, 109552. [CrossRef]

28. Li, P.; Zhang, B.; Zhao, H.; Zhang, L.; Wang, Z.; Xu, X.; Fu, T.; Wang, X.; Hou, Y.; Fan, Y.; et al. Unidirectional Droplet Transport on
the Biofabricated Butterfly Wing. Langmuir 2018, 34, 12482–12487. [CrossRef]

29. Xu, Q.; Wan, Y.; Hu, T.S.; Liu, T.X.; Tao, D.; Niewiarowski, P.H.; Tian, Y.; Liu, Y.; Dai, L.; Yang, Y.; et. al. Robust self-cleaning and
micromanipulation capabilities of gecko spatulae and their bio-mimics. Nat. Commun. 2015, 6, 8949. [CrossRef]

30. Bhushan, B.; Her, E.K. Fabrication of Superhydrophobic Surfaces with High and Low Adhesion Inspired from Rose Petal.
Langmuir 2010, 26, 8207–8217. [CrossRef]

31. Zorba, V.; Stratakis, E.; Barberoglou, M.; Spanakis, E.; Tzanetakis, P.; Anastasiadis, S.H.; Fotakis, C. Biomimetic Artificial Sur faces
Quantitatively Reproduce the Water Repellency of a Lotus Leaf. Adv. Mater. 2008, 20, 4049–4054. [CrossRef]

32. Young, T. An Essay on the Cohesion of Fluids. Philos. Trans. R. Soc. Lond. 1805, 95, 65–87.
33. Wenzel, R.N. Resistance of Solid Surfaces to Wetting by Water. Ind. Eng. Chem. 1936, 28, 988–994. [CrossRef]
34. Cassie, A.B.D.; Baxter, S. Wettability of Porous Surfaces. Trans. Faraday Soc. 1944, 40, 546. [CrossRef]
35. Shen, Y.; Wu, X.; Tao, J.; Zhu, C.; Lai, Y.; Chen, Z. Icephobic Materials: Fundamentals, Performance Evaluation, and Applications.

Prog. Mater. Sci. 2019, 103, 509–557. [CrossRef]
36. Jiang, L.; Zhao, Y.; Zhai, J. A Lotus-Leaf-like Superhydrophobic Surface: A Porous Microsphere/Nanofiber Composite Film

Prepared by Electrohydrodynamics. Angew. Chem. Int. Ed. 2004, 43, 4338–4341. [CrossRef]
37. Gao, X.; Yan, X.; Yao, X.; Xu, L.; Zhang, K.; Zhang, J.; Yang, B.; Jiang, L. The Dry-Style Antifogging Properties of Mosquito

Compound Eyes and Artificial Analogues Prepared by Soft Lithography. Adv. Mater. 2007, 19, 2213–2217. [CrossRef]
38. Mishchenko, L.; Hatton, B.; Bahadur, V.; Taylor, J.A.; Krupenkin, T.; Aizenberg, J. Design of Ice-Free Nanostructured Surfaces

Based on Repulsion of Impacting Water Droplets. ACS Nano 2010, 4, 7699–7707. [CrossRef]
39. Maitra, T.; Tiwari, M.K.; Antonini, C.; Schoch, P.; Jung, S.; Eberle, P.; Poulikakos, D. On the Nanoengineering of Superhydrophobic

and Impalement Resistant Surface Textures below the Freezing Temperature. Nano Lett. 2014, 14, 172–182. [CrossRef]
40. Pierce, E.; Carmona, F.J.; Amirfazli, A. Understanding of Sliding and Contact Angle Results in Tilted Plate Experiments. Colloids

Surf. A Physicochem. Eng. Asp. 2008, 323, 73–82. [CrossRef]
41. Tourkine, P.; Le Merrer, M.; Quéré, D. Delayed Freezing on Water Repellent Materials. Langmuir 2009, 25, 7214–7216. [CrossRef]

[PubMed]
42. Eberle, P.; Tiwari, M.K.; Maitra, T.; Poulikakos, D. Rational Nanostructuring of Surfaces for Extraordinary Icephobicity. Nanoscale

2014, 6, 4874–4881. [CrossRef] [PubMed]
43. Kulinich, S.A.; Farzaneh, M. Ice Adhesion on Super-Hydrophobic Surfaces. Appl. Surf. Sci. 2009, 255, 8153–8157. [CrossRef]
44. Janjua, Z.A.; Turnbull, B.; Choy, K.-L.; Pandis, C.; Liu, J.; Hou, X.; Choi, K.-S. Performance and Durability Tests of Smart Icephobic

Coatings to Reduce Ice Adhesion. Appl. Surf. Sci. 2017, 407, 555–564. [CrossRef]
45. Shen, Y.; Tao, J.; Tao, H.; Chen, S.; Pan, L.; Wang, T. Anti-Icing Potential of Superhydrophobic Ti6Al4V Surfaces: Ice Nucleation

and Growth. Langmuir 2015, 31, 10799–10806. [CrossRef]
46. Kreder, M.J.; Alvarenga, J.; Kim, P.; Aizenberg, J. Design of Anti-Icing Surfaces: Smooth, Textured or Slippery? Nat. Rev. Mater.

2016, 1, 15003. [CrossRef]
47. Yao, X.; Song, Y.; Jiang, L. Applications of Bio-Inspired Special Wettable Surfaces. Adv. Mater. 2011, 23, 719–734. [CrossRef]
48. Liu, M.; Wang, S.; Jiang, L. Bioinspired Multiscale Surfaces with Special Wettability. MRS Bull. 2013, 38, 375–382. [CrossRef]
49. Jung, Y.C.; Bhushan, B. Dynamic Effects of Bouncing Water Droplets on Superhydrophobic Surfaces. Langmuir 2008, 24, 6262–6269.

[CrossRef]
50. Liu, Y.; Moevius, L.; Xu, X.; Qian, T.; Yeomans, J.M.; Wang, Z. Pancake Bouncing on Superhydrophobic Surfaces. Nat. Phys. 2014,

10, 515–519. [CrossRef]
51. Lv, J.; Song, Y.; Jiang, L.; Wang, J. Bio-Inspired Strategies for Anti-Icing. ACS Nano 2014, 8, 3152–3169. [CrossRef]
52. Jin, S.; Liu, J.; Lv, J.; Wu, S.; Wangs, J. Interfacial Materials for Anti-Icing: Beyond Superhydrophobic Surfaces. Chem. Asian J. 2018,

13, 1406–1414. [CrossRef]
53. Sear, R.P. Nucleation: Theory and Applications to Protein Solutions and Colloidal Suspensions. J. Phys. Condens. Matter 2007,

19, 033101. [CrossRef]
54. Alizadeh, A.; Yamada, M.; Li, R.; Shang, W.; Otta, S.; Zhong, S.; Ge, L.; Dhinojwala, A.; Conway, K.R.; Bahadur, V.; et al. Dynamics

of Ice Nucleation on Water Repellent Surfaces. Langmuir 2012, 28, 3180–3186. [CrossRef]
55. Huang, L.; Liu, Z.; Liu, Y.; Gou, Y.; Wang, L. Effect of Contact Angle on Water Droplet Freezing Process on a Cold Flat Surface.

Exp. Therm. Fluid Sci. 2012, 40, 74–80. [CrossRef]
56. Zhang, Y.; Anim-Danso, E.; Bekele, S.; Dhinojwala, A. Effect of Surface Energy on Freezing Temperature of Water. ACS Appl.

Mater. Interfaces 2016, 8, 17583–17590. [CrossRef]
57. Sarkar, D.K.; Farzaneh, M. Superhydrophobic Coatings with Reduced Ice Adhesion. J. Adhes. Sci. Technol. 2009, 23, 1215–1237.

[CrossRef]

https://doi.org/10.3390/molecules19044256
https://doi.org/10.1007/s42235-018-0042-8
https://doi.org/10.1016/j.matdes.2021.109552
https://doi.org/10.1021/acs.langmuir.8b02550
https://doi.org/10.1038/ncomms9949
https://doi.org/10.1021/la904585j
https://doi.org/10.1002/adma.200800651
https://doi.org/10.1021/ie50320a024
https://doi.org/10.1039/tf9444000546
https://doi.org/10.1016/j.pmatsci.2019.03.004
https://doi.org/10.1002/anie.200460333
https://doi.org/10.1002/adma.200601946
https://doi.org/10.1021/nn102557p
https://doi.org/10.1021/nl4037092
https://doi.org/10.1016/j.colsurfa.2007.09.032
https://doi.org/10.1021/la900929u
https://www.ncbi.nlm.nih.gov/pubmed/19522485
https://doi.org/10.1039/C3NR06644D
https://www.ncbi.nlm.nih.gov/pubmed/24667802
https://doi.org/10.1016/j.apsusc.2009.05.033
https://doi.org/10.1016/j.apsusc.2017.02.206
https://doi.org/10.1021/acs.langmuir.5b02946
https://doi.org/10.1038/natrevmats.2015.3
https://doi.org/10.1002/adma.201002689
https://doi.org/10.1557/mrs.2013.100
https://doi.org/10.1021/la8003504
https://doi.org/10.1038/nphys2980
https://doi.org/10.1021/nn406522n
https://doi.org/10.1002/asia.201800241
https://doi.org/10.1088/0953-8984/19/3/033101
https://doi.org/10.1021/la2045256
https://doi.org/10.1016/j.expthermflusci.2012.02.002
https://doi.org/10.1021/acsami.6b02094
https://doi.org/10.1163/156856109X433964


Materials 2023, 16, 5151 27 of 30

58. Huang, Z.; Li, Y.; Wang, Q.; Wu, G.; Fu, J.; Li, J.; Yan, X.; Yan, Y. Ice Bonding Strength Detection of the Super-Hydrophobic Coating.
In Proceedings of the 2013 Annual Report Conference on Electrical Insulation and Dielectric Phenomena, Chenzhen, China, 20–23
October 2013; pp. 434–437.

59. Zhang, H.Y.; Yang, Y.L.; Pan, J.F.; Long, H.; Huang, L.S.; Zhang, X.K. Compare Study between Icephobicity and Superhydropho-
bicity. Phys. B Condens. Matter 2019, 556, 118–130. [CrossRef]

60. Nosonovsky, M.; Hejazi, V. Why Superhydrophobic Surfaces Are Not Always Icephobic. ACS Nano 2012, 6, 8488–8491. [CrossRef]
61. Kim, S.; Hwang, H.J.; Cho, H.; Choi, D.; Hwang, W. Repeatable Replication Method with Liquid Infiltration to Fabricate Robust,

Flexible, and Transparent, Anti-Reflective Superhydrophobic Polymer Films on a Large Scale. Chem. Eng. J. 2018, 350, 225–232.
[CrossRef]

62. Babu, D.J.; Mail, M.; Barthlott, W.; Schneider, J.J. Superhydrophobic Vertically Aligned Carbon Nanotubes for Biomimetic Air
Retention under Water (Salvinia Effect). Adv. Mater. Interfaces 2017, 4, 1700273. [CrossRef]

63. Chen, X.; Wu, Y.; Su, B.; Wang, J.; Song, Y.; Jiang, L. Terminating Marine Methane Bubbles by Superhydrophobic Sponges. Adv.
Mater. 2012, 24, 5884–5889. [CrossRef] [PubMed]

64. Ahmmed, K.M.T.; Patience, C.; Kietzig, A.-M. Internal and External Flow over Laser-Textured Superhydrophobic Polytetrafluo-
roethylene (PTFE). ACS Appl. Mater. Interfaces 2016, 8, 27411–27419. [CrossRef] [PubMed]

65. Sun, M.; Luo, C.; Xu, L.; Ji, H.; Ouyang, Q.; Yu, D.; Chen, Y. Artificial Lotus Leaf by Nanocasting. Langmuir 2005, 21, 8978–8981.
[CrossRef]

66. Lee, W.; Jin, M.-K.; Yoo, W.-C.; Lee, J.-K. Nanostructuring of a Polymeric Substrate with Well-Defined Nanometer-Scale Topogra-
phy and Tailored Surface Wettability. Langmuir 2004, 20, 7665–7669. [CrossRef]

67. Liu, B.; He, Y.; Fan, Y.; Wang, X. Fabricating Super-Hydrophobic Lotus-Leaf-Like Surfaces through Soft-Lithographic Imprinting.
Macromol. Rapid Commun. 2006, 27, 1859–1864. [CrossRef]

68. Li, X.-M.; Reinhoudt, D.; Crego-Calama, M. What Do We Need for a Superhydrophobic Surface? A Review on the Recent Progress
in the Preparation of Superhydrophobic Surfaces. Chem. Soc. Rev. 2007, 36, 1350. [CrossRef]

69. Guo, C.; Feng, L.; Zhai, J.; Wang, G.; Song, Y.; Jiang, L.; Zhu, D. Large-Area Fabrication of a Nanostructure-Induced Hydrophobic
Surface from a Hydrophilic Polymer. ChemPhysChem 2004, 5, 750–753. [CrossRef]

70. Wu, Y.; Wang, J.; Zhang, D.; Li, L.; Zhu, Y. Preparation and Characterization of Superhydrophobic Surface Based on Polydimethyl-
siloxane (PDMS). J. Adhes. Sci. Technol. 2019, 33, 1870–1881. [CrossRef]

71. Xu, X.H.; Zhang, Z.Z.; Yang, J.; Zhu, X. Study of the Corrosion Resistance and Loading Capacity of Superhydrophobic Meshes
Fabricated by Spraying Method. Colloids Surf. Physicochem. Eng. Asp. 2011, 377, 70–75. [CrossRef]

72. Elzaabalawy, A.; Verberne, P.; Meguid, S.A. Multifunctional Silica–Silicone Nanocomposite with Regenerative Superhydrophobic
Capabilities. ACS Appl. Mater. Interfaces 2019, 11, 42827–42837. [CrossRef]

73. El Dessouky, W.I.; Abbas, R.; Sadik, W.A.; El Demerdash, A.G.M.; Hefnawy, A. Improved Adhesion of Superhydrophobic Layer
on Metal Surfaces via One Step Spraying Method. Arab. J. Chem. 2017, 10, 368–377. [CrossRef]

74. Zhang, M.; Wang, P.; Sun, H.; Wang, Z. Superhydrophobic Surface with Hierarchical Architecture and Bimetallic Composition for
Enhanced Antibacterial Activity. ACS Appl. Mater. Interfaces 2014, 6, 22108–22115. [CrossRef]

75. Cheng, Y.; Lu, S.; Xu, W.; Wen, H.; Wang, J. Fabrication of Superhydrophobic Au–Zn Alloy Surface on a Zinc Substrate for
Roll-down, Self-Cleaning and Anti-Corrosion Properties. J. Mater. Chem. A 2015, 3, 16774–16784. [CrossRef]

76. Yang, Z.; Liu, X.; Tian, Y. Fabrication of Super-Hydrophobic Nickel Film on Copper Substrate with Improved Corrosion Inhibition
by Electrodeposition Process. Colloids Surf. A Physicochem. Eng. Asp. 2019, 560, 205–212. [CrossRef]

77. Li, M.; Zhai, J.; Liu, H.; Song, Y.; Jiang, L.; Zhu, D. Electrochemical Deposition of Conductive Superhydrophobic Zinc Oxide Thin
Films. J. Phys. Chem. B 2003, 107, 9954–9957. [CrossRef]

78. Shirtcliffe, N.J.; McHale, G.; Newton, M.I.; Chabrol, G.; Perry, C.C. Dual-Scale Roughness Produces Unusually Water-Repellent
Surfaces. Adv. Mater. 2004, 16, 1929–1932. [CrossRef]

79. Su, F.; Yao, K. Facile Fabrication of Superhydrophobic Surface with Excellent Mechanical Abrasion and Corrosion Resistance on
Copper Substrate by a Novel Method. ACS Appl. Mater. Interfaces 2014, 6, 8762–8770. [CrossRef]

80. Huang, L.; Lau, S.P.; Yang, H.Y.; Leong, E.S.P.; Yu, S.F.; Prawer, S. Stable Superhydrophobic Surface via Carbon Nanotubes Coated
with a ZnO Thin Film. J. Phys. Chem. B 2005, 109, 7746–7748. [CrossRef]

81. Zimmermann, J.; Reifler, F.A.; Fortunato, G.; Gerhardt, L.-C.; Seeger, S. A Simple, One-Step Approach to Durable and Robust
Superhydrophobic Textiles. Adv. Funct. Mater. 2008, 18, 3662–3669. [CrossRef]

82. Xu, S.; Wang, Q.; Wang, N. Chemical Fabrication Strategies for Achieving Bioinspired Superhydrophobic Surfaces with Micro
and Nanostructures: A Review. Adv. Eng. Mater. 2021, 23, 2001083. [CrossRef]

83. Nadargi, D.; Gurav, J.; Marioni, M.A.; Romer, S.; Matam, S.; Koebel, M.M. Methyltrimethoxysilane (MTMS)-Based Silica–Iron
Oxide Superhydrophobic Nanocomposites. J. Colloid Interface Sci. 2015, 459, 123–126. [CrossRef] [PubMed]

84. Liu, Y.; Wang, X.; Fei, B.; Hu, H.; Lai, C.; Xin, J.H. Bioinspired, Stimuli-Responsive, Multifunctional Superhydrophobic Surface
with Directional Wetting, Adhesion, and Transport of Water. Adv. Funct. Mater. 2015, 25, 5047–5056. [CrossRef]

85. Zhu, M.; Gao, H.; Li, H.; Xu, J.; Chen, Y. A Facile Processing Way of Silica Needle Arrays with Tunable Orientation by Tube
Arrays Fabrication and Etching Method. J. Solid State Chem. 2010, 183, 595–599. [CrossRef]

https://doi.org/10.1016/j.physb.2018.12.014
https://doi.org/10.1021/nn302138r
https://doi.org/10.1016/j.cej.2018.05.184
https://doi.org/10.1002/admi.201700273
https://doi.org/10.1002/adma.201202061
https://www.ncbi.nlm.nih.gov/pubmed/22945667
https://doi.org/10.1021/acsami.6b11239
https://www.ncbi.nlm.nih.gov/pubmed/27649381
https://doi.org/10.1021/la050316q
https://doi.org/10.1021/la049411+
https://doi.org/10.1002/marc.200600492
https://doi.org/10.1039/b602486f
https://doi.org/10.1002/cphc.200400013
https://doi.org/10.1080/01694243.2019.1615742
https://doi.org/10.1016/j.colsurfa.2010.12.024
https://doi.org/10.1021/acsami.9b15445
https://doi.org/10.1016/j.arabjc.2015.12.011
https://doi.org/10.1021/am505490w
https://doi.org/10.1039/C5TA03979G
https://doi.org/10.1016/j.colsurfa.2018.10.024
https://doi.org/10.1021/jp035562u
https://doi.org/10.1002/adma.200400315
https://doi.org/10.1021/am501539b
https://doi.org/10.1021/jp046549s
https://doi.org/10.1002/adfm.200800755
https://doi.org/10.1002/adem.202001083
https://doi.org/10.1016/j.jcis.2015.08.018
https://www.ncbi.nlm.nih.gov/pubmed/26277744
https://doi.org/10.1002/adfm.201501705
https://doi.org/10.1016/j.jssc.2010.01.001


Materials 2023, 16, 5151 28 of 30

86. Sarkar, D.K.; Farzaneh, M.; Paynter, R.W. Superhydrophobic Properties of Ultrathin Rf-Sputtered Teflon Films Coated Etched
Aluminum Surfaces. Mater. Lett. 2008, 62, 1226–1229. [CrossRef]

87. Gong, D.; Long, J.; Fan, P.; Jiang, D.; Zhang, H.; Zhong, M. Thermal Stability of Micro–Nano Structures and Superhydrophobicity
of Polytetrafluoroethylene Films Formed by Hot Embossing via a Picosecond Laser Ablated Template. Appl. Surf. Sci. 2015, 331,
437–443. [CrossRef]

88. Qian, B.; Shen, Z. Fabrication of Superhydrophobic Surfaces by Dislocation-Selective Chemical Etching on Aluminum, Copper,
and Zinc Substrates. Langmuir 2005, 21, 9007–9009. [CrossRef]

89. Tan, J.; Hao, J.; An, Z.; Liu, C. Superhydrophobic Surfaces on Brass Substrates Fabricated via Micro-Etching and a Growth Process.
RSC Adv. 2017, 7, 26145–26152. [CrossRef]

90. Qu, M.; Zhang, B.; Song, S.; Chen, L.; Zhang, J.; Cao, X. Fabrication of Superhydrophobic Surfaces on Engineering Materials by a
Solution-Immersion Process. Adv. Funct. Mater. 2007, 17, 593–596. [CrossRef]

91. Wang, S.; Feng, L.; Jiang, L. One-Step Solution-Immersion Process for the Fabrication of Stable Bionic Superhydrophobic Surfaces.
Adv. Mater. 2006, 18, 767–770. [CrossRef]

92. Yao, X.; Chen, Q.; Xu, L.; Li, Q.; Song, Y.; Gao, X.; Quéré, D.; Jiang, L. Bioinspired Ribbed Nanoneedles with Robust Superhy-
drophobicity. Adv. Funct. Mater. 2010, 20, 656–662. [CrossRef]

93. Guo, Z.; Zhou, F.; Hao, J.; Liu, W. Effects of System Parameters on Making Aluminum Alloy Lotus. J. Colloid Interface Sci. 2006,
303, 298–305. [CrossRef]

94. Li, J.; Zhao, S.; Du, F.; Zhou, Y.; Yu, H. One-Step Fabrication of Superhydrophobic Surfaces with Different Adhesion via Laser
Processing. J. Alloys Compd. 2018, 739, 489–498. [CrossRef]

95. Shen, X.; Yang, L.; Fan, S.; Yang, Q.; Wu, W.; Zhang, B. Colorful and Superhydrophobic Titanium Surfaces Textured by Obliquely
Incident Femtosecond Laser Induced Micro/Nano Structures. Opt. Commun. 2020, 466, 125687. [CrossRef]

96. Wang, F.; Li, C.; Lv, Y.; Du, Y. A Facile Superhydrophobic Surface for Mitigating Ice Accretion. In Proceedings of the 2009 IEEE 9th
International Conference on the Properties and Applications of Dielectric Materials, Harbin, China, 19–23 July 2009; pp. 150–153.

97. Boinovich, L.B.; Emelyanenko, A.M. Anti-Icing Potential of Superhydrophobic Coatings. Mendeleev Commun. 2013, 23, 3–10.
[CrossRef]

98. Guo, C.; Zhang, M.; Hu, J. Icing Delay of Sessile Water Droplets on Superhydrophobic Titanium Alloy Surfaces. Colloids Surf. A
Physicochem. Eng. Asp. 2021, 621, 126587. [CrossRef]

99. Jiang, J.; Lu, G.Y.; Tang, G.H. Inhibition of Surface Ice Nucleation by Combination of Superhydrophobic Coating and Alcohol
Spraying. Int. J. Heat Mass Transf. 2019, 134, 628–633. [CrossRef]

100. Cheng, H.; Yang, G.; Li, D.; Li, M.; Cao, Y.; Fu, Q.; Sun, Y. Ultralow Icing Adhesion of a Superhydrophobic Coating Based on the
Synergistic Effect of Soft and Stiff Particles. Langmuir 2021, 37, 12016–12026. [CrossRef]

101. Wang, Y.; Xue, J.; Wang, Q.; Chen, Q.; Ding, J. Verification of Icephobic/Anti-Icing Properties of a Superhydrophobic Surface.
ACS Appl. Mater. Interfaces 2013, 5, 3370–3381. [CrossRef]

102. Dyett, B.P.; Wu, A.H.; Lamb, R.N. Mechanical Stability of Surface Architecture—Consequences for Superhydrophobicity. ACS
Appl. Mater. Interfaces 2014, 6, 18380–18394. [CrossRef]

103. Zeng, Q.; Zhou, H.; Huang, J.; Guo, Z. Review on the Recent Development of Durable Superhydrophobic Materials for Practical
Applications. Nanoscale 2021, 13, 11734–11764. [CrossRef] [PubMed]

104. Dotan, A.; Dodiuk, H.; Laforte, C.; Kenig, S. The Relationship between Water Wetting and Ice Adhesion. J. Adhes. Sci. Technol.
2009, 23, 1907–1915. [CrossRef]

105. Cao, L.; Jones, A.K.; Sikka, V.K.; Wu, J.; Gao, D. Anti-Icing Superhydrophobic Coatings. Langmuir 2009, 25, 12444–12448.
[CrossRef] [PubMed]

106. Erbil, H.Y. Practical Applications of Superhydrophobic Materials and Coatings: Problems and Perspectives. Langmuir 2020, 36,
2493–2509. [CrossRef] [PubMed]

107. Ruan, M.; Zhan, Y.; Wu, Y.; Wang, X.; Li, W.; Chen, Y.; Wei, M.; Wang, X.; Deng, X. Preparation of PTFE/PDMS Superhydrophobic
Coating and Its Anti-Icing Performance. RSC Adv. 2017, 7, 41339–41344. [CrossRef]
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