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SUMMARY

The accumulation of ice will reduce the performance of the basematerial and lead
to all kinds of damage, even a threat to people’s life safety. Recent increasing
studies suggest that superhydrophobic surfaces (SHSs) originating from nature
can remove impacting and condensing droplets from the surface before freezing
to subzero temperatures, and it can be seen that hydrophobic/SH coating has
good freezing cold resistance. But such anti-icing performances and develop-
ments in practical applications are restricted by various factors. In this paper,
the mechanism and process of surface icing phenomenon are introduced, as
well as how to prevent surface icing on SHS. The development of SH materials
in the aspect of anti-icing in recent years is described, and the existing problems
in the aspect of anti-icing are analyzed, hoping to provide new research ideas and
methods for the research of anti-icing materials.

INTRODUCTION

In the nature, it is well known that surface icing and frosting are very common phenomena. It sometimes

presents us with a kind of visual beauty, such as the unique phenomenon of sprinkling water becoming

ice around Mohe River in northeast China. The sight is that when hot water is sprayed quickly into the air

it forms a beautiful arc. In fact, it is because the temperature is so low that when pouring hot water into

the air, a lot of water vapor condenses directly into ice crystals when it gets cold. In addition, the direct

condensation of water vapor is also related to the local air particles and sufficient contact with the air.

When the hot water poured out is sufficiently dispersed and fully exposed to the air, it will turn into a

fog-like form. And these are interspersed with tiny ice crystals. Thus, the magical scene of water into ice

appears. In addition, the ice may cause damage to road traffic, power transmission, building roofs, aircraft

wings, wind turbines, ships, and other equipment surfaces, which impedes the operation of equipment, re-

duces the use efficiency of equipment and facilities, and even causes huge safety hazards (Azimi Yan-

cheshme et al., 2020; Guo et al., 2020; Latthe et al., 2019; Wei et al., 2019; Yin et al., 2020).Every year, a large

number of safety accidents are caused by surface icing, which not only threatens people’s life safety but

also causes huge economic losses. For instance, the road problems caused by rain and snow lead to greatly

weakened wheel and road friction, which makes the vehicle out of control and results in traffic accidents.

The ice on the pavement also makes it easy for pedestrians to slip and fall (Latthe et al., 2019). In addition,

in 2008, there was a sudden snowfall in the South (in fact, freezing rain meets cooler objects and freezes

quickly), the frost accumulation increased the weight of the wire. Many pylons were destroyed, which

caused an economic loss of more than 16 billion dollars (Azimi Yancheshme et al., 2020; Guo et al.,

2020; Latthe et al., 2019; Pan et al., 2020; Wei et al., 2019; Yin et al., 2020). And when the ice is formed

on the equipment surface, it can not only increase the energy loss but also cause damage to the surface

of the equipment.

The accumulation of ice on the wings of the plane can slow down the plane’s flight speed and even lead to

seriously reduced upward force. The increased weight of the aircraft will block themoving parts, resulting in

the plane to crash (Latthe et al., 2019). Due to the ice on surface and increasing load and stress as well as

vibration and turbulence, it inhibits the best performance of wind turbines and results in wind power equip-

ment shutdown (Azimi Yancheshme et al., 2020). Large amounts of snow, ice, and supercooled water

freezing on the surface of the hull change the center of gravity of vessels and reduce its stability, thus

heightening the possibility of capsizing in Arctic shipping lanes (Azimi Yancheshme et al., 2020). For

another example, in the low temperature environment, microelectronic materials (such as polymer sealant

and chip connection film layer) may condense water vapor absorbed from the surrounding humid
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environment into dew or even frost during transportation and storage, which will cause damage to the elec-

tronic equipment (Azimi Yancheshme et al., 2020). Icing usually affects the surface roughness of wind tur-

bine blades and thus changes their aerodynamic performance. Moreover, it increases the total weight and

load of the blades, causing a large amount of power loss and even the stopping of wind turbines due to the

intervention of ice. In addition, uneven ice formation can lead to unstable blades, which can cause exces-

sive vibration and damage to wind turbines, leading to safety problems and so on (Wei et al., 2019). There-

fore, in the past few decades, scientists have conducted many studies to improve the deicing function per-

formance on the surface, which can be roughly divided into two kinds of main strategy against freezing,

active and passive methods.

Active method is mainly through external energy de-icing. There are many such methods and here is a sim-

ple introduction of several. For example, the principle of electric heating anti-icing is through applying an

electric current by the electric heating element, melting the ice, and reducing the binding force between

the ice and the surface (Ibrahim et al., 2019; Pan et al., 2020). Especially, heating the wire is an effective

method to remove the icing on the transmission line. However, there is a large energy loss and cost,

and this method harnesses the current, which may cause electromagnetic interference to the equipment

(Lv et al., 2014). Hot air anti-icing is commonly used in the anti-icing system of aircraft. The principle is

that electric energy is converted into heat energy by heating resistance, and the heated hot air flow is

sent to the designated position to melt the ice attached on its surface. But this method is energy intensive

and can cause damage to some materials on the plane. In serious cases, the equipment on the plane may

malfunction, causing the plane to crash. Liquid anti-icing, is also known as chemical solution anti-icing. This

method is to spray antifreeze liquid such as ethylene glycol, calcium chloride, and urea on the surface of the

material (Talalay et al., 2019), which can reduce the freezing point of water or make ice melt easily. In winter,

salt is often applied to remove the ice and snow on the road. Because of high solubility in sodium chloride

(NaCl), 75%–90% of added salt is reported to enter roadside environment through runoff or splash. Ground

water may be contaminated by salt solution percolation. In addition, roadside vegetations, as well as water

creatures living alongside the roads, are seriously affected (Lv et al., 2014). Furthermore, certain chemical

solutions are corrosive to metals (Ramakrishna, 2005). The ice on the surface of a material is mechanically

broken and removed, which is defined as mechanical de-icing. It is mainly driven by directly hitting the ice

or using other means such as pneumatic or electric power to drive the machine. This method is usually used

for removing ice from equipments that are easily approached, such as overhead transmission lines and po-

wer networks. This method often requires that people get direct contact with the lines and high towers.

Hence, there is a big security risk. During de-icing, mechanical forces put extra pressure on the network

and in some cases can lead to failures (Lv et al., 2014).

However, these methods are complicated in design and have the disadvantages such as high energy con-

sumption, high application cost, and time consuming. Therefore, it is of great significance to study effective

anti-icing methods. Passive methods, as a strategy to improve active methods, refer to the physical and

chemical methods based on surface modification (Cho et al., 2015). With advances in nanotechnology

and bionics, SHmaterials are considered a suitable anti-icingmaterial due to their special surface structure.

It is hoped that they can better replace traditional active methods in ideal application conditions without

consuming any other energy.

Typically, researchers place droplets on a solid surface with a water contact angle (WCA) greater than 150�

and a sliding angle (SA) less than 5�, known as an SHS. The initial inspiration of SHS comes from the lotus

leaf effect. German botanists Barthlott and Neinhuis (Barthlott and Neinhuis, 1997) revealed the surface

structure of lotus leaves and found that the self-cleaning effect of lotus leaves is due to the micro-nano

structure of its surface. There are micron papillae on the surface of the lotus leaf, and the papillae are

covered with a thin layer of nano-waxy crystals, which can greatly improve the CA of water droplets on

the surface of the lotus leaf and make the water droplets fall easily. Wang et al. (2009a) believed that

another important reason for lotus leaf’s SH effect was the nanoscale structure on the surface of mastoid

process and waxy crystal. Some people have also observed the microscopic characteristics of the surface

of the lotus leaf and found that the surface of the lotus leaf has a random distribution of nearly hemispher-

ical papillae with the size of 5–10 mm and about 150 nm dendritic mastoid, as shown in the Figure 1A. And

the surface of the lotus leaf showed almost completely suspended water droplets (Zorba et al., 2008). In

general, the "lotus effect" refers to the self-cleaning ability of the surface of the lotus leaf. When the water

droplets fall on the lotus leaf, because the SA of the water on SHS is very small, the water droplets cannot
2 iScience 24, 103357, November 19, 2021



Figure 1. SH plants and animals in nature

(A) Nature-inspired nanostructures for special nonwetting states. The lotus leaf surface and its microscopic features. Optical image of a droplet statically

sitting on the surface of lotus leaf. Image reprinted with permission from Zorba et al. (2008).

(B) Water droplet beading on clover; (inset of (B)) a WCA of clover is 152�, showing a good SH property.

(C) Water droplet beading on green Bristlegrass; (inset of (C)) a water CA of green Bristlegrass is 153�, showing a good SH property. Image reprinted with

permission from Liu et al. (2019a).

(D) ESEM images of a Chinese red rose petal with rich surface textures in microscale and shape of a water droplet on the petal’s surface, indicating its

hydrophobicity with a CA of 149.8�. Image reprinted with permission from Chen et al. (2018).

(E) An iridescent blue butterfly. Image reprinted with permission from Zheng et al. (2007).
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Figure 1. Continued

(F) Water surface dimples pressed by six SH legs of a water strider standing on the water surface. Image reprinted with permission from Lu et al. (2018).

(G) Photograph of the Penguin body feather and WCA. Image reprinted with permission from Wang et al. (2016).

(H) The optical image of tendril peanuts in nature; a water droplet floating on the obverse surfaces of tendril peanut leaves. Image reprinted with permission

from Gou and Guo (2018).

(I) The photo of a droplet floating on a lotus leaf and SEM images of the lotus leaf surface taken from the literature. Image reprinted with permission from Yi

et al. (2019).
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stay on the surface of the lotus leaf. The spherical droplets mingled with the dust attach on the surface of

the lotus leaf and tumble down, leaving a clean surface of the lotus leaf. In nature, many plants and animals

have SHS similar to lotus leaf, such as rose petals (Bhushan and Her, 2010; Chen et al., 2018), clover (Liu

et al., 2019a), taro leaves (Chen et al., 2017; Yi et al., 2019), water striders (Gao and Jiang, 2004; Lu et al.,

2018), butterfly wings (Zheng et al., 2007), the penguin body feather (Wang et al., 2016), and so on (Figure 1).

Inspired by different plants and insects, researchers have developed many SHSs. Currently, SHSs are used

not only for self-cleaning (Jeevahan et al., 2018), oil/water separation (Lv et al., 2018), water collection (Tian

andWang, 2018), and anti-corrosion (Sebastian et al., 2018) but also for anti-icing and other applications (Si

et al., 2018). It is found that the SH characteristics of solid surface mainly depend on its low surface energy

and rough microstructure. Hence, the method to obtain the SH characteristics is to modify and fabricate

rough micro surface structure with low surface energy materials on solid surface. In order to construct

this SH structure, the researchers used a number of preparation methods, which can be broadly classified

as top-down or bottom-up. The usual top-down approach refers to the preparation of highly controlled mi-

cro-nanostructures by engraving or machining, with the help of tools and lasers such as photolithography

(Fromel et al., 2020), laser treatment (Li et al., 2019b), plasma treatment (Ryu et al., 2017), anodic oxidation

(Saji, 2020), etc. And the bottom-up approach refers to amaterial addition process or self-assembly process

in which complex surface is formed by adding smaller building blocks of materials by nano- or microfabri-

cation such as sol-gel technology, electrostatic spinning, coating, deposition, and so on (Jeevahan et al.,

2018; Sun and Guo, 2019; Zhang et al., 2020). In conclusion, a suitable roughness on the hydrophobic sur-

face could be created using these techniques and using chemical modification with hydrophobic materials

(Pan et al., 2019; Wang et al., 2020b), such as stearic acid, fluoroalkyl silane, lauric acid, polydimethylsilox-

ane, Teflon, and so on, in order to reduce the surface energies and produce an SHS (Liu et al., 2017; Wang

and Guo, 2019). For example, Qing et al. (Qing et al., 2019) used an ingenious two-step method to fill the

concave microstructure of sandpaper matrix with a layer of fluorinated inorganic/organic film. The combi-

nation of themicro-nano structure and the low surface energy given by fluorinated nanoparticles resulted in

FTPSS (FAS-TiO2/PDMS SH sandpaper surface) with CA of 160.6� and SA of 3.9�. FTPSS retains its hydro-

phobic properties under several chemical and mechanical stresses such as finger wiping, water pressure,

hot water, tape peeling, and sandpaper abrasion. In addition, surface wettability can be controlled effec-

tively by changing mesh size of sandpaper template. Moreover, the sandpaper showed good resistance to

snow and ice after being worn for 50 times and was able to prevent snow and ice from adhering to the sub-

strate (Qing et al., 2019). Feng et al. (Feng et al., 2018) first prepared a layered SH aluminum alloy surface by

one-step impregnation process and then grafted long hydrophobic alkyl chain stearic acid (STA) on the sur-

face, so that a large amount of air was trapped on the surface. The SH aluminum alloy obtained by this

method not only has rough surface but also has two kinds of compound structures inmicron and nanometre

scale.

When water droplets are applied to the surface, the contact area between water droplets and air is

measured to account for about 92.0% of the total area. Compared with the blank aluminum alloy surface,

the freezing time of the SH aluminum alloy surface can be delayed by 5–9 min, and the freezing tempera-

ture can be reduced to 2–4�C. It can be seen that the SHS has a certain anti-icing property (Feng et al.,

2018).

In order to understand the suitability of SH materials in anti-icing, it is necessary to understand the forma-

tion process of ice and the corresponding methods to inhibit the formation and growth of ice, which is of

great significance for the research of new anti-icing methods on solid surface and the improvement of the

application of SHmaterials in anti-icing. Themain content of this paper is the latest progress in the research

of SH material for anti-icing. The formation process of ice on the material surface and the common strate-

gies of SH material for anti-icing are summarized. Firstly, the mechanism of surface icing and the existence

of critical ice core are summarized and discussed. Then it introduces the main characteristics of SHmaterial

for anti-icing, which is mainly divided into three parts. The first part is about being able to clean up surface
4 iScience 24, 103357, November 19, 2021



Figure 2. Schematic illustration of theoretical wetting models

Schematic illustration of a droplet placed onto a flat substrate (A) and rough substrates (B) and (C). Depending on the roughness of the surface, the droplet is

either in the so-called Wenzel regime (B) or in the Cassie–Baxter (C) regime. Image reprinted with permission from Chu and Seeger (2014).
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water droplets in time before freezing, especially the water droplets that collide on the surface and those

that condense on the surface. The second part is about controlling the formation of ice cores on the surface

after freezing, thus prolonging the freezing time. The third part is about reducing ice adhesion and facili-

tating the removal of ice. Then the practical application of some SH materials in anti-icing is briefly intro-

duced, and some existing problems, such as the mechanical stability of SH materials, are introduced, and

then some existing solutions are introduced. Finally, the conclusions and prospects of developing new anti-

icing methods on solid surfaces and improving the application of SH materials in anti-icing are described.

Theoretical basis

Static contact angle

Young’s equation. In 1805, Thomas Young proposed that when the solid, liquid, and gas phases reach

equilibrium on an absolutely smooth and homogeneous ideal surface (Figure 2A), the q0of the drop is

related to the interfacial energies acting between the solid–liquid ðgSLÞ, solid–vapour ðgSV Þ, and liquid–

vapour ðgLV Þ interfaces (Chu and Seeger, 2014):

cosq0 =
gSL � gSV

gLV

(Equation 1)

Young’s equation only represents an ideal surface, and it only applies to the surface with uniform chemical

composition and absolute smoothness. However, in reality, solid surface has uneven chemical composition

and certain roughness. Therefore, two different models, the so-called Wenzel state (Wenzel, 2002) (Fig-

ure 2B) and Cassie–Baxter state (Cassie and Baxter, 1944) (Figure 2C), were developed to explain the wet-

ting behavior on a rough surface (Chu and Seeger, 2014).

The Wenzel model. In 1936, Wenzel proposed the Wenzel model and modified the Young model by

introducing roughness because the actual solid surface was not uniform and had some roughness. Wenzel

model assumes that when liquid comes in contact with the rough solid surface, it can completely fill the

grooves on the rough surface (as shown in Figure 2B). The contact between liquid and the surface of the

surrounding body is in the mode of complete contact. Wenzel model can be expressed as follows:

cosq1 = r
gSL � gSV

gLV

= rcosq0 (Equation 2)

where q1 is the apparent CA of the rough surface, and r is defined as the roughness factor, which is the ratio

of the actual area of the solid surface to the projected area. According to Wenzel model, for a specific

surface, surface roughness has a magnifying effect on the wettability of solid surface: for the hydrophilic

surface, the surface becomesmore hydrophilic with the increase of surface roughness; for hydrophobic sur-

faces, surface roughness increases, and it leads to an increase in hydrophobicity. However, some hydrophil-

ic materials can also produce SHSs through special treatment, which can not be explained by Wenzel the-

ory, and Wenzel model is not applicable when the solid surface is composed of different chemical

substances, indicating that Wenzel theory also has certain limitations (Chu and Seeger, 2014; Yu et al.,

2015).

The Cassie-Baxter model. Cassie and Baxter envisioned the solid surface as a composite surface and

assumed that when liquid came into contact with the rough surface, droplets of liquid could encase air
iScience 24, 103357, November 19, 2021 5
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in the grooves of the composite surface, forming a solid-liquid-gas three-phase interface. In this case, the

contact area of the water droplet consists of two parts, namely, the contact area between the water droplet

and the solid surface, and the contact area between the water droplet and the gas trapped in the groove. In

this way, Cassie model can be expressed as

cosq2 = fSLcosqSL + fLV cosqLV (Equation 3)

where q2 is the apparent CA in the Cassie-Baxter state, fSL and fLV are respectively solid-liquid contact area

fraction and gas-liquid contact area fraction ðfSL + fLV = 1Þ. qSL and qLV represent the CA of solid-liquid and

gas-liquid, respectively.

When the liquid only touches the top of the solid convexity and the air pocket is stuck below the liquid, a

polymorphic plane is formed between the solid and the air, as shown in Figure 1C. In such a polymorphic

surface the air-dependent part of the surface can be considered to be in a nonhumid state. qSL = q0 and

assuming that the CA between the air and the liquid, qLV = 180�, Equation 3 can be converted to

cosq2 = fSLðcosq0 + 1Þ � 1 (Equation 4)

According to Equation 4, when the air in the groove is completely filled with liquid, fSL = 1, Cassie’s equa-

tion is transformed into Wenzel’s equation. At the same time, an SHS with large CA can be obtained by

minimizing the contact fraction of solids (Li et al., 2021).

MECHANISM OF ICE FREEZING

In order to understand how SHSs are ice resistant, it is essential to understand the icing mechanism. Water

freezing is a very common phenomenon in nature. In essence, the freezing of water droplets is a liquid-solid

phase transition, which is triggered by nucleation of the new phase in water droplets and growth into three-

dimensional ice crystals (Sear, 2007). Depending on the ambient temperature, atmospheric pressure, and

formation process, the initial phase of the freezing process can be roughly divided into three types: ice crys-

tals, supercooled water droplets, and ordinary water droplets. The first is solid hydrate in which water vapor

grows on ice cores through a deposition process. The second is a water drop that exists as a liquid below

freezing point (Lin et al., 2018). If the surface temperature is also below 0�C, it promotes the beginning of

sparse dendritic crystal structures, also known as frost, nucleating from a vapor phase via condensation or

sublimation. Taking into account the density of ice and surrounding temperature, three ice regimes can be

recognized: glaze ice—transparent, rime ice—milky-white, and mixed ice (Esmeryan, 2020).

Just as water droplets on a solid surface turn into ice, under atmospheric conditions, the temperature of

water must first drop below 0�C and become supercooled water. From the thermodynamic point of

view, the ice phase is in a stable state. This transition process needs to use supersaturation and/or super-

cooling as driving forces to overcome the existing potential barrier (Li et al., 2021; Varanasi et al., 2009), as

depicted in Figure 3. In the known research, ice formation is a complex phase transition phenomenon, and

nucleation is the most basic and critical step in the process of water ice formation. During nucleation, the

liquid water molecules with higher entropy will be transformed into crystalline solid ice with lower entropy

(Li et al., 2021), and the initial embryo of the crystal will form in the supercooled/supersaturated parent

phase. Whether the crystalline phase can form and the mass of the final crystal depends on the nucleation

process to a great extent (Lin et al., 2018). Nucleation is a process of energy exchange, that is, the rapid

exchange of heat at the solid-liquid interface after the supercooled droplet contacts the solid surface

(Xie et al., 2019). When an ice nucleus reaches or exceeds the critical size in supercooled water, the freezing

process begins, and the ice core grows in the supercooled water and eventually becomes ice in the macro-

scopic sense. The macroscopic formation andmicroscopic growth of ice cores are shown in Figure 3. At the

same time, the formation of ice cores is a random phenomenon, that is, the probability distribution of the

subcooling degree of water during the formation of ice cores is within a certain range. There are two mech-

anisms for the formation of ice nucleation: one is uniform nucleation in the water body, and the other is het-

erogeneous nucleation at the solid-liquid variable interface (it is also called heteronucleation). The

following is a simple analysis of the two existing mechanisms.

HOMOGENEOUS NUCLEATION

Assuming that, under ideal conditions, the ice nucleation process is unaffected by impurity particles or

the outer surface, the probability of forming a critical nucleus is uniform throughout the system, which is

called homogeneous nucleation (as show in Figure 4B). Regarding a drop of water as a system, in a
6 iScience 24, 103357, November 19, 2021



Figure 3. Schematic diagram of mechanism of ice formation (r and rc are the size radius and critical size radius of an embryo, respectively)

Image reprinted with permission from Li et al. (2021).
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supercooled/supersaturated system, first of all, a certain range of water molecules is spontaneously

bonded together by hydrogen bonds because of the thermodynamic driving force. Due to hydrogen

bond interactions, more and more water molecules are connected to each other. By analyzing molecular

dynamics simulations of water freezing, Shen et al. (2019a) showed that water molecules spontaneously

join into many small rings at the junctions of hydrogen bonds. Subsequently, some individual rings are

broken and continuously rearranged, with occasional random occurrences of more stable hydrogen bonds

at different locations. With the extension of time, the polyhedral structure of the tiny crystal nucleus grows

slowly. The droplets slowly changed in shape and size by constantly adjusting the hydrogen bonds around

them and then developed toward amore stable state with a lower energy structure, allowing them to switch

from liquid to solid. The formation of a new interface results in the decrease of the free energy of the sys-

tem, and the accumulation of ice nucleus increases the free energy of the interface between ice nucleus and

liquid water (Gohari et al., 2017; Li and Guo, 2018; Lin et al., 2018). Assuming that the crystal embryo formed

is a sphere with a radius of r, the total change of free energy caused by phase transition can be expressed as

the sum of the reduction of free energy of the volume crystal and the increase of free energy of the surface,

namely

DGHomo = � 4

3
pr3DGv + 4pr2s (Equation 5)

s is the specific surface energy, expressed by the interfacial tension at ice-water interface, and DG is the

free energy change of the system, which conforms to the Gibbs-Helmholtz equation:

DGv =
DHðTm � TÞ

Tm
(Equation 6)

Furthermore, DH= 287MJ=m3 is the water volumetric enthalpy of fusion, andTm = 273K is the ice melting

point under one bar, respectively (Li and Guo, 2018).

From the Figure 4A, under a certain temperature, when reaching maximum DG, r = rc, where rc is the critical

nucleation radius, the rc is the critical radius for short. The critical radius rc can be obtained by calculating

the extremum, assuming that
dDG�

Homo

dr = 0. The results are represented by

rc = � 2s

DGv
(Equation 7)
iScience 24, 103357, November 19, 2021 7



Figure 4. Schematics illustrating important aspects ofnucleation

(A) Homogeneous nucleation. Plot of DG versus embryo radius (r), showing that beyond a critical value, rc, the growth of

the ice embryo is energetically favorable (homogeneous nucleation). The inset image is a schematic of an ice embryo of

critical size.

(B) Nucleation. Schematic depicting the regions within a water droplet where ice can nucleate and potential influences

(e.g., evaporation). Image reprinted with permission from Schutzius et al. (2015).
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DG�
Homo =

16ps3

3DG2
v

(Equation 8)

DG�
Homo is the so-called nucleation barrier.

When establishing Equations 6 and 7, rc can be expressed as

rc = � 2sTm=½DHðTm �TÞ� (Equation 9)

This critical size varies with the varying degree of supercooling. The greater the subcooling degree, the

smaller the critical radius r*. In consequence, both the probability of ice nucleus formation and the number

of ice nucleus increase.

It has been reported that SHSs delay the freezing time of ice on the surface, so it is necessary to discuss the

nucleation rate. The uniform nucleation rate can be calculated by the following formula:

JHomo = K,N,exp

�
� DG

kBT

�
(Equation 10)

In this formula, K is the kinetic prefactor for the stable attraction between free water molecules transferred

to ice embryo,N is the volume-based quantity density of water molecules in liquid parent phase, and kB and

T represent the Boltzmann constant and ambient temperature of the droplet, and DG = DG�
Homo +DGact is

the sum of critical Gibbs free energy barrier and activation energy barrier. TheDG�
Homo is the main factor.

The nucleation rate J increases with the decrease of temperature (Niu et al., 2019).
HETEROGENEOUS NUCLEATION

In most actual ice forming processes, the aforementioned homogeneous nucleation occurs very rarely.

Nucleation is often promoted due to the presence of airborne contaminants and foreign matter on the

walls of the container, such as foreign matter particles or substrates. In addition, the solid surface can

also reduce the nucleation energy barrier. The presence of a foreign body usually reduces the free energy

of the interface (or surface), thus reducing the nucleation barrier (Zhang and Liu, 2018). Therefore, nucle-

ation occurs tremendously near or on foreign bodies, which is a process known as heteronucleation (as

show in Figure 4B).

The icing process on a certain surface could be considered as a phase transition. The whole process would

certainly be affected by the WCA. The phase transition causes the decrease of Gibbs free energy (Wang

et al., 2019b). Because there are other things in the droplet, such as foreign bodies or nucleating agents,

which reduce the critical thermodynamic nucleation barrier to accelerate the formation of the critical ice

nucleus, the free energy barrier of heterogeneous nucleation is lower than that of uniform ice nucleation.

The formula can well express the relationship between the two:

DG�
Heter = DG�

Homofr; q (Equation 11)
8 iScience 24, 103357, November 19, 2021
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fr; q =
ð2+ cosqÞð1� cosqÞ2

4
(Equation 12)

DG�
Heter is the homogeneous nucleation barrier, and the parameter fr; q is a function of the static CA (q) for

water droplet and surface roughness radius of curvature (r). The value of f varies from 0 to 1 (Wang and Guo,

2019). When the value of f is 1, the energy required for a completely nonwet surface (q = 180�) is equal to
that of a uniform surface.

In addition, f can be replaced by another expression, which elaborates the specific meaning and applica-

tion of r, r*, and m.
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(Equation 13)

In this case, x = r=r�, u = ð1+ x2 � 2xmÞ12,m= cosq: u is the CA at ice-water interface, and x denotes the ef-

fect of surface roughness radius of curvature on f when m is constant (Li and Guo, 2018). By studying the

influence of different solid surfaces on ice heterogeneous nucleation, Eberle et al. (2014) found that the sur-

face with air layer structure could delay ice freezing. Because of the micro-nano layered structure on the

concave and convex solid surface, the size of r also has a great influence on f (Li and Guo, 2018).

As for the nucleation, it was first proposed more than 100 years ago by the American scientist Robert

Gibbs. Through simple macroscopic energy analysis, he proposed that the formation of ice crystals

must go through a stage of critical ice nucleus formation. If the critical ice nucleus did not form, this

ice crystal could not be formed. "Classical nucleation theory" holds that phase transitions such as water

freezing go through a nucleation process. That is, when supercooled water forms ice embryos, phase

transformation will occur spontaneously only when the ice embryos formed reach the critical size, i.e.

the critical ice nucleus. However, because the critical ice nuclei formation time is very short and the

size of the critical ice nuclei is usually in the subnanometer scale, ordinary microscopes cannot observe

(Luo et al., 2020). In recent decades, with the development of microscopic detection technology, many

corollaries of classical nucleation theory have been confirmed. Whereas, some results beyond their ex-

pectations have also been found. In particular, the existence of the core concept of nucleation, critical

nucleus, has not been provided with direct experimental evidence, thus hindering the further under-

standing of the important physical phenomenon of phase nucleation in nature. It even causes doubts

about the practicality of the concept of critical nucleus at the micro level for macro-reasoning. To be spe-

cific, water freezing phase transition is attributed to the special complexity of water molecules and is

closely related to our life. People have been looking forward to detecting critical ice nuclei for a long

time. However, after many efforts, it has not been able to give clear results, which has become an

outstanding basic problem in this field.

Wang et al. (Bai et al., 2019) creatively used GO nanoparticles with controllable size to detect the size matching

signals of ice nucleation and nanoparticles, thereby detecting the presence and characteristics of microscopic

transient critical nuclei. By studying the relationship between nanoparticle size and the ability of ice crystals to

nucleate, the researchers found that ice nucleation was only promoted effectively when the nanoparticle size

was larger than a certain critical value, whereas smaller nanoparticles hardly helped ice nucleation (Figure 5).

Moreover, the size threshold phenomenon of nanoparticle size in promoting ice nucleation ability is common,

which is inversely proportional to the supercooling temperature, and almost does not depend on the character-

istics such as the structure type of nanoparticle. The experimental results are consistentwith the prediction of the

critical nucleus and free energy in the classical nucleation theory. The existence of the critical nucleus and the

dependence of its size and supercooling temperature in the water freezing process have been experimentally

confirmed for the first time. This study effectively clarified the widespread doubts in recent decades about

the validity of "classical nucleation theory" in describing critical nuclear characteristics on the atomic scale

and deepened the understanding of the microscopic mechanism of water freezing, as an important phase tran-

sition phenomenon. This work is of great significance to water freezing mechanism, phase transition phenome-

non, andmacroscopic andmicroscopic relations in statistical physics. At the same time, the strategy of detecting

critical ice core can also be applied to the detection of critical nucleus in other phase nucleation processes, so as

to improve the understandingof thewholephase nucleation field. In addition, the results show that the design of

a patterned surface with the same size as the critical ice nucleus can effectively control the formation of ice crys-

tals, which provides a new idea for the design of anti-icing coating.
iScience 24, 103357, November 19, 2021 9



Figure 5. Transitions in nucleation activity of different nanosheet ice and mutations in free energy barrier of nucleation of GO nanosheet ice

(A) Schematic diagram of water droplets containing GO nanosheets or of water droplets deposited on substrates anchored with GO nanosheets, and the

corresponding AFM image of GO.

(B) The functional diagram of DG�
DG�

het
and L

2Rc
.

(C) Schematic diagram of the shape of the critical ice nucleus. Image reprinted with permission from (Bai et al., 2019).
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SH ANTI-ICING MATERIAL

SH materials are regarded as one of the most promising materials for anti-icing applications because of

their unique ability to repel or reduce contact with water droplets due to their micro-nano structure on

the surface. By coating the surface with low surface energy materials to construct hydrophobic structures,

or by chemical modification to hydrophobic structures, more materials can obtain superhydrophobicity

(Dalawai et al., 2020; Qi et al., 2019; Wang et al., 2013). Based on many previous studies and reports, re-

searches on the application of SH materials for anti-icing mainly focus on three aspects. The anti-freezing

properties of SH materials are discussed in the following sections.
REMOVING SURFACE WATER DROPLETS BEFORE FREEZING

Since the discovery of the superhydrophobicity of lotus leaf (Jiang et al., 2004), rose petals (Bhushan and

Her, 2010), and other petals, many researchers have imitated them to prepare SH materials with micro-

and/or nano-scale textures on the surface. Quéré et al. proved for the first time that SHS has practical sig-

nificance for anti-icing (Lv et al., 2014). It has a high WCA (>150�) and low CA hysteresis (CAH), and the

microstructure of the surface texture contains concave angles (also known as protrusions or mushrooming

structures). It is precisely because of this microstructure that air is trapped in the surface texture, resulting in

negative Laplace differential pressure, which prevents the transition from the Cassie state to Wenzel state

(Kreder et al., 2016) and causes the droplets on the surface to stay in the nonwetting Cassie-Baxter state

(Cassie and Baxter, 1944; Shen et al., 2015b). When the impinging water drops fall on the SHS, the water

droplets can contract on the SHS and bounce back to a certain height due to the extremely low CAH (Ri-

chard et al., 2002). Therefore, it is possible for droplets to be removed in a timely manner before/during the

freezing on the SHS (Gauthier et al., 2015). In practice, water droplets hit the surface at various angles from

different heights and with the corresponding kinetic energy. When such droplets hit the SHS, they imme-

diately expand, then reach maximum deformation and contract, and finally bounce off the SHS. This pro-

cess is shown in Figure 6.

Are SHSs ice resistant? First, its dynamic water repellency can be tested. Dynamic water repellency is

considered as the first element for an anti-icing material because it reflects the ability to repel the incoming

supercooled droplets. The dynamic water repellency performance was evaluated mainly by the contact

time and contact process of the impacting droplet on the sample surface (Shen et al., 2019b). The contact

time between the droplet and the surface determines the mass, momentum, and energy exchange be-

tween the solid and the liquid. Thus, reduced collision time can be beneficial in some applications, such
10 iScience 24, 103357, November 19, 2021



Figure 6. The primary ridge macrotextures and the Impact process of a water droplet on the sample surface

(A–D) The primary ridge macrotextures and morphologies on the sample surface.

(A) The impact water droplet on the SHS with the macrotexture.

(B) The field emission scanning electron microscopy (FE-SEM) image (3200) of the SHS.

(C) The schematic diagram of the equilateral triangle cylinder on the SHS.

(D) The FE-SEM image (32000) of the SHS.

(E–F) Impact process of impinging water droplets on SHS.

(E) Schematic process of the movement process of the impacting water droplets on the SHS.

(F) Images recording the moving process captured via high-speed video; insets are the field emission scanning electron

microscopy (FE-SEM) image of the SHS and the static image of a water droplet deposited on the surface. Image reprinted

with permission from Shen et al. (2015b).
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as anti-icing and anti-fogging. Droplet dynamics can be studied by using various dimensionless parame-

ters (Yan et al., 2019b). For water droplets hitting the surface of lotus leaves, T. Schutzius et al. believe

that the impact of water droplets can be characterized by the Weber number, which can be described

by the following equation (Schutzius et al., 2015):

We =
rlU

2D

glv

(Equation 14)
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where rl is the density of the droplet, U is the velocity of impacting droplet, D is the diameter of the initial

droplet, and glv is the surface tension of the water-air interface.

Li et al. (2020) used laser expansion technology and chemical growth method to prepare ZnO nanorods

micro/nano structure (Figure 7A), they observed the typical behavior of droplets striking the nanostruc-

ture/stratification (NS/HS) surfaces (such as NS-3 and HS-3 (Figure 7B) with different hydrophobic degrees

at the different We values (Figures 7C and 7F). It is found that at the smaller We, the droplet underwent

axisymmetric evolution, that is, diffusion, contraction, and oscillation after rebound, rather than adhesion

to the droplet. In addition, they found that the rebounded droplets spread out a short distance in the radial

direction before retracting inward, making the droplets stay in contact with the surface for a relatively long

time. However, with the increase of the We, the rapid impact of the droplet causes its elongation stage to

become unstable and oscillating, and its shape changes irregularly. The droplet deformation on the surface

of NS-3 and HS-3 is similar. For a higher We, the deformation and oscillation of HS-3 is much calmer (Fig-

ures 7D and 7E). It is found that for the SHS with similar surface roughness, the work done by CAH is domi-

nant. The smaller the CAH, the shorter the contact time. For NS surface, the CAH plays a leading role

because the upward energy storage is not obvious. For HS surface, the interaction between the CAH

and upward energy storage significantly shortened the contact time. Under different We, the variation

of contact time is caused by the dynamic wetting state. The morphologic evolution of the elastic-droplet

with We is dominated by the large vertical upward kinetic energy generated. It can be seen that the

textured surface with low CAH and high energy storage is conducive to the rapid retreat of springback wa-

ter droplets from the nonwet surface (Li et al., 2020).

Khanzadeh Borjak et al. (2020) used a high-speed camera to study the bouncing process of water droplets

on a cylinder of SH glass (Figures 8A and 8B). In the experiment of SHS, it was found that by slowing down

the lens when the Weber number varied between 27 and 161, the droplet with low Weber number would

rebound when hitting the surface. During the bounce, the droplet spreads and contracts and falls off the

surface. As theWeber number increases, the rebound regime becomes the splash-rebound regime. As can

be seen from Figures 8C–8F, with the increase of Weber number, not only the number of secondary drop-

lets but also the spreading diameter factor (the spreading diameter of the droplet in the azimuthal direc-

tion to the diameter of the primary droplet) of droplets on the surface of SH cylindrical glass increase

significantly.

As for the asymmetric deformation of water droplets in the bouncing process, Tong et al. (2018) believed

that it was caused by the interaction friction between the droplets and the surface, the gravity of the drop-

lets, and other factors. In addition, he used the Ohnesorge number (Mundo et al., 1995) to explain the

rebound dynamics of water droplets on the SHS. The formula is as follows:

Oh =
mffiffiffiffiffiffiffiffiffi
rsD

p (Equation 15)

r, m, s, and D are the liquid density, viscosity, surface tension, and diameter of the impinging droplet,

respectively. The rebound process needs to overcome the droplet’s surface tension and self-weight. In

the rebound process, r, m, and s are defined as fixed values due to the rebound dynamics between the

SHS and the water drop interface. Therefore, the Ohnesorge number is mainly affected by the diameter

of the impinged droplet. With the increase of the droplet size, theOhnesorge number decreases. However,

the small Ohnesorge number indicates that even at horizontal SHSs, the droplets rebound at lower heights

(Tong et al., 2018).

Shen et al. (2019b) has prepared a high-performance SH fluorinated silica (F-SiO2)@ polydimethylsiloxane

(PDMS) coating by simple spraying process. The wettability of untreated (1) and treated (4) silica particles is

shown in Figure 9A. When each is added separately to water, the treated silica particles are almost impos-

sible to disperse into the water and instead float on the surface. As can be seen in Figures 9B and 9C, sur-

faces modified by silica become rough. This not only proves that they are hydrophobic but also demon-

strates the successful modification of silica nanoparticles (Wu et al., 2018b). When an appropriate

number of F-SiO2 nanoparticles were added to the substrate of PDMS coating, the WCA on the coating

was as high as 155.3�, and the CAH decreased to 2� as shown in Figure 9D (2). The resulting microstructure

was almost able to well support the water droplets and make them have good water-resistance perfor-

mance. This phenomenon can be explained by the Cassie-Baxter wetting model (Cassie and Baxter,

1944). In addition, Shen evaluates the dynamic water-repellency capacity of the SH coating by using two
12 iScience 24, 103357, November 19, 2021



Figure 7. The impact dynamics of a droplet on two types of surfaces

(A) Fabrication process of A micro-nanohierarchy: A micro-nanohierarchy was fabricated using the laser swelling technique and chemical growth of ZnO

nanorods successively.

(B) Scanning electronmicroscopy (SEM) images of prepared surfaces: NS-1, NS-2, NS-3, andNS-4 are nanostructures fabricated by chemical growth, and HS-

1, HS-2, HS-3, and HS-4 are micro-nanohierarchies built by a combination of laser swelling and chemical growth. The chemical growth times for both cases

are 20, 30, 40, and 50 min, respectively. The insets show partial magnification. Image reprinted with permission from Li et al. (2019a).

(C) Selected moments for droplets impacting on NS-3 and HS-3. The moments include upon contact, maximum spreading, elongation initiation (starts from

crown formation), and detach from the surface. In all cases, D0 = 2.12 mm and We = 60.

(D and E) Time series of impacting droplets at different velocities. Selected moments for droplets impacting NS-3 and HS-3. Variations in contact time,

spread, retract time, and elongate time withWe for NS-3 and HS-3. For NS-3, a small steplike variation in the contact time appears at aWe of 36. However, for

HS-3, the contact time depends on the We; it decreases continuously and more remarkably with the We.

(F) Schematic of contact interfaces of impact droplets with different velocities on structured surfaces. Image reprinted with permission from Li et al. (2020).
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Figure 8. The impact process of water droplets on superhydrophobic cylindrical glasses

(A) Surface morphology of SH cylindrical glass. After heat treatment, nanoparticles of TiO2 on the sample with SH feature after silanization.

(B) Diagram of the We-D*, outcome regimes of the water droplet impact on SH cylindrical surfaces.

(C–F) Deformation of droplet rebound on an SH cylinder under different weber numbers. (C)We = 27, one secondary droplets after the rebound. (D)We = 54,

two secondary droplets after the rebound. (E) We = 81, four secondary droplets after the rebound. (F) Splash-rebound: SH cylindrical sample, We = 161.

Image reprinted with permission from Khanzadeh Borjak et al. (2020).

ll
OPEN ACCESS

iScience
Review
dimensionless parameters, Weber number and Reynolds number. The definition of Reynolds number is as

follows:

Re =
rlDU

m
(Equation 16)

In this formula, the parameters are consistent with the definition of the Weber number except that m is the

viscosity of the liquid. When the droplet with a radius of 1 mm hits the surface at a speed of 1 ms$s�1, it can

be calculated that We and Re are about 27.8 and 2,234.9, respectively. On the SH F-SiO2@PDMS coating

surface, the impingent droplets rapidly diffused (only 2.4 ms) and fully rebounded, with a retracting time of

7.8 ms. Therefore, the total contact time from contact to disengagement of the impinged droplets is

10.2 ms (Figure 9E). The impacting droplets can bounce off the SH F-SiO2@PDMS coating surface even

at the lower temperatures of �5�C and �10�C, powerfully demonstrating excellent dynamic water repel-

lency at low temperatures (Figures 9F and 9G) (Shen et al., 2019b).

Wang et al. (2019a) found that when a droplet hit an SHS, the kinetic energy of the droplet’s impact was

transferred to the surface energy, enabling the droplet to completely rebound from the surface. The

droplet remains spherical after the first impact, then bounces back and forth in free fall before sliding

off the surface or remaining spherical. Wang used the same SHS to squeeze the water droplets on the sur-

face. The droplets on the SHS only changed from spherical to ellipsoid without wetting the surface. When

the SHS was removed, the water droplets returned to spherical again. It can be seen that the droplet pre-

sents Cassie state (Cassie and Baxter, 1944) on the SH solid surface, rather thanWenzel state in wet contact

model (Wang et al., 2019a).

So far, research on SHS has found that there have been a lot of SHS s with different materials. However, can

the same situation be found on the surface of SH materials with different structures?

Chu et al. (2020) took advantage of graphene-based micro-nano fractional structural membranes modified

by FDTS (1H, 1H, 2H, 2H-perfluorodecyl trichlorosilane) to study the bounce of droplets on the surface.

Compared with the four films (Figure 10A) with different structures (Figure 10B), which are FDTS-modified

rGO smooth film (S-FGF), FDTS-modified rGO film with nano-SiO2 particles decoration (N-FSGF), FDTS-

modified microstructured rGO wrinkled film (M-FGF), and micro-nano hierarchical structure SiO2/rGO

film (MN-FSGF), the WCA of MN-FSG is 152.1�, and the SA of MN-FSG is 2.3� (Figures 10D and 10F).

The surface shows good SH properties, which conforms to the Cassie-Baxter equation (Cassie and Baxter,

1944).

Moreover, it is found that under the conditions of low Weber number (We = 27.4) (Lagubeau et al., 2012),

ambient temperature�10�C, and 50G 5% relative humidity, 4.2 mL water droplets fall in free from a height

of 50 mm above the surface. The water drop hits the surface, spreads to the maximum, and experiences

repulsion and rebound (Figure 10C). Compared with the films with four different structures, the maximum

rebound height of water droplets on the surface of MN-FSGF film can reach 6.6 mm, which has excellent

waterproof performance. This is due to the work done by the adhesive force between the solid surface

and the liquid. In addition, by exploring the influence of different heights on MN-FSGF in the dynamic pro-

cess of droplets (Figure 10E), it is found that droplets of different heights can rebound on the surface, and

the kinetic energy of droplets increases with the increase of the initial height of droplets. Therefore, the

maximum spreading diameter of droplets also increases. In addition, by analyzing the freezing process

of liquid droplets of the same volume on four different film surfaces in Figure 10G and the histogram of

freezing delay time in Figure 10H, it can be found that MN-FSGF has better anti-icing performance. In addi-

tion, the temperature-sensitive resistance of themicro-nano graded structure membrane enables it to have

low-temperature, self-sensing ability, which can sense the influence of water drops (5�C) and detect water

drops of different height and size at �10�C. This is of great significance in the field of ice monitoring and

real-time de-icing (Chu et al., 2020).
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Figure 9. The impact process of water droplets on a kind of high-performance SH F-SiO2@PDMS coatings

(A) Photographs of water droplets on (1) raw SiO2 and raw SiO2 dispersed in water (2) and ethanol (3). Photographs of water droplets on (4) F-SiO2 and F-SiO2

nanoparticles dispersed in water (5) and ethanol (6). Image reprinted with permission from Wu et al. (2018b).

(B) AFM 3D surface topography of the SH F-SiO2@PDMS coatings.

(C) SEM images of SH F-SiO2@PDMS coatings, and inset is the high-resolution image.

(D) The photographs of 8 mL water droplets on (1) PDMS coatings and (2) SH F-SiO2@PDMS coatings. Insets are 4 mL droplets for measuring CA and CAH.

(E) Time-lapse photographs of 4 mL water droplets impacting on bare aluminum (S1), PDMS coatings (S2), and SH F-SiO2@PDMS coatings (S3) at room

temperature.
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Figure 9. Continued

(F) The dimensionless parameter of spreading factor (D*= D/D0, whereD0 is the original diameter of droplet, andD is the diameter of droplet in contact area

with the surface) versus time after the droplet touched the surface.

(G) Time-lapse photographs of 4 mL water droplets impacting on (S2) PDMS coatings and (S3) SH F-SiO2@PDMS coatings at �5�C and �10�C. Image

reprinted with permission from Shen et al. (2019b).
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Wang et al. (2021a) prepared the SHS of silicone rubber by means of a simple direct replication and

compression molding process (Figures 11A). The surface has holes of varying sizes (as show in Figures

11B and 11C). The WCA was 158.5G 0.5� and the rolling angle was 8.9G 0.1�. As can be seen from Figures

11D and 11E, the water droplets on the surface of silicone rubber are spherical, and the water droplets can

be moved easily. A high-speed camera showed that water would bounce off the SHS of the silicone rubber

(Figures 11F). When the droplet falls perpendicular to the surface, there is no negative correlation between

the droplet contact time on the surface and the droplet falling height. However, when the droplet falls into

the SHS at an angle of 30� in the horizontal plane, the bouncing times and rolling time are negatively corre-

lated with the falling height (as show in Figures 11G and 11H) (Wang et al., 2021a). This is beneficial to the

preparation of self-cleaning SH-moulded silicone rubber products.

Khadak et al. (2020) combined a polymer-based coating with a silica topcoat with the prepared carbon-fi-

ber-reinforced composite to obtain a layered SH-coated carbon-fiber-reinforced material. In coating tests,

its WCA was stable and durable. The maximum WCA of the material was 163�, showing strong static non-

wettability and excellent dynamic water repellent, forcing water droplets to bounce off the surface in less

than a second. It can roll water droplets on the surface by tilting, blowing, or mechanical vibration and can

even easily remove ice that forms on the surface (Subeshan et al., 2020).

According to the above examples and analysis, because of low liquid-solid adhesion, the droplet can

completely rebound when hitting the SHS. Therefore, the SHS has a certain ability to prevent the impinging

water droplets from freezing on the surface. The rebound behavior of the droplet on the SHS is directly

related to the ice resistance, because it determines the contact time and contact area of the liquid-solid

interface. However, with the exception of water droplets struck by a surface, water vapor condenses rapidly

in wetter environments by contacting with a cooler solid surface and condenses into water droplets. For this

type of water droplets, what is the self-cleaning ability of the SHS?

Although the water droplets condensed on the surface do not have the same initial kinetic energy as the

water droplets impinged on it, as an SHS, there is a large amount of air trapped between the micro and

nano surface structures. When the condensate is formed on the SHS, the small radius of the synaptic tip

makes the droplet have a larger CA with the surface and a smaller CAH, so that the contact area between

the droplet and the surface is minimized (Ensikat et al., 2011; Qi et al., 2020b). The interaction between wa-

ter droplets and the surface is weak, and the water droplets remain spherical (Vandadi et al., 2019). More-

over, air can effectively act as a thermal barrier between the SHS and the water droplets, so that the water

droplets on the SHS remain in the Cassie-Baxter state (Barthwal and Lim, 2019; Cassie and Baxter, 1944). In

this way, the water droplets are easily pushed off the surface by external forces, thus preventing them from

freezing. Back in 2013, Boreyko discovered that droplets of agglutinate jump on their own on SHS (Boreyko

and Collier, 2013). Barthwal (Barthwal and Lim, 2019) found that this jumping motion is caused by two or

more droplets coming together in contact and then jumping off the SHS as the droplets release excess sur-

face energy on the low-adhesion SHS (Figure 12). Barthwal compared the SH dual-shapemicro-/nanostruc-

tured (MN-) Al surface, bare Al surface, and silicone oil-infused PDMS coating (SLIPS) on theMN-structured

Al substrate and observed the vapor condensation processes on the three surfaces under the same condi-

tions (0�C). It is found that the size and coverage of water droplets on the SHS are much smaller than those

on other surfaces, and the droplets still remain spherical. This is due to the SHS of this micro/nano dual

structure, which generates a large amount of air between the micron and nano structures. This greatly in-

creases the gas-liquid interface, prevents condensed water droplets from penetrating into the cavity, and

maintains the Cassie state (Cassie and Baxter, 1944). In addition, when the ambient temperature is �5�C,
with the passage of time, in the central region area of the SHS, tiny droplets gather to form microdroplets,

which almost remain in the liquid state. The droplet’s automatic migration reduces the size and surface

coverage of the condensation droplets, thus delaying the time of surface freezing or frosting. However,

when the ambient humidity increases or the substrate surface temperature decreases, not all the droplets

condensed on the SHS s will migrate or even jump, and the water droplets on the surface will be in theWen-

zel state of high adhesion (Miljkovic et al., 2013).
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Figure 10. The wettability of four different structures and the dynamic impact process of droplets

(A) Schematic illustrations of preparing four films with different structures. The first is rGO synovium S-FGF; the second method is to use FDTS to modify the

rGO film to get M-FGF; the thirdmethod is to use FDTS tomodify SiO2/rGO films to obtain N-FGF; the fourth is to use FDTS tomodify SiO2/rGOwrinkled film

to obtain MN-FGF.

(B) SEM images of four different structures. (1–2): the detailed morphology of S-FGF and M-FGF, respectively. (3): highly magnified SEM images of 2. (4–5):

the detailed morphology of N-FSGF and MN-FSGF, respectively. (6): highly magnified images of 5.

(C) The dynamic impact process of water droplets on the four films at temperatures of �10�C and RH of 50 G 5%.

(D) The WCA of the four films at different temperatures from +20 to �20�C.
(E) Dynamic process of water droplets impact on the MN-FSGF from different heights at temperature of �10�C and RH of 50 G 5%.

(F) The SA of the four films at 20�C and �20�C.
(G) The freezing process of 7 mL water droplets on four surfaces and the delay of freezing at �10�C.
(H) The column diagram of delayed icing time after multiple icing experiments on four surfaces. Image reprinted with permission from Chu et al. (2020).
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In order to realize the self-hopping phenomenon of small-scale condensed droplets, the SHS structure

must meet three criteria (Gong et al., 2017). First, the spacing between the convex pillars on the surface

should be as small as possible, such as micro-nano scale, to avoid water penetration (Mouterde et al.,

2017). Second, the tip size should be as small as possible to minimize interface adhesion. Third, the convex
18 iScience 24, 103357, November 19, 2021



Figure 11. The impact process of water droplets on the SHS of silicone rubber

(A) Flow chart of preparation of SHS.

(B) SEM image of silicon rubber surface.

(C) 3D morphology of silicone rubber surface.
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Figure 11. Continued

(D) Different volume of water droplets in contact with the surface of sample A (the silicon rubber with special surface structure prepared by the direct copy

method) of the picture.

(E) The whole process of contact, deformation, and departure of the droplet from the surface of sample A.

(F) 1, 2, and 3 are the movement process of droplets falling to the surface of sample A from the height of 5 mm, 5.5 mm, and 8 mm, respectively.

(G) Bar chart of falling height, maximum spreading diameter, contact time, and maximum bouncing height of sample A.

(H) I, II, and III represent the drop height 7, 5, and 3 mm, respectively, the movement of the droplet from contact with the sample A to leave; Ⅳ,Ⅴ and Ⅵ

represent the drop height 7, 5, and 3 mm respectively, the movement of the droplet from contact with the sample B (the original silicon rubber) to leave.

Image reprinted with permission from Wang et al. (2021a).
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pillar on the surface has a certain height or depth to prevent the droplet bridging fracture (Xing et al., 2020).

In addition, droplet jumping behavior depends on multiple droplet merging, so at least one adjacent

droplet must be present (Yan et al., 2019a). Yan et al. (2020) found that the Laplacian pressure difference

caused by the SHS structure was a potential driving force for droplet jumping. Although the self-removal

of condensed droplets on SHS is energy saving, its efficiency depends on the growth rate and coalescence

frequency of condensed droplets. Generally speaking, the faster the growth rate and themore frequent the

aggregation, the higher the self-removal efficiency of the condensed droplets. Inspired by the special hy-

drophilic/hydrophobic structure on a beetle’s elytra, He et al. (2013) prepared a layered micro/nano-pore

structure on the surface of aluminum by the method of micro-contact printing and chemical bath deposi-

tion and modified the surface with polyvinyl alcohol (PVA). Water vapor condenses into droplets mainly in

micropores arranged in a hydrophilic polymer modification. Because of the layered surface nanopores, the

aggregated droplets on the surface are in a stable Cassie state (Cassie and Baxter, 1944; Lafuma and

Quere, 2003). When the PVA is adsorbed in the micropores, the condensed droplets can easily rise to

the top of the micropores, and the SHS of the pores can also achieve controlled and rapid self-removal.

The synergistic effect between the SH layered porous surface and the PVA adsorbed in the micropores

directly promoted the rapid nucleation, controlled coalescence, and efficient self-removal of water.

Zhang et al. believes that nanostructures with lower surface energy, sufficiently narrow surface spacing, and

longer verticality can improve the mobility of the surface droplets because there is less pinning of conden-

sation droplets on such surfaces (Zhang et al., 2017). Wen et al. reported a novel layered SHS with micro-

patterned nanowire arrays that can spatially control the initial nucleation of moving droplets through tightly

spaced nanowires. The use of micro-patterned nanowire arrays facilitates the spontaneous outward move-

ment of droplets for rapid droplet removal (Wen et al., 2017). In addition, Lee et al. (2018a) proposed an SH

material based on the magnetic response type layered hair array, which was capable of adjusting the

bending state of the hair array structure through the external magnetic field to induce various droplet

bouncing behaviors in different modes, which was able to effectively remove water droplets on the surface

and effectively prevent surface icing behavior (Lee et al., 2018a). In addition, Shen et al. (2018) found two

kinds of SHSs, which were layered nanoporous structures and open nanocone structures. They make the

condensed droplets have high dynamic self-propelling ability (Yan et al., 2019a). It has been reported

that the self-migration of condensed droplets on SHSs will be weakened by droplet microscopic pinning

effect (Smith et al., 2018). As we all know, when the ambient temperature drops to 0�C, it is inevitable

that water freezes into ice. SHS can remove water droplets before the surface water droplets are still frozen.

If the freezing rate is greater than the surface water droplets removal rate, the water droplets will freeze on

the surface. During the development of SH materials, many studies have reported that SHSs can prevent

freezing by delaying the freezing time, which will be analyzed in the next section.
CONTROLLING ICE CORE FORMATION

Generally, when the temperature is below 0�C, the water droplets stay on the surface long enough that they

usually nucleate and freeze (Jin et al., 2018). It can be seen from the previous section that the SHS has a

strong water-repellency performance, and the water droplets can be removed from the surface in time

before the water droplets freeze. Then, if in the case of abrupt temperature decrease, water droplets

have not been removed in time, or heterogeneous nucleation occurs on the surface under the influence

of dust and other impurities, can the SHS have good de-icing performance? According to Equation 12,

it is found that f (q) increases with the increase of q. Therefore, when q increases, the nucleation free energy

barrier is bound to increase, delaying the formation of ice nuclei in water droplets (Zhan et al., 2014). Now

the question arises: where is the ice nucleation in the droplet? To solve this problem, Liu et al. (2020a) used

a three-dimensional computational fluid dynamics (CFD) model to study the morphological changes of the

droplets and simulate the phase transition of the droplets on the SHS (Figure 13). The freezing process of a
20 iScience 24, 103357, November 19, 2021



Figure 12. Schematic diagram of droplet self-propulsion induced by coalescence on SHS

Schematic illustrations of coalescence-induced self-propelling including bouncing and sweeping on the SH open nanocone structure surface. Image

reprinted with permission from Shen et al. (2018).
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single droplet on different wetting surfaces was simulated and compared. The SHS has higher surface

roughness and lower surface free energy. The higher surface roughness leads to a larger static CA

(>150�), whereas the lower surface free energy leads to a lower ice adhesion force (Wu et al., 2018a) and

a lower freezing probability (Wu and Chen, 2018; Wu et al., 2019b), which can theoretically delay surface

freezing.

From the thermodynamic point of view, the freezing process on the SHS is mainly due to the rapid heat

exchange at the solid-liquid interface after the supercooled droplets contact with the solid surface. Is it

possible to delay the freezing behavior of droplets on the surface by influencing the heat transfer process?

The answer is yes. According to Fourier ’s law, the heat transfer (Q) between a supercooled water drop and

a surface can be written as:

Q =

ZT2
T1

KSdT (Equation 17)

In this formula, T1 and T2 are the supercooled water droplets and surface temperature, K is the heat transfer

coefficient, and S is the solid-liquid contact area (He et al., 2011). Moreover, the freezing rate of the droplets

in contact with the surface is strongly related to the heat transfer rate of love between the supercooled

droplets and the substrate. The heat transfer rate of the two surfaces can be described by the following

equation:

dQ

dt
= � KS

�
dT

dx

�
(Equation 18)

where dQ/dt is the heat transfer rate (J/s) and dT/dx is the temperature gradient. In order to reduce the heat

transfer efficiency, it is necessary to reduce the heat transfer of the actual supercooled droplets after contacting

with the surface. According to the formula, materials with low heat transfer coefficient can be selected to delay

the formation of ice on the surface. For example, paraffin waxwith very low thermal conductivity can be used as a

heat insulating material to delay heat diffusion. Duc and Binh (2020) chose paraffin as the raw material of the

coating due to low thermal conductivity and easy coating. The moth eye structure was first fabricated on the

quartz substrate and then covered with paraffin to prepare an SH nanostructure-coated paraffin (NSP) surface.

The paraffin layer sits only at the top of the nanostructure, separating it from the outside environment and effec-

tively preventing the droplets from transferring heat to the cold substrate. Experiments showed that the NSP

surface had a longer freezing time than the exposed coating, about 300 s. This is due to the combination of

an air trap and a paraffin layer on the NSP surface, which minimizes heat transfer per unit time and thus extends

the freezing time (Duc and Binh, 2020).

By inquiring the thermal conductivity table, it was found that thermal conductivity: metal > oxide. In addi-

tion, the air has a lower thermal conductivity (Fan et al., 2019). Based on the composite structure of taro leaf,

Liu et al. (2020b) fabricated the micro-pillar array structure (MPA) on Ti6Al4V substrate by direct laser inter-

ference lithography (DLIL) and grew a layer of nano-grass structure (NG) on it by hydrothermal treatment.

Experiments show that the layered composite structure not only has good SH properties, but also has an

apparent CA of 172� and the SA of 4�. At �10�C, the delay time of water droplets freezing on the surface is

3,732 s. This is due to its high CA and small contact area at low temperature, and its surface layer is a TiO2
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Figure 13. Schematic diagram of theoretical model of droplet morphology change

(A) The mathematical model of computational domain.

(B and C) The morphology change of droplet (B) and the temperature variation inside the droplet before freezing (C). The formation of ice nucleation.

(D and E) Wall heat flux change curves at different moments. (E) The position of ice nucleation at 854.5 ms. Image reprinted with permission from

Liu et al. (2020a).

ll
OPEN ACCESS

iScience
Review
nanostructure with low thermal conductivity. Moreover, the layered structure of the surface provides

balloon formation and reduces the CAH. Therefore, the SH structure can be used for anti-icing, anti-

frosting, or anti-fogging on the surface of titanium alloy (Liu et al., 2020b).

Some researchers have found that due to the special structure of the SH material on the surface, when the

droplet stays on the surfaceof the SHmaterial, the solid-liquid-gas coexistence interfacewill be formedbetween

the SHS and the droplet (Yin et al., 2020). Due to the low heat transfer efficiency of air, the water droplets trap the

air below to form an air cushion, which becomes an effective barrier, greatly reducing the contact area with the

water droplets and preventing heat transfer from the droplets to the matrix, further extending the freezing time

and improving the anti-icing performance (Jiang et al., 2018). It is found that the microstructure of SHS is an

important factor affecting its anti-icing. In addition, the thermal barrier formed by the air cushion (air pockets)

between the SHS and the supercooled water droplets can reduce the degree of supercooling of the droplets,

resulting in a lower freezing temperature of the droplets (Liu et al., 2019c). In addition, the contact area between

the droplet and the solid surface is sorted as Smooth >Micro >Nano >Hierarchical (corresponding to theWCA

0� < 150.3� < 156.4� < 163.4�). Therefore, the degree of heat transfer is suppressed to Smooth <Micro <Nano<

Hierarchical (He et al., 2020). It can be seen that the SHS with nanostructure or hierarchical structure has signif-

icant anti-icing ability. Sarshar et al. also demonstrated that smaller nanostructures can enhance the anti-icing

effect of layered SHSs (Sarshar et al., 2018).

Xiang et al. (2020) found that TiO2 pinecone-like microstructures/nanostructures prepared by stearic acid

modification on Ti substrates have certain SH properties. An air layer is formed between the water drop and

SHS, which can effectively hinder heat transfer. Moreover, the contact area between the SHS and the water

drop is smaller than that of the superhydrophilic surface, which reduces the freezing rate of the water drop

on the surface and makes it difficult for the droplets to freeze on the surface (Li et al., 2018). This indicates

that the slow freezing time and the low interaction force between the ice particles and the sample surface
22 iScience 24, 103357, November 19, 2021



Figure 14. Study on SH and anti-icing properties of FSC/SiO2 coatings

(A)Spraying process of FSC/SiO2 SH coating and superhydrophobicity shown on concrete, metal, and cotton.

(B) SEM images of FSC/SiO2 composite coating with 60 wt% SiO2–F.

(C) AFM phase diagram of SH composite coating.

(D) WCA and SA of different coated substrates.

(E) WCA and SA of different water droplets on the coating surface.
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Figure 14. Continued

(F) Water repellence and self-cleaning performance of the coated concrete: (_ � III) Sequential images of the dynamic behaviors of 7.25 mL water droplet

impacting on the anti-icing surface from a height of 10 cm.

(G) Photographs showed dynamic icing process of 2 mL water droplets on the untreated and FSC/SiO2–F coated surface at �20�C.
(H) Schematic illustration of the cold-rain simulated experiments.

(I) A function of the amount of ice accumulated on the surface and the treatment time. Image reprinted with permission from Wu et al. (2020).

ll
OPEN ACCESS

iScience
Review
can determine the anti-icing performance (Li and Guo, 2018). It also indicates that the TiO2 SHS can delay

the freezing time and exhibit good anti-icing performance.

In the study of SH Ni-Cu-P coating, Wang et al. (2019b) also found with environmental scanning electron

microscopy (ESEM) that there were air pockets on the surface of the coating, which helped to form a

solid-liquid interface with a smaller contact area, reducing heat exchange (Bhushan and Chae Jung,

2007). When water droplets freeze on the surface, the smaller the water-solid contact area, the lower the

liquid-solid nucleation rate. XPS analysis shows that the hydrocarbon groups adsorbed by Ni-Cu-P coating

may also form a thin low surface energy layer at the interface, which provides an additional barrier for water

droplets and effectively reduces the interface contact between water droplets and the coating, preventing

the formation of interlocking ice. Through the droplet icing test, the freezing time of water droplets on the

surface of Ni-Cu-P coating is prolonged significantly, and the freezing intensity decreases sharply. It can be

seen that the SHS also has good anti-icing performance.

Wu et al. (2020) deposited hydrophobic silicon fluoride particles and fluorinated-silicon-based copolymer

(FSC) uniformly on the substrate surface through spray curing, forming a nanoscale layered structure that

mimics the structure of lotus leaves (Figure 14A). According to SEM and AFM analysis, the phase separation

of the multifunctional copolymer containing siloxane units forms micro-bulges on the surface, which not

only increases the surface roughness but also the graded micro-nano structure allows more air to be trap-

ped between the liquid/solid interface, forming an air capsule. Reduces the surface energy of the coating

(Figures 14B and 14C) (Liu et al., 2019d). In addition, the FSC/SiO2-F composite coating can be applied to a

variety of surfaces. With the exception of honey droplets, the droplets commonly used in everyday life show

high CA of more than 150� and low SA of less than 5� on the coating surface (Figures 14D and 14E). As

shown in Figure 14F, the coating exhibits excellent water repellency. Combined with the cold rain impact

surface test in Figure 14H, water droplets hit the surface of the coating, and it is easy to rebound or roll off.

This helps keeping the surface from freezing. Figure 14G shows the dynamic freezing process of 2 mL water

droplets on the coating surface at �20�C. It can be seen that FSC/SiO2-F composite coating can delay the

freezing time of water droplets. The freezing time of especially high SiO2-F content (60 wt%) is almost 10

times that of the uncoated coating. By contrast, the ice accumulation on the surface of FSC/SiO2-F com-

posite coating is much less than that on the uncoated surface in the same time (Figure 14I). Themain reason

is not only the increase of the free energy barrier of nonuniform nucleation on the surface of the SH coating

but also the decrease of the contact area of the surface due to the hierarchical micro-nano structure, which

leads to the decrease of the heat transfer rate. Moreover, the siloxane group in the copolymer has high

structural stability under harsh environment, which improves not only the adhesion between particles

and substrate but also the chemical/mechanical stability of the SH coating (Liu et al., 2019e; Shen et al.,

2019b; Zhang et al., 2019b). It can be seen that the SH coating not only has good water repellency but

also has a certain anti-icing performance.

Sun et al. (2020a) prepared SH aluminum alloy samples by combining high-speed wire discharge

machining and short-time chemical etching method with modification treatment. The preparation time

was shortened from 20 h to 8 h by the introduction of chemical etching. It can be seen from Figures

15C and 15D, the CA of the SH aluminum alloy sample prepared was 158.6 G 1.3�, and the SA was

less than 1�. In combination with Figures 15A and 15B, it can be found that the surface of the SH

aluminum alloy has micro-nano-sized holes and depressions. In addition, the chemical composition of

2m-8h Al alloy samples was analyzed by XPS (as shown in Figure 15E). The presence of fluorine indicated

that PFOA was successfully grafted onto 2m-8h Al alloy samples. Low surface energy micro/nano struc-

tures can produce ideal SH properties. Therefore, 2m-8h Al alloy sample has the best superhydrophobic-

ity. It has been reported that the freezing time delay test can well explain one of the important methods

of ice resistance under the condition of supercooling (Lei et al., 2019). In the temperature range of �12 to

24�C, the freezing delay time of smooth aluminum alloy and SH aluminum alloy was tested, and it was

found that the time of water drop on the average frozen smooth aluminum alloy sample decreased
24 iScience 24, 103357, November 19, 2021



Figure 15. Study on SH and anti-icing properties of SH aluminum alloy samples

(A) The cut aluminum alloy sample was etched with hydrochloric acid solution, and the white light interferogram after etching for two minutes was shown.

(B) Scanning electron microscope image of an aluminum alloy specimen etched for two minutes and immersed in perfluorooctanoic acid (PFOA) solution for

eight hours.

(C) The CA curves of SH aluminum alloy at different soaking times; the illustration shows an optical image of a static water drop.

(D) Shows the SA of an SH aluminum alloy soaked for 8 h.

(E) XPS spectra of SH aluminum alloys.

(F) The average freezing delay time of smooth and SH aluminum alloy samples varies with temperature from �12�C to �24�C.
(G) Low temperature durability of SH aluminum alloy samples at �20�C to �24�C.
(H) The digital images of water droplet freezing process of smooth aluminum alloy samples (1) and SH aluminum alloy samples (2) with different time at

�12�C are presented. Image reprinted with permission from Sun et al. (2020a).
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gradually with the decrease of temperature. It can be seen intuitively in Figures 15G and 15H; the

average freezing time of water droplets on the smooth aluminum alloy surface drops from 287 to 40

s. In addition, on the surface of SH aluminum alloy sample, the average freezing time of water droplets

also has the same trend. The average freezing time decreased from 552 to 90 s. That is almost twice as

much as smooth aluminum. According to the Cassie-Baxter state (Cassie and Baxter, 1944), SH aluminum

alloy has an air layer between the surface microstructure and the water droplets (Villeneuve et al., 2019),

and the water droplets remain spherical before and after freezing. Tang et al. (Tang et al., 2015) found

that the surface thermal conductivity is related to the contact area of the water droplets on the aluminum
iScience 24, 103357, November 19, 2021 25
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alloy surface. With small contact area and slow thermal conductivity, SH aluminum alloy has better anti-

icing performance.

In addition, according to the Figure 15F, it can be found that the SH aluminum alloy has excellent low tem-

perature durability, which also guarantees its SH performance and anti-icing performance.

Compared with the hydrophilic surface, the condensate droplets in the Cassie-Baxter state (Cassie and

Baxter, 1944) on the SHS have greater heat transfer resistance and smaller contact area on the under-

cooled surface. At the same time, the total heat loss of the droplet on the SHS is less than that on the

hydrophilic surface, which prolongs the freezing initiation time. The freezing delay is related not only

to the higher hydrophobicity and the lower solid-liquid contact area of the condensate droplets but

also related to the higher ice nuclear barrier (Qiu et al., 2019). In addition, Shen et al. (2015a) proved

that the SHS has a certain anti-icing performance by analyzing the nucleation rate and the total nucleation

rate of the solid-liquid interface on the three different surfaces. From the flat substrate surface to the SH

nanostructure surface, the nucleation rate at the solid-liquid interface decreases gradually, and the nucle-

ation rate at the solid-liquid interface caused by the nano-conical structure is smaller than that of the

lamellar nano-porous structure. In addition, some scholars used to add nucleation inhibitors to improve

the anti-icing performance of SHS. For example, Guo et al. (2019) used nucleation inhibitor polyvinyl

alcohol (PVA) to improve the prepared SH POSS/PDMS coating, so as to improve its anti-icing perfor-

mance (as shown in Figure 16A). Although PVA is hydrophilic, the surface wettability of the SH POSS/

PDMS coating can be determined by the morphology of the SH POSS/PDMS coating. Through the obser-

vation of the scanning electron microscope (Figure 16B), the morphology of PVA-POSS/PDMS coating is

basically similar to that of POSS/PDMS coating. And in Figure 16C, the CA is about 150�, indicating that

the PVA-POSS/PDMS coating has good water resistance. Under appropriate conditions (particle spacing

is less than 8.82 mm), the solidification temperature of water droplets on the SH coating decreases by

about 2�C (as shown in Figure 16D). This is because the hollow microspheres make the droplets become

Cassie-Baxter state (Cassie and Baxter, 1944), reducing the contact area between the droplets and sub-

strate and the microspheres between the hollow microspheres or entering the hollow hinder heat con-

duction. At the same time, PVA coating covers some nonhomogeneous nuclear points on the surface

of micro and nano structures, so that the hydroxyl group in PVA can form hydrogen bonds with water

molecules, which destroys the arrangement of water molecules at the interface, affects the freezing pro-

cess of water, and ultimately reduces the freezing temperature (Wu et al., 2019a). However, when the par-

ticle spacing is greater than 8.82 mm, the water droplets on the surface will no longer be in the Cassie-

Baxter state (Cassie and Baxter, 1944; Qi et al., 2020c), and the hydrophilic PVA will increase the contact

area between the surface and water, resulting in the increase of freezing temperature of the water drop-

lets. The results show that the nucleating agent has synergistic anti-icing effect with SH micro-nano struc-

ture surface under the best matching conditions.

In terms of total ice core rate, the SH nanostructure also decreased significantly compared with the flat

substrate surface. This is because the layered molecular film with low surface free energy and the con-

structed microstructure increase the energy barrier of the ice core. However, there is no difference in

the total ice rate between the two SH nanostructures, because the nucleation rate of the body ice is

dominant, which is much higher than the ice formation rate at the solid-liquid and liquid-gas interfaces.

Therefore, compared with the flat substrate surface, the SH nanostructure surface can greatly reduce the

nucleation rate at the solid-liquid interface due to its extremely low actual solid-liquid contact area and

special contact type (Pan et al., 2019). The nano-cones contact with the droplets in a "point contact"

manner, which leads to a lower nucleation rate of solid-liquid ice (Shen et al., 2019c). It has been re-

ported that the ice on the SHS has a lower macroscopic growth rate due to the low nucleation rate of

the ice and the insulating effect of the air bag on the SHS. At the same time, combined with the classical

nucleation theory, the SHS can greatly reduce the nucleation rate at the solid-liquid interface (Shen et al.,

2015a).

What is noteworthy is that the extension of freezing time of SHmaterials is affected bymany factors, such as

nucleation rate of solid-liquid interface, surface wetting state, temperature, and surface microstructure.

Moreover, these factors are mutually contained and affect each other, which often leads to some complex

and difficult to explain results. However, compared with the bare surface, the surface using the SH material

does extend the freezing time. So far, a large number of studies have shown that SHS can only delay the
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Figure 16. Study on the improvement of anti-icing performance of SHS by nucleating corrosion inhibitor

(A) Illustration shows the synergism of nucleation inhibitor and hydrophobic micro-nano structures.

(B) Typical PVA-POSS/PDMS coatings and POSS/PDMS coating with particle distance of 21.91, 13.83, 8.82, and 6.34 mm.

(C–E) Anti-icing performances of PVA-POSS/PDMS coatings with different particle distances: (C) CA, (D) freezing temperature of droplet, and (E) ice

adhesion. Image reprinted with permission from Guo et al. (2019).
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time of surface icing but cannot completely inhibit the surface icing phenomenon. Especially in some

extreme environments (such as high humidity environment, cold condensation frost, etc.), freezing of

SHS is inevitable. Studies have shown that on SHSs, although ice may freeze, the adhesion of the ice to

the surface should be so low that the ice on the surface can be easily removed by external forces such

as gravity, aerodynamics, or rocking forces (Li and Guo, 2018).

REDUCING THE ADHESION OF ICE

Ice adhesion is one of most significant parameters for evaluating the anti-icing properties (Zheng et al.,

2020). It gives us an indication that the ice that forms on the surface can be easily removed. The strong

adhesion of ice on the surface of solidmaterials is largely attributed to the strong interaction between polar

ice molecules and solid molecules, which is usually caused by the interaction of hydrogen bonds, van der

Waals forces, and electrostatic interactions. It should be noted that the aforementioned is the main phys-

ical mechanism of ice adhesion on the surface (Jia et al., 2020; Zhang et al., 2019a). Among them, many re-

searchers believe that direct electrostatic interaction is the main factor (Richard et al., 2002). In order to

reduce the direct contact between ice and solid, it is necessary to reduce the direct electrostatic interaction

between ice molecules and solid molecules. In the study of SH materials, it is found that SH materials can

significantly reduce the adhesion between surface water droplets or ice coating and itself. With the in-

crease of CA, the adhesion between surface ice coating and solid surface will be lower (Golovin and Tuteja,

2017; Zhang et al., 2019a). Tang et al. (2020) found that with the increase of surface roughness, the ice adhe-

sion force firstly decreased and then increased sharply. Among them, the surface with moderate surface

roughness produces lower ice adhesion (Nguyen et al., 2019), which is mainly attributed to the lubrication

of the SH layer. Due to the smaller nanoscale roughness, the condensate on the SHS is often too cold, thus

preventing the formation of the ice meniscus below �20�C, resulting in lower ice adhesion. Although, ac-

cording to the Cassie model (Cassie and Baxter, 1944), higher surface roughness can effectively reduce the

actual contact area and improve the hydrophobicity. However, for the freezing process in the atmosphere

with limited humidity, condensation will occur, and the water meniscus will form between the roughness of

water droplets and the SHS. Finally, the ice surface will form, and the mechanical linkage between the ice

and the surface roughness will form, leading to the decline of the ice abhorrence (Chen et al., 2012). In his

freezing experiments, Feng et al. (2018) found that the trapped air on the surface of the SH aluminum alloy

not only keeps the water droplets on top of the convex region but also reduces the actual contact area be-

tween the ice and the coating surface, reducing the mechanical anchoring effect. Therefore, when the sur-

face freezes, it usually forms loose ice. Moreover, the volume of water increases after freezing, which com-

pacts the trapped air on the SHS, resulting in a reaction force. It can reduce the adhesion between the ice

and the SH aluminum alloy surface. At the same time, Nguyen et al. (2018) also found that the contact area

between actual ice and SHS plays an important role in reducing ice adhesion. Because the contact area is

reduced, heat transfer, mainly through nanotubes, is reduced, and the interaction of ice droplets with the

substrate in their freezing form is prevented, reducing adhesion (Nguyen et al., 2018). However, some re-

searchers have found that the surface with micro and nano structures can not only encapsulate gas to

induce superhydrophobicity but also provide sites for accelerating heterogeneous nucleation (Shen

et al., 2015a). Microstructure of the surface improves the anchoring effect, resulting in a much stronger

adhesion of the surface ice (Cui et al., 2019; Shen et al., 2019c; Tong et al., 2019). So far, it has been contro-

versial whether SHSs can reduce the adhesion of ice. Although the bonding strength of ice on a surface can

be characterized by shear or tensile bonding tests, there is no standard test for ice adhesion, and most

research groups have their own testing equipment (Shen et al., 2019a).

THE PRACTICAL APPLICATIONS

It is concluded that the SHS has certain anti-icing performance frommany aspects, from the timely removal

of water droplets on the surface before freezing, to the improvement of the anti-icing performance of the

SHS by delaying the freezing time, and the reduction of the ice adhesion on the surface. In fact, the ultimate

purpose of the research on SH materials is to hope that they can be used in real life to benefit ourselves. In

this section, it will briefly introduce the applications of some SH materials in anti-icing.

First of all, SH materials can be applied to the heat exchanger of air conditioning. Through chemical oxida-

tion and subsequent chemical modification, Wang et al. (2018) manufactured the finned tube heat

exchanger of SH air conditioning with dew-jumping effect (as show in Figure 17A). Combined with the

typical FESEM images of the nanoarray in Figures 17B–17D, the static CA of 5 mL water droplets on the sur-

face of the foil is 162 G 2.4� and the rolling angle is 3.5 G 0.2�, indicating that this nanoarray foil is SH. The
28 iScience 24, 103357, November 19, 2021
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Figure 17. A novel air-conditioner fin-tube heat exchanger with SH foils

(A) Schematic illustration of the method to fabricate the novel heat exchanger having SH aluminium foils. (1) Etching to remove oxides and activate and

roughen the foil surface. (2) Boiling in deionized water to create Al(OH)3 nano-arrays. (3) Fluorinating to obtain a layer of fluorosilane on the texture to form

superhydrophobicity.

(B) FESEM images with (1) low and (2) high rate of the nano-arrays on the SH foil. Inset of (1): the static CAs on an SH foil.

(C) SCAs and RAs of water droplets with different pH values on the foil. Inset of (C): optical image of the water SCAs with pH = 1, 7, 13.

(D) SCAs and RAs on the foil change with month. Inset of (D): time-resolved images of the bouncing of a diameter of�150 mmdrop on the superamphiphobic

foil.

(E) Superhydrophobicity and condensation behavior of the SH aluminum foils. (1) Time lapse images of condensation captured via a high speed camera,

showing a self-jumping behavior of several drops on a horizontally placed foil from the top view. (2) The self-jumping movement track of a dewdrop with a

diameter of�30 mmdemonstrated by an overlapped optical image on a vertically placed foil. (3) Schematic illustration of five possible modes of the jumping

drops keeping the fins always dry.

(F) The relationship between total cooling capacity and RC-growth index and time.

(G) Condensation characteristics of an SH heat exchanger. (1) Change in dew weight recorded every 5 min. Optical magnification of (2) hydrophilic and (3) SH

heat exchanger bottom after 1 h condensation. Image reprinted with permission from Wang et al. (2018).
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nanoarray foil made from a treated heat exchanger can remain SH in water at different pH levels and can

even be exposed to the natural environment for up to 10 months. As can be seen in Figure 17E (1), more

than 10 droplets changed their positions within less than 1 s. Combined with the jumping droplets

observed on the surface of the vertically placed foil in Figure 17E (2), it can be seen that more than 10 drop-

lets should quickly merge on the surface and leave through jumpingmovement. Moreover, Wang et al. pre-

dicted five types of jump trajectories (Miljkovic et al., 2014) as shown in Figure 17E (3): (1) two droplets

merge and jump out; (2) the combined droplet rebounds and jumps out; (3) the combined droplet bounces

backmultiple times and jumps out; (4) themerged droplet is triggered by the kinetic dew and jumps out; (5)

the merged droplet jumps out after multiple triggering (Peng et al., 2020). As can be seen from the Fig-

ure 17F, the total dew weight of the hydrophilic heat exchanger is twice as much as that of the SH heat

exchanger, so the continuous jumping behavior with excellent anti-condensation effect can bemaintained.

In addition, the dewweight remaining on the hydrophilic heat exchanger is five times as much as that on the

hydrophilic heat exchanger after one hour. Compared with conventional hydrophilic exchangers, the SH

exchangers also gain more than 8% and 2% cooling capacity and heat transfer coefficient under rated

output conditions. Moreover, the SH outdoor condenser under frosting condition has a higher energy con-

version rate (more than 85%) after 60 min than the conventional hydrophilic condenser. Figure 17F shows

the comparison of cooling capacity between the hydrophilic exchanger and the SH exchanger. It can be

seen that the condensation heat transfer performance of the SH exchanger is significantly higher than

that of the traditional hydrophilic exchanger (Wang et al., 2018).

Figure 17G (1) on the right describes the change of total and residual moisture over time on hydrophilic and

SH heat exchangers. By comparison, it is found that the total amount of dew on the SH heat exchanger is

less. It was further found that the hydrophilic heat exchanger in Figure 17G (2) formed a water bridge at the

bottom, whereas the SH heat exchanger did not have obvious dew drops (see Figure 17G (3)). It is well

known that the appearance of dew on the aluminum foil of heat exchanger will reduce the condensation

efficiency of the heat exchanger. The SH aluminum foil has good anticoagulant effect, greatly improving

the condensation efficiency of heat exchanger, which has self-cleaning, mildew resistance, and other prop-

erties, prolonging the service life.

SH materials are also reported to be used in road construction. Nowadays, in road construction, asphalt is

used to lay the road surface. However, icing on asphalt pavement will affect not only the road surface struc-

ture but also affect driving safety. In order to improve asphalt road, Peng et al. (2020) prepared acrylic SH

coating (ASC) for asphalt road by using acrylic coating and carbon nanotubes as raw materials. By

comparing Figure 18 A and B, the water droplets appear spherical on the surface of ASC. The CA of water

droplet on the slag concrete surface is 155.173�, and the rolling angle is 4.26� (as show in Figure 18B). The

ASC can reduce the contact area between the water droplets and the surface, so that the water droplets are

separated from the surface at a small inclination angle. As show in Figure 18C, it can be seen that when

water drops on the road, the water drops will automatically fall into the ditches on both sides of the

road. In addition, the carbon nanotubes formed micro-nano rough structure on the surface of ASC, which

improved the friction coefficient of the road surface and had a certain anti-skid performance. By measuring

the permeability coefficient of asphalt mixture samples, the cylinder water level of acrylic acid coating

(AAC) asphalt pavement and the ASC asphalt pavement can remain unchanged for 3 min, indicating

that both of them have good waterproof performance. In addition, as shown in Figure 18E (1), the water
30 iScience 24, 103357, November 19, 2021



Figure 18. Investigation of anti-icing, anti-skid, and water impermeability performances of an acrylic SH coating

on asphalt pavement

(A) 3D topographic image, CA testing photo, and rolling angle testing photo of AAC.

(B) 3D topographic image, CA testing photo, and rolling angle testing photo of ASC.

(C) (1) Photos of a water droplet on the asphalt mixture surface; (2) photos of a water droplet on the AAC-coated asphalt

mixture; (3) photos of a water droplet on the ASC-coated asphalt mixture.

(D) Schematic the heat transfer diagram of a water droplet on an ASC.

(E) (1) Photos of a water droplet on the asphalt mixture before and after freezing; (2) photos of a water droplet on the ACC-

coated asphalt mixture before and after freezing; (3) photos of a water droplet on the ASC-coated asphalt mixture before

and after freezing. Image reprinted with permission from Peng et al. (2020).
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droplets on the surface of the asphalt mixture become opaque and solidify after freezing for 30 min. In Fig-

ure 18E (2), the surface of AAC-coated asphalt mixture appears the same state as Figure 18E (1) after

freezing for 30 min, indicating that the two asphalt mixtures in Figure 18E (1) and Figure 18E (2) have the

same ice resistance. However, in Figure 18E (3), the water droplets on the surface freeze after 35 min.

Through comparison, it is obvious that the ASC can delay the time of surface icing, which proves that

the ASC has certain anti-icing performance and can indeed improve road safety (Peng et al., 2020).

In addition, SH materials can also be used in communication and transmission lines, aircraft, and other

fields to prevent disasters caused by surface ice. However, in the process of industrialization, besides

the durability of SHS, the complexity and cost of process must also be considered (Balordi et al., 2019;

Liu et al., 2020b). The complexity of the process and the high cost of raw materials greatly limit their wide-

spread production at the industrial level.

Existing problems

Although, SH coatings with the WCA >150� and the SA < 10� have been widely reported to resist water

droplet adhesion and inhibit icing. However, it should be noted that the structures of SH materials are

all convex cylinders on the micro and nano scale, which not only provide suitable traps for air bags but

also significantly reduce the interaction between ice and the anti-icing surface (Khanmohammadi Chenab,
iScience 24, 103357, November 19, 2021 31
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2020). With the extension of the use of time, the micro- and nano-scale columns have a smaller diameter,

brittle texture, and are easily broken by external forces, destroying the surface’s superhydrophobicity. In

addition, when the wetting state of the SHS changes, that is, when the surface is Wenzel-type (Zhang

et al., 2018), the water droplets will penetrate into the cavity with rough surface, and cannot slip off, which

will remain in the nailed state. At this point, once the water droplets freeze, the surface structure will be

destroyed, resulting in the ice surface contact area and ice adhesion strength, so that the superhydropho-

bicity loss, unable to ice-proof. On the other hand, poor particle-substrate interface interaction on the SHS,

long operation under load, and multi-peak roughness may also lead to brittle mechanical stability of the

coating (Jing and Guo, 2018; Li and Guo, 2018). In addition, in order to obtain SH nanocomposite coatings

on the surface of lotus leaves, many researchers use various inorganic fillers such as ZnO (Zhou et al., 2019a),

TiO2(Zhou et al., 2019b), Al2O3 (Lee et al., 2018b), and other nanoparticles (Li et al., 2019c) to construct

layered rough structures. This creates an SH structure, but these metal oxides are vulnerable to corrosion

and wear when used in harsh conditions such as acidic solutions, which leads to the integrity of the coating

and the loss of superhydrophobicity (Wu et al., 2020).

However, it remains a huge challenge to synthesize a coating that can be applied to any surface and func-

tion effectively. More importantly, the coating should be strong enough to withstand repeated icing or

frosting in practical applications (Bai and Zhang, 2019).
The latest development

In recent years, with the continuous development of SH materials, researchers have studied many methods

to solve the problem of poor mechanical stability of SHS for anti-icing, such as the combination of passive

anti-icing and active de-icing to improve the anti-icing performance of the substrate surface (Hu and Jiang,

2020; Wang et al., 2020c). For example, Wang et al. (2020c) proposed an SHS and electrothermal anti-icing

method based on graphene composites. It is well known that carbon nanomaterials are typical hydropho-

bic materials with low surface energy (SE) (Baldelli et al., 2020; Taherian et al., 2013). SEs of CNTs could be

at the range of 27–45.3 mJ/m2 (Roh et al., 2014). SEs of chemically exfoliated graphene and graphene oxide

(GO) have shown to be 46.7 and 62.1 mJ/m2, in that order, whereas that of normal graphite flake was�54.8

mJ/m2 (Wang et al., 2009b). As a member of carbon nanostructures and their composites, graphene has

attracted extensive attention due to its high specific surface area, excellent electrical conductivity, excel-

lent thermal conductivity, and excellent mechanical strength (Geim, 2009; Saji, 2021). Jiang et al. recently

bonded the double-scale TiO2 nanoparticles with the binder to produce a durable SHS with a maximum

wear distance of 8.00 m under a 100 g load (Jiang et al., 2018). Inspired by this work, Wang et al. (2020c)

constructed a hierarchical structure using the three-scale characteristics of inorganic fillers (graphene, car-

bon nanotubes, and silica nanoparticles) in order to improve the durability of SHS. The fractional structure

is then embedded into the bottom by simple dissolution and recrystallization. The synergistic effect of this

graded roughness, partial inset structure, and graphene provides excellent wear resistance to 500 g loads,

8.00 m sandpaper wear, various corrosive fluids, and low/high temperature treatments without loss of

superhydrophobicity. Below 0�C, graphene composites are SH, which can delay the freezing time of super-

cooled water. The water droplets on the exposed glass are hemispheric and completely frozen after 57 s.

On the surface of the SH graphene sample, there is an almost spherical water droplet, and the delayed

freezing time is 335 s. Even after the complete freezing, the water droplet remains spherical. And under

simulated "ice glaze" conditions, although ice forms on the surface when the DC voltage is turned off,

the ice thickness is about 3 mm. However, the superhydrophobicity can still be observed after 70 s rapid

de-icing under 50 V voltage without water droplet retention. In particular, this SH graphene composite re-

tained de-icing property even after 30 icing/de-icing cycles (Wang et al., 2020c).

What is more, Sun et al. (2020b) has developed a controllable integrated electric heater for aerospace

applications based on a super-flexible CNW/PDMS bionic SH nanocomposite. Two kinds of anti-icing

strategies for biomimetic nanocomposites were proposed. One is passive anti-icing strategy. The static

WCA of passive anti-icing line is 155.4 G 0.5�, and the moving deionized water droplets can roll off the

biomimetic surface before freezing. To condense on the surface of the water droplets in high humidity

(RH = 85%) and freezing point temperature environment (about �5�C), it reduced the heat transfer

efficiency of the substrate and reduced many of the available nucleation sites. It means that the water

droplets on the surface of the freeze behavior was delayed. However, the passive anti-icing behavior

of the bionic SHS cannot completely prevent icing for a long time. Once the first layer of ice is formed,

the passive defences are completely lost. Therefore, it is necessary to establish a second defense line of
32 iScience 24, 103357, November 19, 2021
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active electrothermal de-icing in order to eliminate any icing phenomenon on the surface of nanocom-

posites. The bionic nanocomposite film was transformed into an electrothermal active de-icing defense

line as applied voltage. The biomimetic nanocomposite has excellent thermal stability and reliability. The

columnar texture remains intact during repeated icing/de-icing cycles. The results show that the SH

nanocomposites have excellent passive anti-icing performance and active electrothermal de-icing per-

formance (Sun et al., 2020b). Although these composites are promising de-icing candidates, practical

anti-icing/de-icing and damage-resistance properties face challenges in large-scale applications (Zhao

et al., 2018).

To date, three main techniques have been developed to improve the mechanical stability of SH materials:

(1) doping some flexible polymer substrates to improve the mechanical stability of SHS coatings, such as

acrylic resin (Dong et al., 2019), polydimethylsiloxane (PDMS) (Liu et al., 2017), silicone adhesives (Li

et al., 2016), polyurethane (PU) (Lv et al., 2020), and epoxy resin (Liu et al., 2019b). The introduction of these

polymer substrates can not only play a role in adhesion, improving the adhesion between nanoparticles

and matrix, but also contribute to anti-wear and scratch energy dissipation, improving the mechanical

durability of SH coating (Shen et al., 2019b; Zhang et al., 2019b). In addition, from the point of view of ma-

terials, such as PDMS (Liu et al., 2017), SH coating has excellent chemical stability, good wear resistance,

excellent hydrophobicity, and strong adhesion to the substrate, so it is a common use of non-fluoropolymer

binder for the construction of SH coatings (Ge et al., 2020).

For example, Bai and Zhang (2019) used a simple self-assembly technique to prepare a new coating in

the aluminum surface (as show in Figure 19A). It is a fluorine base graphene oxide (GO)- diatomaceous

earth (DE)/epoxy (EP) composite coating, which has low surface energy microstructure. According to the

SEM image in the Figure 19B (1), the microstructure characteristics of GO-DE particles provide a high

specific surface area for EP curing, thus forming GO-DE/EP ternary composite. It can be seen from Fig-

ure 19B (2) that EP plays an important role in the structural stability of the composite coating, which

makes the surface of the coating have rough morphology. The WCA of the composite coating is

161.3 G 2�, and the SA is 5.8 G 1.2�. In addition, the composite coating can be constructed on cloth,

paper, and latex glove substrates and has good SH property (as show in Figure 19F). During the evolu-

tion of water droplets on the coating surface in Figure 19C, due to the layered structure of the coating

surface, the contact area between the water droplets and the surface becomes small. The composite par-

ticles let the air trapped in the gap, resulting in the heat transfer between droplets and coating. Through

the contrast it can be found that the composite coating can extend surface water droplet’s freeze time.

After the abrasion tests, the abraded coating still exhibits better inhibition of ice growth. Besides, the

GO sheets in the coating are attached to the ice embryo through hydrogen bonding, the curve of ice

crystals formed between the GO sheets. By Kelvin effect, it had depressed the frozen temperature

and inhibited the growth of ice crystals. Cohesive force of the EP is stronger, so it cannot be stripped.

In addition, the coating maintains complete SH and anti-icing performance after the 50-cycle sandpaper

abrasion (Figures 19D and 19E) (Bai and Zhang, 2019). For another example, Qi et al. (2020a) prepared a

new SHS based on nano-silica assembly by exposing commercial nano-silica modified with n-octyltrie-

thoxysilane to the surface and attaching it to the substrate through a polymer epoxy resin. It has excel-

lent superhydrophobicity and ultra-small SA, prolonging the formation time of ice core on the surface

and has good ice resistance at ultra-low temperature. Owing to the polymer attached to the surface,

it shows good mechanical stability (Qi et al., 2020a).

In addition, the other two techniques are as follows: (2) applying a microscale ‘‘shell’’ to protect the nano-

structures that provided water repellency (Wang et al., 2021b). It can form a rigid SHS on metal, glass, and

silicon substrates, which can prevent nanostructures from being removed by larger size abrasives, maintain

good SH properties even after sandpaper and a sharp blade wear (Wang et al., 2020a). This is shown in Fig-

ure 15A. (3) Using hydrophobic nanoparticles to fabricate free-standing particle-polymer composites

(Wang et al., 2021b). When the SHS is worn away or removed, a new layer of SHS will be formed (Enomoto

et al., 2018). In this way, it can greatly extend the use time of SHmaterials. In fact, three techniques are often

combined with each other in the study of superhydrophobicity.

Although these composite SH materials are promising de-icing candidates, practical anti-icing/de-icing

and anti-damage properties in large-scale applications face challenges. Therefore, in order to improve

the application of SH materials in real life, further research and development are needed.
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Figure 19. Study on mechanical stability of anti-icing graphene oxide diatomite/epoxy coatings

(A) Schematic illustrations of heterogeneous nucleation mechanism of a water droplet on coating surface and freezing-

inhibited mechanism of GO sheets.

(B) SEM images of GO-DE particles: (1) SH GO-DE/EP composite coating on Al surfaces at (2) low and (3) high

magnifications. (4) EDS spectrum of specimens.

(C) Photographs of icing time of specimens.

(D) Change of ice weight with time.

(E) Ice growth rate of freezing for different specimens.

(F) Photographs of SH GO-DE/EP coating fabricated on (1) cloth, (2) paper, and (3) latex glove substrates. Image reprinted

with permission from Bai and Zhang (2019).
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CONCLUSIONS

It is found that the SHS can increase the free energy barrier of ice core and reduce the heat transfer between

the droplet and the surface because of its lower surface energy and smaller droplet contact area. Therefore,

surface icing can be controlled to some extent by rational use of SHS with micro/nano or hierarchical sur-

face structure and low surface energy chemical composition. In this review, the research progress of SHma-

terials for anti-icing in recent years has been introduced from the beginning. Next, the mechanism of solid
34 iScience 24, 103357, November 19, 2021
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surface icing and two classical nucleation theories are also outlined, which provide theoretical support for

adjusting ice formation of solid surface and designing passive anti-icing surface.

Compared with the active de-icing method, the SHS can realize passive anti-icing by timely cleaning of wa-

ter droplets on the surface before freezing, delaying the freezing time, and reducing the adhesion force of

ice on the surface. Before water droplets are frozen on the surface, the SHS has a certain self-cleaning func-

tion for droplets colliding and condensing on the surface due to the largeWCA and the small SA. However,

in the high humidity environment, the water droplets on the SHS are always present and cannot be

completely removed. In addition, when water droplets freeze on the surface, the SHS can delay the freezing

time to prevent ice due to its special micro-nano structure. The micro-nano or layered structure of the SHS

can capture the air to form an air bag, thus reducing the heat transfer between the water droplets and the

substrate to prolong the freezing time. In addition, the nucleation rate of surface ice nuclei can be reduced

by adding nucleation inhibitors to the SHS. When ice inevitably forms on the surface, it has been reported

that SHSs can reduce the adhesion of ice to the surface, whereas it has also been suspected that SHSs can

increase the anchoring effect of ice on the surface. Further research is needed to confirm this. From a prac-

tical point of view, SH materials with good mechanical stability are desirable in anti-icing. For example,

grafting the polymer epoxy resin on the SHS not only improves the mechanical stability of the material

(Zhang et al., 2019b) but also has excellent anti-icing performance.

It is well known that the surface morphology of SHS will directly affect its performance, as well as the nucle-

ation and crystallization of ice on the surface. On this basis, ordered rough structures, appropriate micro/

nano microstructure, and SHSs with high mechanical strength can be constructed on the surface. At pre-

sent, multi-functional SHSs with self-repair, self-migration, self-healing, and other characteristics can

self-repair and even regenerate after wear, which greatly improves the service life of SH materials and

brings hope that SH materials can be widely used from the laboratory to practical life.

However, in the current research progress, part of the preparation method is expensive, complex process

and is not suitable for large-scale production and application, so there is a great space for development in

structural optimization and material selection. From my personal point of view, future research by re-

searchers should focus on preparing surfaces with methods that are easy to operate, low-cost, environmen-

tally friendly, and durable. Finding new solutions to ice is also crucial. Finally, I always believe that there will

be more breakthrough work done by researchers in the near future. The practical application of SH mate-

rials in daily life and industrial fields will be further improved.
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