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INTRODUCTION

Ice accumulation on infrastructures and facilities has caused tremen-
dous damage to industrial processes and individual life,%2 such as in
aircraft,® high-speed trains,* solar panels,® and so on. For example,
the bogies of highspeed trains are easily covered by snow and ice in
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Abstract

Unwanted ice formations may cause severe functional degradations of facilities and
also have a negative impact on their lifespans. Avoiding and removing ice accumula-
tion is always a hot topic in the industrial and technological field. Bionic functional
surfaces have been greatly studied for several decades and have proved to be excel-
lent candidates for passive anti-/deicing applications. However, the drawbacks limit
their potential industrial uses under harsh conditions, like low temperatures and high
humidity. Most researches on bionic surfaces are focused on a certain function of nat-
ural creatures and their underlined fundamental theories are revealed by taking the
interface as the static. Actually, living organisms, either plants or animals, are often
sensitive and responsive to their surroundings, avoiding risks and even self-repairing
upon damage. From this prospect, a novel view of the bionic icephobic materials has
been proposed in the present review, which is expected to be studied and designed
by taking the biological species as a system. As two representative icephobic mate-
rials, the anti-/deicing theories of superhydrophobic and slippery surfaces are first
discussed. Further, the recent progress of smart icephobic strategies is summarized
from interfaces to substrates. We aim to provide new bionic insights on designing
future icephobic strategies.

middle-high latitude regions in winter. For instance, the snow/ice accu-
mulation significantly restrains the displacements of springs, which
results in intensive vibrations and safety risks.® Researchers have
made great efforts to overcome these problems by making facilities
free from ice. When considering the operation conditions of rela-
tive humidity (RH), surface/environmental temperature, and impact

This is an open access article under the terms of the Creative Commons Attribution License, which permits use, distribution and reproduction in any medium, provided

the original work is properly cited.

© 2024 The Author(s). Droplet published by Jilin University and John Wiley & Sons Australia, Ltd.

Droplet. 2024;3:e131.
https://doi.org/10.1002/dro02.131

wileyonlinelibrary.com/journal/dro2 | 10f26


https://orcid.org/0000-0001-8269-1594
mailto:lyyw@jlu.edu.cn
mailto:yj_liu@hit.edu.cn
https://onlinelibrary.wiley.com/journal/27314375
https://doi.org/10.1002/dro2.131
http://crossmark.crossref.org/dialog/?doi=10.1002%2Fdro2.131&domain=pdf&date_stamp=2024-06-12

DROPLET

2% | wiLey-Dfdplet__

velocity, the ice formations on solid surfaces generally include frost,
mixed ice, and glaze ice.” To remove the ice from the solid surfaces,
the most conventional methods include vapor heating® hot water
treatment,? electro-thermal melting,’® mechanical vibration,! and
use of chemicals.12 However, the drawbacks of the high energy costs
and environmental pollution limit the use of these methods as deicing
strategies.13-15

Water droplets that are frozen on solid surfaces are generally
involved in adsorption, nucleation, and icing processes. Ice-free sur-
faces will be easily obtained if any of these processes can be
diminished.1é17 Therefore, an effective way to hinder ice formation
is to design a novel material that facilitates the anti-icing and deic-
ing processes.18-21 Passive anti-/deicing methods have recently gained
large attention and are identified as promising approaches toward ice
prevention.2223 Also, there are novel ideas for the design of icepho-
bic materials that are based on natural organisms, with their unique
nonwetting characteristics.2425 Inspired by the lotus leaves, super-
hydrophobic material surfaces show good self-cleaning properties,
with water contact angles larger than 150° and water sliding angles
smaller than 10°. On these surfaces, the water droplets are suspended
over the micro/nanostructures by an air cushion.26-28 The interface,
composed of a complex and intermittent solid-liquid-air tri-phase
(called the Cassie state), is dominated by a rough surface structure
and low surface energy.2?39 The superhydrophobic surfaces (SHSs)
are widely considered as ideal icephobic candidates, which is due to
their excellent water repulsion capabilities and ice adhesion reduction
properties.3132 However, the SHSs have been reported to be inef-
fective under extreme conditions. They are also subject to damage
due to their fragile micro/nanostructures, which limits their potential
icephobicities.33-35 Consequently, the modifications of the physical or
chemical properties of superhydrophobic materials have become very
popular in recent decades.

Another icephobic material that has been widely popular is the
liquid-infused surface (LIS), which mimics the unique slippery charac-
ter of the “pitcher” of Nepenthes.3¢37 |n contrast to the SHS, the LIS
presents a solid-liquid-liquid tri-phase system. On this surface, the
air within the hierarchical or porous material has been replaced by
the infusion of a slippery liquid phase.38 Therefore, the water droplets
cannot adhere to the gaps of the surface morphologies, which is the
reason for the improved icephobicity of the LIS (as compared with
the SHS) in a high humidity environment.3?40 It should be noted that
the anti-icing hydrogel material is also a liquid-layer type of material.
By controlling the structures and dynamics of the interfacial water-like
antifreeze proteins, it shows an ice nucleation inhibition property even
at temperatures lower than —30°C.#! The lubricants can also be the
phase change materials, which are commonly incorporated into poly-
meric matrices. Their icephobic properties are recognized as a release
or absorption of latent heat. These icephobic properties are also rec-
ognized as a volume change, which involves a combination of air type
and liquid type.*2 Therefore, an effective icephobicity requires a sur-
face/gas interface or surface/liquid interface, to reduce the water/ice
adhesion on the solid surface. The liquid must then be immiscible with

water.

Water/ice layers, interfaces, and substrates are all important for
the icing process of water. By considering the different physical prop-
erties of water/ice, it is a good strategy to provide the interfaces
and substrates with smart performances. Smart interfaces and sub-
strates that show dynamic water prevention, ice nucleation inhibition,
ice adhesion reduction, and stimuli-responsive ice removal can achieve
improved anti-icing properties even in harsh environments (Figure 1).
For the smart interfaces, the water/ice adhesion can be modified based
on the physical/chemical properties of the liquid and air within the
micro/nanostructures. Furthermore, the smart substrates can detach
the water/ice in response to external stimuli. Moreover, natural organ-
isms do not generally display a certain type of function, but instead a
system of functions. Inspired by this system of functions, smart icepho-
bic systems have for the first time (to the best of the authors knowl-
edge) been proposed in the present review, with which it is possible
to design a novel anti-/deicing strategy. Biomimetic icephobic materi-
als of air-layer type (i.e., solid/gas interfaces) and liquid-layer type (i.e.,
solid/liquid interfaces) have then been separately discussed, followed
by analyses of the corresponding icephobic mechanisms. Furthermore,
the current progress of hybrid methods has been introduced, including
emerging strategies in combination with passive, or active, methods.
Finally, an outlook for the development and applications of bioinspired
smart systems has been presented, with the purpose of aiding in the

future development of novel icephobic strategies.

BIOINSPIRED ICEPHOBIC MATERIALS
Bio-inspirations from plants and animals

After many years of evolution, biological species (like cuticles of plants
and shells of insects) have successfully built specific layers to protect
themselves from destruction by the surrounding. Wetting phenomena
are generally observed on the skin of animals, which is of large impor-
tance to study. It has been revealed that the micro/nanoscale surface
topographies and adhered chemicals contribute to the special wetting
performances of plants and animals.4”-4?

For plants and animals with an isotropic wettability, the water
droplets can easily roll off in any direction on the surface. As illus-
trated in Figure 2a, the impacting water droplet can completely
rebound from the surface, with a reduction in the water-solid contact
time. The most representative plant is the lotus leaf with a periodic
mastoid microstructure.5” The lotus seed pod surface exhibits a super-
hydrophobic self-cleaning property, with a water contact angle of
153.9° + 2.7° (Figure 2b).%° For the situation with penguins (Sphenis-
cus humboldti),>! their nonwetted feathers help to maintain a normal
flight status when they are going into water. The feathers are composed
of so-called “quasi-hierarchical” structures, and the main shaft (rachis)
is covered by numerous barbs (ramus) and barbules®! (Figure 2c).
Like the lotus leaf, water/ice can, thereby, be easily removed from the
isotropically wetted surfaces of the feathers, and in any direction on
the surfaces. In contrast to isotropic wettability, anisotropic wettability

is the situation when water droplets present different rolling behaviors
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FIGURE 1 Schematics of a smart icephobic system. (a) The smart interfaces can efficiently prevent water/ice adhesion, and (b) the smart
substrates can effectively remove ice or melt the ice at the interface. Reproduced with permission.*3-4¢ Copyright 2020, Elsevier. Copyright 2021,
American Chemical Society. Copyright 2020, American Chemical Society. Copyright 2012, AIP Publishing.

in different directions on the surface. As a typical anisotropically wet-
ted surface, water droplets on the rice leaf are more likely to roll off in a
direction parallel with the leaf edge (with rolling angles in the range of
3°-5°), rather than in a direction perpendicular to the leaf edge (with
rolling angles in the range of 9°-15°). The reason for this behavior

is that the microstructure is aligned along the direction of the leaf

edge.? In contrast, the hybrid wettability of a surface involves two,
or more, wetting performances simultaneously. The tiny droplets with
sizes on the microscale prefer to coalesce with adjacent larger droplets
and are, thereby, removed without adhering to the surface (Figure 2d).
Salvinia molesta®2¢0 has a unique eggbeater-shaped microstructure,

which is generally covered with wax nanocrystals. The exception is
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FIGURE 2 Representative plants and animals with nonwetting surface properties. (a) Schematics of water dynamics on isotropic
superhydrophobic surfaces, with representative examples: (b) lotus seedpod. Reproduced with permission.>® Copyright 2017, Wiley-VCH.

(c) Penguin feather. Reproduced with permission.>! Copyright 2016, American Chemical Society. (d) Schematics of water dynamics on hybrid
wetting surfaces, with representative examples: () Salvinia molesta. Reproduced with permission.>2 Copyright 2010, Wiley-VCH. (f) Desert
beetle. Reproduced with permission.>3 Copyright 2001, Springer Nature. (g) Schematics of water dynamics on directional transporting surfaces,
with representative samples: (h) Araucaria leaf. Reproduced with permission.>* Copyright 2021, The American Association for the Advancement
of Science. (i) Honey bee tongue. Reproduced with permission.>> Copyright 2022, American Chemical Society. (j) Schematics of water dynamics on
slippery surfaces, with representative examples: (k) predator pitcher. Reproduced with permission.3¢ Copyright 2016, Springer Nature. (I) Fish

scales. Reproduced with permission.>¢ Copyright 2009, Wiley-VCH.

the top areas with dead cells (Figure 2e). These hydrophilic areas can
easily catch the smaller water droplets, but larger droplets will roll off
when tilting, or vibrating, the surface. Moreover, the incorporation of
hydrophilic areas and other hydrophobic hairs can stabilize the air-

water interface against pressure fluctuations. Furthermore, different

from its nonsticking mechanism, the beetles in the Namib Desert>3
have created unique bumpy surfaces for water collection, with the
aim to survive in this dry environment. The nonuniform distribution
of wax-coated (hydrophobic) and nonwaxy regions (hydrophilic) can

effectively condensate the water vapor for drinking (Figure 2f). This
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property is also helpful to increase the removal possibility of the
water/ice by forming intermitted water/ice particles.

Moreover, there are many biological surfaces with the characteris-
tics of a directional transport of water droplets. This transport mainly
depends on the gradients of the surface energy and the Laplace pres-
sure as the driving forces.61¢3 Thus, the water droplets are self-driven
from the surface before being frozen (Figure 2g). One representative
plant is the Araucaria leaf, onto which water droplets with differ-
ent surface tensions can be selectively transported by periodically
arranged ratchets> (Figure 2h). A similar characteristic has been found
on the tongue of the honeybee (Apis mellifera L.).>% Its flexible tongue
is covered with fine structures of hydrophobic hairs, which is help-
ful for separation and for the reduction of friction caused by the
capillary force (Figure 2i). During the liquid capturing process, the cap-
illary force is dominating over the gravity. Under certain conditions,
the self-driving performances of these types of surfaces are bene-
ficial for water/ice removal with less energy consumption. Another
type of representative surface is the slippery surface, which normally
consists of lubricants and microstructures.6#4° In contrast to the air
layer (in a solid/air interface), the lubricant (in a solid/lubricant inter-
face) will not only prevent the intrusion of water droplets, but it will
also slide the adhered water/ice (Figure 2j). As being the most pop-
ular prototype of slippery surfaces, the “peristome” of the predatory
pitcher plant3® has a two-order hierarchical arrangement of radial
ridges, and the vertical gradients drive the directional water transport
(Figure 2k). Moreover, fishes can easily swim due to a reduced sur-
face friction, which is attributed to the protective fish-scales and the
slippery mucus (Figure 21).>¢ The unique slippery property hinders the
water/ice adhesion, which results in an excellent anti-/deicing perfor-
mance. As discussed above, the wettability and structural parameters
of typical animal surfaces are important for the design of potential ice-
phobic materials. These data are summarized and presented in Table
S1. Thus, the surface morphology and chemical surface adsorbates are
important for the modification of the surface wettability.6¢-67

Consequently, the ideal icephobic strategies that are inspired
by nature involve four physical characteristics and one durability
property®8; (1) the adhered water droplets completely rebound from
the surface with a short solid-liquid contact time (t.ontact)- (1) The het-
erogeneous ice nucleation is prevented by an ultralong freezing delay
time (tfreezing) and an ultralow icing temperature (Ticing). (1) There is
a self-removal capability of the condensed water under supersatu-
rated humidity conditions. (IV) There is an ultralow adhesion strength
of the ice in the ice-solid interface and (V) high robustness of the
surface system. Generally, the characteristics (1)-(Ill) are regarded as
anti-icing processes and (IV) is regarded as a deicing process. Due
to the robustness of the icephobic surface, it does not only demon-
strate durability against different harsh working conditions, but it also
shows self-healing and reproduction abilities.®? Most importantly, ani-
mals and plants are generally the organisms that undergo the most
proper reactions with the surroundings for the purpose of survival.
Therefore, a novel smart system with superior anti-icing and deicing
performances can be constructed by understanding the mechanisms

on animal surfaces.

Drdplet__-wi LEY |22

Preparation approaches for icephobic materials

Inspired by natural surfaces, artificial SHSs can be fabricated by
top-down approaches, bottom-up approaches, and approaches by com-
bining the two methods (Supporting Information: Figure $1a).7%71 The
details about the fabrication methods are listed in Supporting Informa-
tion: Table S2. The top-down approach refers to the fabrication process
that utilizes high-precision tools to obtain micro/nanostructures from
alarge piece of material (such as photolithography, etching, and micro-
machining). The manufacturing processes of nanoimprint lithography
(NIL) and templating methods should be recognized as top-down meth-
ods since the templates are generally fabricated by specific top-down
methods.”2 The bottom-up approach refers to processes where small
components are assembled from atoms or molecules. More exten-
sive and organized systems can, thereby, be constructed following the
natural physical principles or external driving forces.”?

As a convenient and efficient approach, coating technologies are
favored in providing the substrates with superhydrophobic perfor-
mances, which is the most promising commercial application.”3-77 Zhu
et al.”® prepared a transparent coating by spraying a mixed dispersion
of polydimethylsiloxane (PDMS) and commercial titanium dioxide as
a protective layer. A uniform nanoarchitecture of PDMS was, there-
after, deposited on the substrate. As tested by a high-speed water jet
and numerous cycles of tape peeling, this coating could maintain a high
transmittance and mechanochemical robustness and could be used as

1.7 prepared

an icephobic material on windshields, or mirrors. Tian et a
superhydrophobic Zn-Fe coatings with Echinopsis multiplex-like hier-
archical micro/nanostructures on carbon steel plates by using constant
potential polarization electrodeposition. The coatings exhibited high
water-repellent performances (wetting contact angle of ~166° and
wetting sliding angle of ~4°), high impact resistances, and good anticor-
rosion properties. In addition, additive manufacturing is another effec-
tive way to construct complicated architectures with high precision. As
can be seen in Supporting Information: Figure S1b, Yang et al.0 fab-
ricated biomimetic eggbeater structures of Salvinia molesta leaves by
using immersed surface accumulation-based 3D printing. The control-
lable adhesive forces on the artificial surfaces varied from 23 to 55 uN,
depending on the number of eggbeater arms. The unique controllable
adhesion properties showed the potential for droplet modifications.
Moreover, researchers have provided some interesting and effec-

tive ways to create rough surface structures. Tan et al.&°

reported on a
3D-shrinking method by tuning the prestrain of a nonuniform graphene
oxide (GO)-coated spherical balloon. They, thereby, achieved a papillae
array like arose petal. As can be seen in Supporting Information:Figure
Sic, they coated a thin GO film on an inflated balloon by using a
water evaporation-driven assembly process. A 3D GO-micropapillae
were then obtained in the deflating process of the balloon, which was

caused by the thickness gradient. Li et al.81

proposed a similar process
to create wrinkled morphologies with shape memory polymer (SMP)
particles. They, thereby, used the shape fixity and recovery capabili-
ties of these polymer particles. The shape memory polystyrene (PS)
microparticles were first pressed into disk-like shapes using NIL at

140°C (Supporting Information: Figure S1d). Once cooled to room
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temperature, the shapes were fixed even after releasing the pres-
sure. After being coated with a thin film of gold nanoparticles, the
disk-like shape memory PS microparticles were triggered by external
stimuli (direct heating or using toluene vapors) to recover the original
ball shape. As a result, the thin film of gold nanoparticles was trans-
formed into various wrinkled structures. This is a promising approach
to fabricate smart micro/nanotextured SHSs.

Slippery surfaces are usually fabricated by infusing a viscous liquid
into precisely textured surfaces.398283 The liquid repellence of a LIS
is characterized by a contact angle hysteresis smaller than 2.5° and
a tilt angle smaller than 5°.84 The fabrication methods of SHSs can
be utilized to manufacture the holding medium of the infused liquid.
Peppou-Chapman et al.85 classified the LIS into three categories; one-
dimensional (1D), two-dimensional (2D), and three-dimensional (3D)
LIS. The 1D LIS refers to the bonding of the lubricant to the substrate
on amolecular scale. The 2D LIS is a substrate surface where the lubri-
cant can be trapped within the nano- and microscale topographical
structures by capillary actions. Also, the 3D LIS is characterized by a
porous 3D molecular network that is filled with the lubricant. Gen-
erally, the 2D and 3D LISs have been widely studied for their high
capacity to trap and store lubricants. According to the physical proper-
ties of these materials, textured substrates can be prepared by additive
approaches and/or by removal approaches. As being one essential part
of the LIS, the lubricants should be provided with properties of low
surface tension (<30 mN m~1), low vapor pressure (<1 Pa), chemical
inertness, and appropriate viscosity (<100 cSt).8> Two main classes of
lubricants are perfluoropolyethers (Krytox series from Dupont) and
linear PDMS (silicone oil). Therefore, the typical fabrication method for
slippery surfaces can be divided into three parts: (i) formation of hierar-
chical/porous structures, (ii) surface functionalization with chemicals,
and (iii) infusion with lubricants.8¢ Consequently, the lubricant will be
held in place by a combination of Van-der-Waals forces and capillary
forces.8788

ICEPHOBIC LIQUID-AIR INTERFACE

Superhydrophobic surfaces with liquid-air interfaces are well-known
for their excellent water-repellent properties. In fact, this type of sur-
face is regarded as the best candidate for icephobic applications. As
discussed above, the anti-icing process refers to the prevention of
water condensation and ice nucleation on a surface. Also, the deicing
process focuses on the removal of ice with, or without, an external

energy input.8?

Reduction of solid-liquid contact time

The water impact process on a surface involves a complex transfer of
mass, momentum, and energy in the solid-liquid interface. The ideal
strategy for an outstanding anti-icing property is to minimize the con-
tact process between the water droplet and the substrate, which is
characterized by the solid-liquid contact time (t.ontact)- Generally, the

impacting water droplet on a nonwetted surface will experience the

processes of contacting, spreading, contracting, and rebounding. In
the spreading stage, the water droplets will become extended to the
maximum diameter (Dp,y), Wwhich can be described by Equation 1%0:

(Dimax/Do) Re™Y/5 = P12/ (1.24 + P1/2) (1)

where Dy, and Dg are the maximum diameter and original diameter,
respectively. Also, P is the impact parameter (P = WeRe=#/3), where We
and Re are the Weber number and Reynolds number, respectively. A
larger value of We corresponds to a larger deformation of the water
droplet (Figure 3a). After the spreading stage, the stored potential
energy in the droplet will be transferred into kinetic energy, which
results in a complete lift-off of the water droplet.?”? However, the
droplet will compress and penetrate into the trapped air in the surface
structure with an increased We value, which leads to a transition from
a completely rebound state to a sticky state.?”2 Furthermore, Richard
et al.102 revealed that the solid-liquid contact time is independent of
the impact velocity in the range of 20-230 cm s~ 1. It is also propor-
tional to the water droplet radius in the range of 0.1-4.0 mm. At high
We values, penetration into the substrate surface also takes place dur-
ing the water impacting process.?! For a supercooled water droplet and
a low We value, the water droplet shows a similar maximum spreading
diameter as the room temperature droplet. However, it shows a smaller
maximum spreading diameter at a high We value.103

Other factors should also be considered when analyzing the
dynamic behavior of water droplets in real situations (such as surface

105,106 etc,). For

inclination,104 RH,?> ambient/substrate temperature,
the inclined SHS, the impacting water droplets asymmetrically spread
along the lateral and longitudinal directions, which leads to uneven
distributions of the front and rear lamella (Figure 3b). In addition, a
water rim is formed during the spreading process under the influence
of wettability and surface tension forces.”® Also, the spreading diame-
ter and rebound height of the water droplets decrease with anincrease
in the inclined surface angle, and the water contact time shows the
same trend.?* Furthermore, with an increase in the ambient humidity,
the rebound performances of the water droplets are largely prohibited,
which is due to increased surface adhesion. As can be seen in Figure 3c,
the rebound heights of the water droplets dramatically decrease when
the RH is larger than 95%.7> At this humidity, the tiny water droplets
keep condensing in the micro/nanostructure of the SHS, which leads to
a partial, or full, penetration of the air cushion. In addition, the impact
of water droplets onto a supercooled surface involves complex physi-

cal processes of hydrodynamics, heat transfer, and heterogeneous ice

nucleation, which can be expressed by Equation 2.105
d’R 1 — Copef(Tinterface)2) R = O 2
F"‘( — CopgeflTinterface)t2) R = (2)

where R is the dimensionless position of the contact line, C incorpo-
rates empirical and theoretical constants, f(Tinterface) is a function of the
interface temperature, t. is the droplet-substrate interface tempera-
ture, and g¢q is the initial features without any ice. The droplets adhere
completely onto the SHS at extremely low temperatures. When con-

trolling the impact velocity, directional movements of water droplets
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are observed at low temperatures (Figure 3d).43 This can be attributed
to the formation of frost within the surface structure at such low tem-
peratures, which leads to the “Cassie—Wenzel state.”07 The impact
center of the water droplets is stuck onto the surface, and the other
parts of the droplets keep spreading and “swallow” adjacent droplets.
Consequently, the water drop dynamic is dependent on the physi-
cal status of the substrate, in addition to the droplet-to-substrate
size ratio. Moreover, the impacting performance of the water drops
onto the SHS is dependent on the surface energy. The wetting takes

place when the surface tension is lower than 56 mN m~2. The wetting

pressure and the effective water hammer pressure are then larger than
the antiwetting pressure.198 For aircrafts under Bernoulli and hammer
pressures, the increased impact speed leads to a strong adhesion of
water/ice onto the SHS.107

Regardless of the above-mentioned situations, there are four strate-
gies that have been widely studied for a further reduction of the
contact time (Figure 3e). The first strategy is to hinder the impact
of water droplets by eliminating the retracting period of the SHS
with a uniform structure and wettability. This is identified as the 1D

|96

structure. For example, Liu et a reported on a unique pancake
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bouncing behavior on a micro/nanohierarchically textured SHS. The
excellent superhydrophobic property enabled the water droplets to
detach immediately without experiencing any retractions. In addition,
the water contact time was dramatically reduced. It was four times
shorter than that of the complete rebound process. If the surface
wettability is nonuniform, the hydrodynamics of the impacting water
droplets can be modified by creating hydrophilic defects on the SHS.
This is identified as the 2D strategy. The water droplets can be split
into mini-marbles when impinging onto the hydrophilic regions of the
surface at high velocities.?”

Otherwise, the hydrodynamics of the impacting water droplets
can also be altered and the liquid masses can be redistributed by
designing hybrid structures outside the surface, which is identified as
the 3D strategy. The water droplet contact time is also dramatically
affected by the different shapes of the macroscopic superhydropho-
bic ridges. This is due to the nonaxisymmetric center-assisted recoiling
characteristics. Similar to the impacting performances on the Nas-
turtium plant and Morpho butterfly wings, the water droplets are
not immediately split and the time required for recoiling is further
decreased.110 If the number of macroscopic superhydrophobic ridges
is increased, the water droplets can be further split into several frag-
ments. From the results proposed by Gauthier et al.,”® the evaluated
contact time is close to ro/\/ﬁ, where 73 is the reference contact
time on a flat SHS. However, the contact time will not be further
reduced by increasing the number of superhydrophobic ridges.111
For the parallel macroscale superhydrophobic ridges (like on the rice
leaf), the water contact time is dependent on the diameters of water
droplets and the distances between the macroridges. The contact
time can be greatly reduced by 40-50% when the droplet diameter is
comparable with the distance between two ridges.?” For a superhy-
drophobic cylinder, when the size of the water droplet is comparable
with the curvature of a single superhydrophobic ridge, the water
droplet exhibits asymmetric bouncing dynamics along two perpendic-
ular directions. This results in a time reduction of 40%.3° However, the
impacting water droplet tends to surround the cylinder, and the sepa-
rated parts will form a pair of “wings” when the droplet size is larger
than the diameter of the superhydrophobic cylinder.112 Moreover, if
the water droplet impacts onto the hierarchical macro/microridges,
the water droplet will be detached from the uniquely curved SHS
within 4.55 ms.100

Alternatively, the surface can be designed to dynamically respond
to the impact of the water droplet, which is classified as a 4-
dimensional strategy. A flexible SHS can actively disturb this water
droplet impact.113 For instance, Weisensee et al.10! fabricated super-
hydrophobic elastic cantilever substrates for this purpose. During the
impact of a water droplet to this type of surface, the elastic cantilever
substrate transferred the vertical momentum back to the droplet,
which is called the springboard effect. Before the retraction was com-
pleted, the water droplet lifted off from the surface in an extended 2D
shape, which resulted in a contact time that was 21% shorter than that
of a rigid SHS. Moreover, Weisensee et al.10! presented an interest-
ing technique for the study of water droplet impact dynamics. They

exerted various vibrating frequencies and amplitudes on the rigid SHSs.

As compared with a stationary surface, the contact time of the water
droplets could, thereby, be reduced by 50%. In addition, bouncing of
the 2D-shaped droplet took place at the critical frequency-dependent
impact stage (at an angle of 156°). It is, therefore, essential to maintain
the air pockets in the surface structure to minimize the water adhesion
possibilities, which can be obtained by controlling the physical status
of the superhydrophobic substrates and water droplets. A dramatic
decrease in contact time on SHSs is the most critical and influential way
to prevent ice coverage.

Freezing delay properties

Water droplets that are sticking onto SHS will freeze to ice at low tem-
peratures. During the icing process, the water droplets undergo ice
crystallizations, ice front propagations, and shape changes (Figure 4a).
Based on the classical nucleation theory, the icing process on a
SHS is commonly recognized as a heterogeneous nucleation process.
This type of nucleation process is initiated by impurities and chem-
ical/physical defects in the interface.11* An ice nucleus will sponta-
neously form at a nucleation site and lead to an entire phase transition
that incorporates additional water molecules (Figure 4b). Generally,
the icing process of water droplets on a SHS is characterized by the
freezing/icing delay time, which is defined as the time interval from the
start of the cooling to the complete freezing. Also, the icing process can
be divided into precooling and ice growth stages, where the ice growth
stage typically accounts for less than 5% of the total time. The icing
process is triggered by the first ice nucleus in a water droplet, and the
freezing front quickly moves from the substrate to the top with dra-
matic shape changes.11” Factors like droplet size, surface morphology,
and cooling rate can significantly affect the freezing delay properties
of the water droplets on SHSs. By considering the surface nucleation
rate on a modified substrate (J5) and the water bulk nucleation rate
(Jy), the number of generated nucleation sites per second (Jiot4) can be
obtained from Equation 3118.119;

Jiotal =Js XS+ J, xV 3)

where S and V are the surface area and bulk volume, respectively. The
bulk nucleation can be inhibited by decreasing the V value, which leads
to a decrease in total nucleation sites. Consequently, a smaller droplet
radius can help to promote a homogeneous nucleation.

Moreover, the hierarchical micro/nanostructures provide the SHSs
with the largest freezing delay times, which is due to the smallest
solid/liquid contact areas.120121 The following methods have been
used for the analyses of the freezing delay performances of the
surfaces: (i) stabilization of the cooling environment/plate at a specific
temperature to record the freezing delay time when the freezing is
complete.122 (ji) Cooling the environment/plate at a specific rate to
record the temperature and time when the freezing is complete.*3
By using the latter method, it is possible to establish a relationship
between the freezing temperature and the freezing/icing delay time. In

addition, it is also possible to calculate the heat loss rate.123 The heat
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FIGURE 4 Water condensation and adhesion on superhydrophobic surfaces. (a) Schematics of the condensation process. (b) Formations of
initial ice nuclei by homogeneous and heterogeneous nucleation. Adapted with permission.11# Copyright 2015, American Chemical Society.

(c) Model of a heat transfer process. Reproduced with permission.#3 Copyright 2019, Elsevier. (d) Melting of a water droplet on a surface with
double-scale periodic microcones. Reproduced with permission.*> Copyright 2022, Springer Nature. (e) Schematics of the humidity-depending ice
intrusion.#¢ Copyright 2012, AIP Publishing. (f) Cryo-SEM images and schematics of the interfacial contact between ice and a microstructured
surface. Reproduced with permission.11> Copyright 2023, American Chemical Society. (g) Effective large-scale deicing on low-interfacial
toughness materials. Reproduced with permission.11¢ Copyright 2019, The American Association for the Advancement of Science.

loss of a water droplet on a SHS in a cold environment is illustrated in
Figure 4c. These heat losses can be calculated using Equation 4:

AQ=Q.+Q +Q; (4)

where AQ is the total heat loss, Q. is the heat conduction at the inter-
face,and Q, and Q,* are the convective heat transfer and heat radiation
at the liquid-air interface, respectively. However, the heat loss on the
hydrophilic surface takes place by only two different pathways, which
is due to the complete contact in the solid-liquid interface. Quanti-
tatively, the heat loss rate on the SHS is dramatically reduced com-

pared with the bare surface.*® Thus, a refined design of the textured

surface structure is beneficial for the suppression of the ice nucleation
process.124

When the freezing is complete, the tiny droplets under high humid-
ity conditions replace the trapped air within the solid structures,
leading to the high-adhesion Wenzel state. From the experimental
observations of Wang et al.,*> the contact angle decreases gradually
at a reduced surrounding temperature, which can be explained by the
icing-induced volume expansion. Interestingly, numerous bubbles are
dissolved and frozen in the ice droplets instead of escaping with time
(Figure 4d). During the melting process, the tiny bubbles continue to

migrate from the nonmelting zone to the melting zone, which is due

850807 SUOWIWIOD @A eaID 3|qedljdde aup A pausenob ae Sajplie YO ‘8sN JO SaINJ 10} AkeidT8UIIUO A8|1A UO (SUORIPUOD-PUR-SLUBIAL0D" A3 1M Ae.d 1 |BulU0//:SANY) SUORIPUOD Pue swie | 8y} 88S *[Z0z/0T/9T] uo Ariqi]auliuo (1M *ABojouyos L JO aniisul uigeH Aq TET Z04P/Z00T OT/10p/oo’ A3 1M Ake.q1|Buluo//:Sdny Woly pepeojumod ‘€ ‘¥202 ‘SLEFTELZ



DROPLET

2% | wiLey-Dfdplet_

to the surface tension gradient. It has been demonstrated that the air
pockets that are recovered during the melting process result in a wetta-
bility transformation from the Wenzel state to the Cassie-Baxter state.
Therefore, the trapped air in the interface can significantly decrease
the heat loss of the water droplets and inhibit the ice nucleation pro-
cess. In addition, the intrusion of water droplets into the gaps of the
textured surface structure is fatal for the icephobic performances,
resulting in a dramatic acceleration of the freezing process. The vapor
droplets continue to condense and are pinned in the microtexture
spaces of the surface. Thereafter, they grow upward and finally coa-
lesce with the frozen droplets.12> Therefore, further studies should
focus on the improvement of the water inhibition ability of the func-
tional surfaces. In addition, they should also focus on standardizing the
characterization methods for the heat transfer process to improve the

icephobic performances of the SHSs.

Reduction in ice adhesion onto the solid surface

Once ice accumulates on the surface, an icephobic surface is required
for the reduction of the adhesion strength so that the ice bulk can be
easily removed with/without deicing operations. Generally, Van-der-
Waals forces and electrostatic interactions contribute to the adhesion
strengths between the ice bulk and most solid surfaces.12¢ Also, the
solid-ice separation often takes place at fractures, either in the ice
itself or originating from interfacial defects.127:128 Some studies have
shown that the upper threshold of the pressure on the icephobic sur-
face should not be larger than 10 kPa for a self-removal of the formed
ice.12? Most of the testing methods in the laboratory have been used
to remove the ice and to measure the shear stresses in the solid-ice
interfaces using force measuring probes!3° or centrifuges.13! During
the ice shear tests, the origin of the failures of the coated interfaces can
be divided into five types, depending on where the failures occur.132
The ice failures may occur at different locations, such as in internal
sites of the ice layer, inice coatings, in substrate-coating interfaces, and
in mixed states. The tensile stress should also be evaluated,*3133.134
although just a few studies have earlier been reported. Typically, if the
distance between two bodies is within the attraction zone of the Van-
der-Waals forces (~0.5 nm), the adhesion of ice to the solid surface will
be affected by the radius of the interacting area (R). When R < Rjt, the
two contacting bodies are closely connected, which is called a shape
independency. Otherwise, only a fraction of the two interacting bodies
is in contact when R > R, which is called a shape dependency. The
critical radius (Rit) of each substrate-ice contact point is formulated
in the Griffith condition for crack initiation.13°

Compared with superhydrophilic surfaces, the intermittent
three-phase line on the SHSs can significantly reduce the solid-
ice contact area, which is due to the trapped air in the surface
micro/nanostructures.””-136-138 However, the trapped air layer is not
always well performing at low temperatures. One reason is that the
water droplets will swell during the freezing process, which leads to
an intrusion into the trapped air layer. Another reason is the relatively

high humidity in a cold environment, which results in an accumulation

of microsized water droplets in the micro/nanogaps (Figure 4e).13%:140
These droplets are required to overcome both the adhesive strength
and the cohesive strength when mechanical interlocking takes place.#¢
The factors that affect the solid-ice adhesion strength are the tem-
perature and the equilibrium time of the ice surface layer.14! The
adhesion strength on the textured SHS increases when the temper-
ature decreases. However, the actual ice adhesion strength can be
decreased to several hours because of the latent heat release. During
the water freezing process, metastable ice meniscuses are formed
in the gaps of the surface texture, and the newly formed metastable
meniscuses sublimate continuously.

To visualize the penetrations of the water droplets into the SHS,
Tian et al.115 observed a specific process at an increased temperature
by using high-magnification charge-coupled detection. As revealed
by cryo-scanning electron microscopy (cryo-SEM), the frost dendrites
grow gradually until they are in contact with the iced droplets, which
leads to a complete intrusion into the air pockets (Figure 4f). From
the schematics of the substrate-ice contact situations, the internal
contact regions illustrate an indirect contact within the ice-air inter-
face. However, the frost bridge may further increase the ice adhesion,
which is due to the gradual condensation of the tiny droplets. To min-
imize the influences of the ice bridge and frost propagation, the SHS
should have good thermal conductivity, which leads to faster freez-
ing of the mother droplets.1#2 In addition, the localized cracks and the
strain energy of the surface deformation are other factors that con-
tribute to the interfacial toughness.¢?.143 Golovin et al.11¢ introduced
low-interfacial toughness (LIT) materials and achieved good ice preven-
tion, or ice strength-reduction performances, in large surface areas. As
can be seenin Figure 4g, the removal forces in the solid-ice interface in
the LIT material remain constant regardless of size of the iced area. This
type of superhydrophobic coating material can effectively reduce the
ice coverage on large flat aluminum panels, and in structures with com-
plex geometries under real outdoor environment. In addition, Peyman

et al.144

presented a detachment method based on fast crack nucle-
ation at the interfaces of fracture-controlled surfaces. The fast crack
growth on fracture-controlled surfaces results in a weak adhesion of
ice to the solid surface and a smaller energy consumption for shed-
ding. From this perspective, icephobic surfaces with extremely weak ice
adhesion strengths will be increasingly popular for future applications.
Therefore, the surface textures should be carefully designed to prevent

ice intrusion into the air pockets.

Inhibition of frost coverage

According to certain environmental conditions (such as a high tem-
perature, high humidity, large droplet size, etc.), ice on surfaces often
exhibits three types of structures. For water droplets with large diam-
eters, the resulting glaze ice is the most common type of ice structure.
In contrast, frost is formed when the water droplets have microscale
sizes. It has a loose-structured morphology, like needles or feathers.14>
Also, the mixed ice is formed by water droplets with different diame-

ters, with both glaze ice and frost characteristics. When considering
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macrotextured groove arrays. Reproduced with permission.1°? Copyright 2021, Elsevier. (g) Discontinuous frost patterns on natural leaves and
3D-printed artificial leaves, and a schematic of the frosting mechanism. Reproduced with permission.1>1 Copyright 2020, National Academy of

Sciences.

the topographical surface structure, frost formation on a SHS may
show condensation, or direct deposition.14¢:147 For SHSs with nanopil-
lars, the condensed water droplets can repeatedly detach from the
surfaces (Figure 5a). This detachment is driven by the energy release
of the droplet coalescence.32153 As shown in Figure 5d, the coa-
lesced droplets are detached from the surface when the initial and
second droplets (and even more) reach a specific size.148 The detach-
ment behavior depends on the mismatch of droplet sizes, which is
determined by the ratio of the diameters of two adjacent droplets.
The detachment probability decreases when the radius of the smaller
droplet increases. Consequently, an ice bridge is formed between
deposited droplets, which leads to an interconnected ice growth
phenomenon.'54 In addition, nanotextured surfaces are frost free even
at high humidities, which is due to the vapor pressure in the nanocav-
ities. Vercillo1>5 discussed the relationship between the diameters of
the droplets and the surface structure parameters (i.e., pillar-to-pillar
distances and depths) by comparing the frozen sections under four
different icing conditions. The results revealed that the Cassie-Baxter
wetting state is preserved when these surface structure parameters
are smaller than the diameters of the micrometric supercooled water
droplets. For hierarchical micromorphologies, the textured SHSs are
subject to a complete intrusion of frost (Figure 5b).156 When the tiny
droplets coalesce upward to the top of the micropillars, the released
latent heats not only contribute to the evaporation of tiny condensates

but also promote a coalescence of the droplets*? (Figure 5e). From

the in-plane dimension, the ice bridge occurs from the initial frozen
drop and grows toward the evaporating liquid drop, resulting in the

frost propagation.1>”

It is roughly related to the ratio of interdrop dis-
tance to diameter of the evaporating liquid. For SHS, the value range
of ratio is larger than traditional surfaces, leading to delay of the frost
growth.158 In addition, Graeber et al.1>? revealed that the ice/frost
propagation was also influenced by local supersaturation and emission
of a vapor bolus.

For macrotextured SHSs, the tiny water droplets continuous to
condensate in the macrostructures. Due to the Laplace pressure that
originates from the difference in curvatures, the condensed droplet
spontaneously moves from the bottom to the top in the macrostruc-
ture when its volume keeps growing%0 (Figure 5c). In comparison with
the flat SHSs, the microgroove structures prevent the 2D condensation
of water. Instead, the water droplets are sliding in spherical shapes
(Figure 5f). Similar frost prevention structures are found on natural
leaves. Frost is easily formed on the veins on the backside of the leaf
(i.e., convex side), but it is hardly formed on the veins on the front side
(i.e., concave side) (Figure 5g). Inspired by this finding, Yao et al.1>!
designed aluminum surfaces with serrated features on the millimeter
scale. At low temperatures and high humidity levels, the supercooled
droplets froze initially at the peaks of the surface structure without
occupying the valleys. This was due to the vapor pressure difference
and “ice bridge” effect. Therefore, careful control of the wettability

of the SHS, size distribution of droplets, and surface topography are
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effective in the inhibition of frost propagation.1? Instead of using

removal strategies, the promotion of self-coalescence of microsized
droplets and self-repelling properties of the SHS are highly recom-
mended for effective frost prevention. It is also necessary to system-
atically investigate the physical characteristics of water condensation
and develop novel theories in the design of frost-free surfaces.

ICEPHOBIC LIQUID-LIQUID INTERFACE

In contrast to the solid-liquid-vapor three-phase interface on a SHS,
the distinguishing feature of a slippery surface is the presence of
lubricant meniscuses.25:161.162 The slippery surface is a complex four-
phase system involving solid, repelling liquid, lubricating liquid, and air
phases. The oil-water spreading factor (Sy,, (a)) is defined to describe
the area between the water droplet and the oil.84 For S, (a) < O,
the water droplet is entirely suspended by the oil layer, instead of
being encapsulated. Therefore, the lubricant layer, with its low surface
energy, provides the LIS with excellent icephobic properties. It is also
essential to prevent the loss of the impregnated oil during the shedding

process of the water droplet.

Frost/ice prevention properties

Liquid droplets easily condense when the water vapor is in contact
with a surface at temperatures below the dew point. Once the liquid
droplet is pinned to the exposed surface, the surface defects present
a high hysteresis and immobilize the water droplet, which leads to
an instant ice formation.1®3 For SHSs, the tiny water droplets are
prone to condensate at the surface defects. Slippery surface presents a
better frost-/ice-free performance, where the hemispherical droplets
that are formed by the coalescence of satellite droplets can sweep
away the pinned droplets.138164165 The microscale frost formation
on the LIS involves complex dynamic processes: condensation, coa-
lescence, growth, and propagation (Figure 6a). Weisensee et al.l”
demonstrated that the transition of water droplets depended on the
critical nucleation radius (i, = ~10-100 nm) and nucleation site den-
sity (Ns). Hence, the effective transition radius can be expressed as r, =
1/\/4_NS, and has a value in the range of ~0.5-10 um. Once the water
droplet reaches the maximum diameter (r.x = ~1 mm), it will slide
off and “swallow” the droplets in the falling path if the gravitational
forces overcome the pinning forces to the contact line. To improve the
nucleation and removal rates of the water droplets, slippery surfaces
have been designed by including various functions of bio-prototypes.
Dai et al.1%8 reported on a slippery rough surface where a hydrophilic
lubricant was infused, which is designed from the inspiration of pitcher
plants and rice leaves. It presented a superior vapor condensation
performance and higher droplet mobility under capillary wetting and
adequate drainage, which accelerated the droplet removal by gravity.
Moreover, the heat transfer on a LIS can be regarded as a system
of thermal resistances that act on a single droplet. The dropwise heat

transfer condensation can be modelled and the heat transfer rate (qq)

on the LIS can be expressed as shown in Equation 517:

_ ATt _ ATt —ATe
Rtot Ri + Rcond + Rs

(5)

where ATy is the overall temperature difference, Ry is the total ther-
mal resistance, R; is the interfacial resistance, R.nq is the conduction
resistance, Ry is the structure resistance, and AT, is the temperature
change that is caused by the droplet curvature (i.e., the Kelvin effect).
The total thermal resistance of the solid-liquid interface is related to
the type of lubricant, surface micro/nanostructure (with height hg), and
energy of the surface coating (with thickness 8..4¢). In addition, the
growth speed and suction pressure of the frost contribute to the gen-
eration of a lubricant-depleted zone, which is directly influenced by
the spacing between the micropillars (Figure 6b).16¢ Thus, the frost-
resistant property of the LIS is a synergistic effect of the lubricant and

substrate morphologies.

Sliding dynamics

The dynamic prevention of water/ice on slippery surfaces is another
effective icephobic method, where the water droplets slide off the sur-
faces by surface tension or by impacting momentum. For this situation,
the physical properties of the infused lubricant should also be con-
sidered. Lee et al.2%? observed that the impact of water droplets on
SHSs, and on surfaces infused with low-viscosity oils, presents rapid
splashings. However, this is not the situation with surfaces infused with
high-viscosity oils. This can be explained by the direct contacts in the
solid-water interfaces, where the low viscous oils that are stored in
the gaps are easily displaced by impacting water droplets. It is, there-
fore, essential to carefully select the lubricant type in the design of a
slippery material for anti-icing applications. In addition, the thickness
of the infused oil directly affects the homogeneity of the liquid distri-
bution during the spreading-retracting process.1’? Hao et al.1”* found
that a droplet that impacts a slippery liquid interface becomes com-
pletely rebound, which is similar to the dynamic process on a SHS. For
the bouncing process, the interference fringe has been analyzed by
reflection interference contrast microscopy, with a wavelength, A, of
546 nm. This analysis has proved the existence of an intact air cushion
at the interface.

To promote the water dynamic process, some studies have focused
on disturbing the stability of the liquid-solid-liquid interface by
tailoring the surface topography and characteristics of the lubricant.
There are two representative studies on self-driven motions of water

droplets on slippery surfaces. Sadullah et al.1¢7

constructed a topo-
graphical gradient on a textured substrate, where one side was a less
dense section and the other a denser section. The water droplets
spontaneously moved in either of two directions when the surface
was infused with two different lubricants (ionic liquid and Krytox oil)
(Figure 6d). These results showed that a combination of lubricants and
topographical gradients is critical for a control of the force balance
of the water droplets on a LIS. As illustrated in Figure 6c, the driving

force reaches this balance under the interfacial tension between the
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FIGURE 6 Dynamic prevention of water condensation and propagation on slippery surfaces. (a) Frost formation process on a LIS. (b) Schematic
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of a propagating frost front. Adapted with permission.16¢ Copyright 2021, American Chemical Society. Schematics of the (c) meniscus area on a
liquid-infused surface with a topographical gradient and (d) self-driven droplet motion. Adapted with permission.1¢” Copyright 2020, Springer

Nature. (e) Estimations of normalized driving forces. Reproduced with permission.1¢7 Copyright 2020, Springer Nature. (f) Combined strategies for
anisotropic slippery situations: I. Sub-millimeter grooved structures like natural rice leaves; |l. Wedge-shaped nanotextures like shorebird beaks.

Reproduced with permission.3¢44 Copyright 2016, Springer Nature. Copyright 2021, American Chemical Society.
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LIS and different phases (i.e., water (y(s o), Oil (¥(s.0)0), and air (¥(s 0)a))-

Accordingly, the direction of the driving force (F) can be determined by
Equation 6:

F= (cos vafafls — cos ijf;lo ) (6)
where e\fvf;s and Gfglo are defined as the contact angles of the droplets
on a smooth solid surface and on a lubricant surface, respectively.
The water droplets tend to move toward the denser solid area when
Gsvf;‘s > vaf;‘o since the solid part is easier wetted than the lubricant.
Otherwise, the water droplets move in the opposite direction since the
lubricant is preferably soaked. As can be seen in Figure ée, the driving
force is also varying when the surface is infused with different lubri-
cants, which directly affects the water dynamics. Inspired by the water-
feeding method of a shorebird beak, Yang et al.** fabricated wedge-
shaped structures on SLIPS to obtain self-driven droplet transports.
They, thereby, tailored the surface micro/nanotopography (Figure 6f).
The continuous self-driven movement of droplets was achieved by
the Laplace pressure gradients. The “footprints” of the droplets were
then confined, and the bodies of the droplets were squeezed. The
impelling forces were generated by the inner Laplace pressure gradi-
ents between the tail radii and head radii of the droplets. As can be seen
in Figure 6f(ll), the water droplets were squeezed to move along the
wedges in a widening direction. When the 3D morphology of the sub-
millimeter rice leaf-like grooved structure was altered, the droplets
could, with the aid of gravity, be efficiently and precisely transported
along the routes of the customized structure. This was attributed to the
large difference in sliding resistance for the parallel and perpendicular
directions with respect to the grooves, which is called the anisotropic
slippery-Wenzel state (Figure 6f(l)). Therefore, the water droplets on
this type of surface are most probably removed by themselves, or with
the assistance of gravity, before being frozen. Thus, this surface has a
high potential for applications in the anti-icing field.

Ice removal properties

As the air cushion is easily destroyed under harsh conditions, the SHSs
become easily as worthless as icephobic surfaces. This situation leads
to an increased ice adherence.172173 |n contrast, when the air cush-
ion is replaced by a lubricant, the lubricant forms a slippery surface
and prevents the microscale water droplets from anchoring to the
hierarchical surface structure. Consequently, the interfacial bonding
on a slippery surface is a direct adhesion of ice to the lubricant (i.e.,
lubricant-ice interface) instead of a direct adhesion of ice to the solid
surface (i.e., substrate-ice interface). Due to the low friction coefficient
of the slippery surface, the ice can slip off the surface under a gentle
external disturbance (like gravity or wind), even if the freezing droplets
continuous to develop. This unique property makes the slippery sur-
face a suitable candidate for anti-/deicing materials in high humidity
environments.

As the most essential part of a slippery surface, the physical prop-

erties of different lubricants result in a difference in ice removal

performances. The liquid oil is the most popular lubricant and has been
used in many research studies. Due to the immiscibility of water and
the oil lubricant, the tiny water droplets gradually deposit and coalesce
on the lubricant film (Figure 7a). For slippery surfaces that are infused
with the perfluorinated lubricant DuPont Krytox 100, the ice adhesion
strength (~10 + 7 kPa) is dramatically reduced compared with the flu-
orinated SHS at —40°C.177 In Ref. 173, DuPont Krytox 103 was chosen
as the lubricant fluid to decrease the evaporation rate of the lubricant
layer. When coated with this lubricant, the unfrozen water on the sur-
face of a turbine blade model was found to stream back along the blade
structure more quickly than on an uncoated surface (Figure 7c). Due to
the ultra-low ice adhesion strength (~35 kPa), the accumulated ice was
more likely to sweep away by the incoming airflow, which led to a dimin-
ished ice formation. Additionally, silicone oil has also been selected as
the infusing liquid, which is due to its nonvolatility and environmental-
friendly properties. Long et al.1”8 reported on a type of ultra-smooth
solid-liquid interface that was infused with the silicone oil DC-200.
The ice adhesion strength was as low as ~6.2 kPa. Furthermore, this
lubricant functioned as a protective layer in cyclic freezing and drawing
tests, thereby presenting good mechanical durability and a relatively

long lifespan. Moreover, the quasi-liquid surfacel74

is a new type of
slippery surface that is based on silicone oil. One side of the grafted
siloxane polymer chains is then tethered onto the substrate, while the
other side is a free side (Figure 7b). This specifically layered structure
not only improves the robustness of the slippery layer and substrate,
but also secures a reduction in ice adhesion strength (26.1 kPa) at the
extremely low temperature of —125°C (Figure 7d).

In addition to the oil lubricant, the slippery layer can also be a liquid
water layer. As demonstrated in Figure 7e, the tiny water droplets are
then completely absorbed by the water film. For example, Chen et al.17?
introduced a hygroscopic polymer network with water-swelling prop-
erties for the formation of a self-lubricating liquid water layer. This
water layer demonstrated a low ice-adhesion strength (67 + 8 kPa),
even for temperatures lower than —25 °C. Furthermore, Dou et al.38
prepared an anti-icing coating with an aqueous lubricating layer, for
which the ice-adhesion strength was about 27 + 6 kPa at a temper-
ature of —53°C. Due to the good water adsorption properties of the
hydrophilic pending groups, the covered ice was swept away by the
wind at a speed of 12 m/s (Figure 7g).

When comparing the ice-adhesion strengths for two representative
surfaces, the oil-infused lubricating surface presents a lower adhesion
strength than the aqueous lubricating surface. However, the aque-

180

ous lubricating surface shows the potential to remain robust in

harsh environments because of the diminished leakage of lubricants.

1.176 showed that propylene-glycol gel (PG-gel)

For example, Yao et a
uses the PG molecules as both a solvent and polymer network. The
water diffusion in the PG-gel-ice interface enables the gel to contain
a high-water concentration (Figure 7f), and a lubricant layer of a PG-
H, O mixture is formed between the PG-gel and ice. It has been shown
that an ice cube can slide off the PG-gel surface even at a surround-
ing temperature of —40°C, which indicates a low adhesion strength to
ice (Figure 7h). In addition, water droplets and ice crystals have been

found to be hardly packed in the surface/ice interface. This type of
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FIGURE 7 Iceremoval performances of slippery surfaces with different types of lubricants. Schematics showing ice slippery on (a) an
oil-lubricant surface and (b) a quasi-liquid surface. Adapted with permission.1”4 Copyright 2020, American Chemical Society. (c) Ice formation on a
turbine blade model coated with SLIPS. Reproduced with permission.1”> Copyright 2020, Elsevier. (d) Comparison of shear strengths of ice on
representative samples. Reproduced with permission.17# Copyright 2020, American Chemical Society. Schematics showing ice slippery on (e) a
water-lubricant surface and (f) a PG-gel surface. Adapted with permission.1”¢ Copyright 2021, Elsevier. (g) Wind tunnel test of an aqueous
lubricating layer. Reproduced with permission.3® Copyright 2014, American Chemical Society. (h) Ice sliding performance on a tilted PG-gel
surface at —20 and —40°C, respectively. Reproduced with permission.1”¢ Copyright 2021, Elsevier.
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FIGURE 8 Frost prevention on patterned surfaces (a) Schematic and (b) evaluation of the dynamic defrosting performance of a 2D biphilic
surface with superhydrophobic and superhydrophilic properties. Reproduced with permission.18! Copyright 2020, Elsevier. (c) Schematic and
(d) process of water condensation on a biphilic quasi-liquid surface. Reproduced with permission.182 Copyright 2023, Wiley-VCH. (e) Schematic
and (f) evaluation of the dynamic defrosting performance of a 3D biphilic surface. Reproduced with permission.183 Copyright 2018, American

Physical Society. (g) Schematic and (h) frosting condensation process on an ice-patterned aluminum surface. Reproduced with permission.

Copyright 2018, American Chemical Society.

material thereby shows an improved antifrost property as compared
with oil-infused porous materials and superhydrophobic materials. In
addition, the aqueous lubricating film keeps the PG-gel interface trans-
parent during the icing process, thereby showing a high potential for
transparency-required applications (such as solar panels, windows, and
eyeglasses). Therefore, the physical properties of lubricants play a sig-
nificant role in the promotion of ice removal performances, and the
lubricants can also be designed with robustness and a long lifespan for
real applications.

HYBRID METHODS FOR ICEPHOBICITY

Although superhydrophobic and LISs have been listed as promising
candidates for icephobic applications, simple interfacial characteris-
tics, or strategies, are insufficient for the prevention of ice coverages
on substrates under extreme conditions. For SHSs, the air cushions

are very fragile at low temperatures and high humidities. They can

184

be quickly replaced by tiny water droplets. Also, the LISs are subject
to lubricant leakages, which result in short lifespans. Recently, some
hybrid methods have been proposed to further improve the icephobic
properties.

Patterned surfaces

One approach is to create regular forms of hybrid wettability on
the surfaces, like the wetting state of Namib Desert Beetles. The
surface topography and wettability are two important parameters
for this strategy. To achieve an excellent icephobic performance, 2D
(or 3D) biphilic surfaces with hybrid wettability have been designed
and their surface wettability has been optimized. For surfaces with
2D superhydrophobic and superhydrophilic properties, the water
droplets prefer to condense on the superhydrophilic areas while they
spontaneously adsorb on the superhydrophobic areas. As illustrated in

Figure 8a, this leads to an easy removal of ice/frost. Gurumukhi et al.181
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presented dynamic defrosting properties of branched biphilic surfaces
by designing the hybrid wettability on the same type of surface, but
horizontally (Figure 8b). This work was inspired by the vein network
patterns on banana leaves.1®> These biphilic patterns are composed
of regular parallel hydrophilic trunks and triangular branches. In the
defrosting process, the ice slush in the superhydrophobic areas moves
first to the hydrophilic branches, followed by a lateral movement to
the hydrophilic trunks. This is due to the Laplace pressure gradients
in the different channels. Interestingly, the ice slush is then gradually
lifted off from the superhydrophobic area by the coalescence in the
hydrophilic area. In the meantime, the water and slush passively flow
toward the trunk under capillary pumping forces, which results in a
quick cleaning of the superhydrophobic regions. When replacing the
material in the superhydrophobic regions with a slippery material, the
water droplets coalesce and grow rapidly before sliding off from the
surface (Figure 8c). As inspired by beetles, Boylan et al.182 reported on
water coalescence performances on biphilic quasi-liquid surfaces. Dur-
ing the coalescing process, the droplets migrated from the hydrophobic
regions to the hydrophilic regions, which led to rapid droplet removal
by the sweep-off of large droplets from the surfaces (Figure 8d).
Moreover, biphilic surfaces with 3D morphologies are gener-
ally designed with hydrophilicities on top of the pillars, or ridges
(Figures 8e and g, respectively). For example, Hou et al.183 created a
type of biphilic surface with hydrophilic micropillar arrays and super-
hydrophobic nanograss, and they investigated the nucleation rate of
frost. The droplets condensed and grew gradually on the hydrophilic
micropillars, which was caused by the low water nucleation barrier.
The ice nuclei were significantly inhibited when the water droplets
exceeded their critical radii (Figure 8f). This unique characteristic can
contribute to a quick shed-off of nucleated water droplets by the wind
or gravity. In addition, Li et al.133 showed that water droplets spread
asymmetrically before reaching their maximum diameters on biphilic
surfaces, instead of being symmetrical spread on SHSs. In the recoil-
ing process, the flattened droplet is torn into fragments because of the
variation in surface tension (ysyperhydrophilic > ¥superhydrophobic)- These
characteristics are beneficial for the reduction of the solid-liquid con-
tact time and inhibit the accumulation of frozen droplets. For surfaces
with linear striped patterns, Ahmadi et al.18* discussed the antifrost-
ing performances of periodic hygroscopic arrays (called sacrificial ice
stripes). These arrays can effectively obtain frost-free regions between
the sacrificial ice stripes on intermediate surface areas (Figure 8h).
The neighboring moisture is attracted solely to the top of the stripes
because of the decreased vapor pressure. In addition, the coarsening
ice remains in the “Cassie” state without overlapping with the adja-
cent ice stripes, so the ice stripes will be quickly removed. Similarly,
Jin et al.186 showed that the patterned polyelectrolyte brush (PB) can
achieve up to 96% of ice-free regions by tuning the ice nucleation
and propagation. By using phase-change materials, the latent heat
is simultaneously released during the ice formation process. Finally,
the water droplets in the regions between the PBs evaporate and
the ice bridge formation during propagation is significantly inhibited.
Consequently, the icephobic performances of biphilic surfaces are pre-

dominantly temperature and humidity dependent. For future research,

Drdplet__ - wiLey 1=

it is hereby suggested to focus on the design of biphilic surfaces with
various topographies and to reveal the corresponding coalescence
mechanisms.

Smart interfaces

Penguins are good at preventing ice adhesion although living in an
extremely cold environment. They have developed two distinct ways
to be free from ice.18” One way is to shed the water before it is frozen,
which is achieved by the air cushion formed by the microstructures
of the feathers. The other way is to shed the ice by forming a type of
preen oil coating on the nanostructures of the feathers. Consequently,
surfaces that are designed with the capability to reversibly switch from
superhydrophobicity to slippery properties (Figure 9a) show great
potential for icephobic applications. Li et al.2> constructed a rough
SHS by using a spray coating method, which was further developed
into a slippery surface by dodecane infusion. Once the slippery surface
was washed with ethanol, it recovered to a superhydrophobic perfor-
mance. The superhydrophobic and slippery performances were well
preserved after nine cycles of infusion-washing. As a result of anti- and
deicing tests, both surfaces presented good water repellencies and
ice removal performances in a cold environment. Wang et al.1?2 used
a laser ablation method in fabricating a slippery-superhydrophobic
switchable surface. Due to environmental disturbances, the surface
was able to adaptively create a slippery state, or superhydrophobic
state, with good icephobic functions.

Another popular way is to combine the active and passive
methods.1?3-195 Based on the nonadhesive performance of the super-
hydrophobic, or slippery, surface, the ice prevention and removal
properties can be significantly improved by coupling with the electro-,
or photo-, thermal effect!?6-1%8 (Figures 9d and e, respectively). The
electrothermal strategy is a simple way to fabricate two layers that
consist of a functional layer and an electrothermal layer, respectively.
For example, Wan et al.1?? proposed a method to combine the self-
lubricating layer and the electrothermal layer. Combined with the low
friction coefficient, the ice adhesion strength could be further reduced
under Joule heat. In addition, the phase-change materials that can
be regulated with electrothermal layers are popular and have also

been used in icephobic applications. Wang et al.188

proposed a flexi-
ble composite film that consisted of a graphite coating, paraffin wax,
and parallel copper foil electrodes. This composite film demonstrates a
reversible transition of the lubricant from the solid phase (i.e., pseudo-
slippery state) to the liquid phase (i.e., slippery condition), which can
be altered by the temperature. When heating the paraffin wax above
its melting temperature, the slippery surface enables the cool droplets
to slide off and, thereby, prevent ice formation (Figure 9b). The energy
consumption can be considerably lowered by self-regulating the tem-
perature system. In addition, the icephobic materials can be smarter if
the accumulation of water, or ice, is carefully detected. Zahra et al.2%°
constructed a hybrid deicing system by embedding a microwave res-
onator sensor and periodic heaters simultaneously. As a result, the ice

formation on the surfaces could be precisely detected and efficiently
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FIGURE 9 Ice prevention and removal behavior of smart interfaces. (a) Schematic of smart control of interfacial wettability. (b) Images of ice
formation and deicing processes on electrothermal composite film. Reproduced with permission.188 Copyright 2022, Elsevier. (c) Photothermal
and ice-melting properties of carbon nanoparticle coatings. Reproduced with permission.8? Copyright 2021, American Chemical Society.
Schematics of the (d) electric heating process and (e) light-to-heat process, respectively. (f) The voltage-induced electrothermal defrosting process
on a superhydrophobic transparent coating. Reproduced with permission.1?? Copyright 2016, American Chemical Society. (g) The solar deicing
process on an MXene-SOPS-coated glass. Reproduced with permission.1? Copyright 2022, Wiley-VCH.

removed, which led to a dramatic reduction in energy consumption.
In addition, transparency is another characteristic that should be con-
sidered in the design of icephobic materials. However, transparent
electrothermal materials are relatively difficult to fabricate, which is
due to the high transparency requirements. Matsubayashi et al.1?°

prepared transparent superhydrophobic composite films with good

electrical conductivities by using ethylene glycol treatments. As can
be seen in Figure 9f, frost on these surfaces is quickly removed at low
voltages and low environmental temperatures. Therefore, the hybrid
surfaces, which consist of a combination of functional surfaces and
electro-heaters, provide facilities with an excellent repulsion of freez-

ing rain at the anti-icing stage and arapid ice/frost-melt performance at
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the deicing stage by using Joule heat. The challenge, however, is to uni-
formly embed the electro-heaters into the materials without degrading
other functions.

Photo-thermal methods utilize the excellent light absorption prop-
erties of microparticles/fibers to increase the temperatures at the
interface,173201-204 \which is both environmentally and economically
friendly. Carbon is the most common photothermal material that can
be rapidly heated under near-infrared (NIR) irradiation. This is due to
its high photothermal conversion efficiency, which is a very important
factor.205.206 As can be seen in Figure 9c, the deposited frost/ice on the
superhydrophobic photothermal surface rapidly melts and converges
into water droplets. For example, Jiang et al.2%7 coated superhydropho-
bic carbon nanoparticles (CNPs) on ethylene vinyl acetate substrates,
which showed good photothermal efficiencies (of 50.94%) in deicing
tests. Although the CNPs present excellent deicing performances, it
may be difficult to prepare the CNPs industrially. Yang et al.18? devel-
oped a continuous roll-to-roll system for fabricating CNPs from candle
soot with enhanced productivity. The photothermal materials were
prepared by spraying CNPs on untreated PDMS layers for large-scale
applications. In addition, this is also a good method for developing
photothermal solid slippery surfaces.2%8 The nanoparticles on the sub-
strates can largely increase the surface temperatures under NIR illu-
mination, leading to phase changes in the solid lubricants. More impor-
tantly, the melted liquid lubricant accelerates the slippery capacity of
the melted ice. However, there are few research reports on transparent
photothermal materials. The reason is that it is difficult to achieve light-
to-heat properties and transparency simultaneously.29?210 To achieve
photothermal and transparency properties, MXenes are the best can-
didates for the replacement of other types of carbon materials.211.212
Niu et al.1?! developed a transparent self-healable solar anti-/deicing
surface of MXene, which was assembled layer-by-layer. It showed a
high transmittance larger than 77% at a wavelength of 550 nm. After
coating with the solid lubricant, the MXene multilayers could quickly
shed off the unfrozen water and melted ice/frost (Figure 9g). As dis-
cussed above, smart interfaces that respond to external stimuli will be
the next popular trend in the design of icephobic materials with less

energy consumptions.

Smart substrates

Icephobic materials can also be designed with structural deformations
of smart substrates in response to external stimuli. Plants and animals
have inspired potential solutions to the existing drawback of artificial
icephobic surfaces, and these surfaces can be considered as smart sys-
tems. Thus, it can be foreseen that smart systems are able to remove
the ice by deforming the substrates at a micro/macroscale, which
is driven by external stimuli.213 For SHSs with microscale deforma-
tions, the micropillars are expected to rapidly change their shapes and
release energies for the shedding of adhered water/ice (Figure 10a).
By using the shape memories of polymers, Shao et al.21* reported on
a controllable droplet adhesion onto smart SHSs (Figure 10c). With a

precise illumination with NIR light, the adhered water was released
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and rolled off the surfaces, which was caused by the shape recover-
ies of the microstructures. Moreover, mimosa pudica is a plant with
ciliates that can quickly fold its leaflets in response to a slight con-
tact pressure.220 |nspired by this rapid cascadefolding mechanism, the
superhydrophobic substrates show excellent water/ice repellency per-
formances with macrodeformation abilities (Figure 10b). For example,
Kamran et al.1?> developed a passive deicing system with a low ice
adhesion strength, which could remove the ice by pressing air into the
channels, or by melting the ice by heating the air in the channels. As can
be seen in Figure 10d, the ice bulk was bounced off from the surface
under a pressure of 21 kPa. Therefore, once combined with pneumatic
systems, the icephobic performances can be significantly improved on
superhydrophobic substrates with transformation capacities.

For smart slippery surfaces, it is a good strategy to store the
antifreeze lubricants within the microstructures of the substrates,
which are then released under the action of a combination of
stimuli221:222 (like temperature,223224 stress,225 |ight,22¢ electrical
field, 227 and magnetic field228) (Figure 10e). As an example, the poi-
sonous dart frog continuously produces mucus through special glands
to keep its skin hydrated (Figure 10g).216229 |nspired by its bilayer skin
architecture, Wang et al.217 constructed solid organogel materials by
diffusing melted alkanes into crosslinked poly(dimethylsiloxane), which
thereby underwent swelling. This solid organogel consists of a particle-
embedded layer, a boundary layer, and a pure alkane layer. If the alkane
layer is damaged, or removed, the alkane molecules continue to diffuse
in an outward direction, which is caused by the concentration gradi-
ent and the stress. They can, thereby, form an alkane crystalline layer
with excellent icephobic durability. Furthermore, the smart slippery
substrates should be provided with macroscale transformation capa-
bilities for the improvement of ice removal performances (Figure 10f).
Furthermore, earthworms show a similar self-lubricating mechanism
when passing through cohesive so0il218 (Figure 10h). Its slippery layer
can prevent the skin from coming in contact with soil particles, and
demonstrates friction reduction, wear resistance, and self-cleaning
properties. The mucus is secreted in the soil to cover the rough skin
with macroscopic annuli and microripples. Similar to this mechanism,
Irajizad et al.21? discussed the dynamic motion of ice on magnetic
slippery surfaces with low ice adhesion strengths (~2 Pa). Thus, the
development of smart materials provides a promising way to design
smart functional substrates that can effectively remove ice under

extreme conditions.

CONCLUSIONS AND OUTLOOKS

A new concept of smart systems inspired by animals and plants has
been proposed in the present review, which is expected to be the
best icephobic candidates for future applications. By illustrating smart
prevention mechanisms, the wetting characteristics of representative
species (like plants, insects, birds, and fishes) have then been compared
and discussed. For a living organism, the specific wettability not only
depends on the surface morphology and chemicals, but also on the

smart responsive ability in contact with the surrounding. Furthermore,
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FIGURE 10 Potential ice removal strategies for smart substrates. Schematics of ice removal on smart superhydrophobic substrates with (a)
microdeformations and (b) macrodeformations. (c) Controllable droplet removal by NIR light. Reproduced with permission.214 Copyright 2022,
Wiley-VCH. (d) An active deicing system by using a pneumatic method. Reproduced with permission.2> Copyright 2017, Wiley-VCH. Schematics
of ice removal on smart slippery substrates with (e) microdeformations and (f) macrodeformations. (g) Stimuli-responsive antifreeze coatings like
frog skin. Reproduced with permission.216217 Copyright 2015, Wiley-VCH. Copyright 2017, Wiley-VCH. (h) Icephobic performance of a magnetic
slippery surface like an earthworm. Reproduced with permission.21821? Copyright 2018, Wiley-VCH. Copyright 2016, Springer Nature.

anti-/deicing mechanisms on SHSs and slippery surfaces have been
elaborated with respect to dynamic properties, nucleation, and heat
transfer theories, in addition to theories of interface mechanics. It can
be summarized that the air cushion in the solid-liquid-air interface
can propel the water dynamic impact, inhibit the nucleation of ice, and
reduce the ice adhesion strength, even though it may be fragile.3334
If the air cushion is replaced by a liquid, the resulting slippery surface
has the potential to undertake the intrusion of water droplets, where
water/ice is easily sliding off.23% The constant liquid-liquid line can
effectively prevent the coverage of microscale water droplets.
Consequently, smart interfaces and smart substrates are two essen-
tial characteristics in intelligent icephobic systems, by which it is
possible to inhibit, or remove, ice in response to an external stim-
ulus (like heat,213 light,23! magnetic field,128 and electricity206232),

Smart interfaces play an essential role in anti-icing and deicing pro-
cesses. They are designed with smart repellence, or switchable wet-
ting, properties in response to multiscale water, or ice, in anti-icing
processes.216.233.234 For instance, interfaces can be designed with
phase-change properties under external stimuli. The encapsulated
phase-change material presents a good ice-delaying performance by
automatically releasing latent heat during solidification, which results
in a higher surface temperature.*? In addition, the phase-change of
lubricants (i.e., from solid to liquid), in response to stimuli, provides a
new layer of slippery film to facilitate the ice removal process. There-
fore, smart interfaces will function as shield protection components
that are free from ice damage. Smart substrates can be designed to
change their shapes under external stimuli, thereby promoting the

detachment of ice/frost. The development of smart materials has made

850807 SUOWIWIOD @A eaID 3|qedljdde aup A pausenob ae Sajplie YO ‘8sN JO SaINJ 10} AkeidT8UIIUO A8|1A UO (SUORIPUOD-PUR-SLUBIAL0D" A3 1M Ae.d 1 |BulU0//:SANY) SUORIPUOD Pue swie | 8y} 88S *[Z0z/0T/9T] uo Ariqi]auliuo (1M *ABojouyos L JO aniisul uigeH Aq TET Z04P/Z00T OT/10p/oo’ A3 1M Ake.q1|Buluo//:Sdny Woly pepeojumod ‘€ ‘¥202 ‘SLEFTELZ



LIET AL.

it possible to modify the deformation of substrates, including magne-
tostrictive materials, electroactive polymers, shape memory alloys, and
SMPs. As an example of representative smart materials, SMPs235-238
are good candidates for smart deicing applications, which is due to
the typical features of shape-change and variable stiffness in response
to external stimuli. By introducing functional particles, or fibers, com-
posites of SMPs can be included in more complex actuation methods
and deformation capacities, extending the flexibility of their icephobic
applications.239-241 Given that a direct detachment may cause severe
damage to surface structures, it has been suggested to integrate smart
interfaces and substrates in the design of intelligent icephobic systems.
Deformations of a combined smart interface and substrate can quickly
result in ice removal performances.

It is expected that there will be a demand for smart icephobic sys-
tems in the future. The development of smart materials will provide
a vast number of fundamental materials for the construction of smart
icephobic systems. In addition, corresponding theories about smart ice-
phobic systems should be established as guidance for the design and
optimization of related processes. It is also necessary to unify stan-
dard tests and establish testing equipment to evaluate the icephobic
performances89-242 (such as nucleation time, ice adhesion strength,
and frost prohibition capacity). This may help in the development of
icephobic theories and in the design of novel icephobic materials.
For industrial applications, robustness tests are another aspect that
should be emphasized. The methodologies of mechanical, chemical,
and environmental measurements are preferably introduced based on
American Society for Testing and Materials (ASTM) or International
Organization for Standardization (ISO) standards.2*3 For practical
applications, durability and robustness are the main challenges for
smart icephobic systems. It is, therefore, necessary to construct smart
icephobic systems with low cost and extended lifespan properties. This
review has provided some insights into the design of novel smart ice-
phobic systems, which can be useful for the promotion of potential
applications in the future.
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