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Icing and frosting cause inconvenience
for the daily life of human beings.1 Snow-
ing and icing on roads result in slippery

surfaces and often lead to traffic accidents.
Andrey and Olley reported that about 40%
of road accidents in winter were related to
wetness, ice, or snow.2,3 Icing on the wings
and surfaces of aircrafts may cause crash
accidents.4,5 Aircrafts intercept supercooled
water droplets when flying through clouds
or encountering freezing rain and the im-
pacting water freezes rapidly to form an ice
accretion. The ice accretion results in drag
increase and sometimes may lead to dan-
gerous loss of lift force,6 which may cause
tragic crash accidents. For example, Flight
3407 recently crashed in Buffalo, NY, due to
the rapid buildup of ice, which killed all 49
people on board and one person on the
ground.7 Transmission lines and power net-
work towers may deform or even collapse
with the burden of excess amount of ice. In
2008, a serious snow storm hit South China.
In this disaster, 884 substations, 15 300
transmission lines, 184 000 high-voltage
towers, and 519 000 low-voltage poles were
broken,8,9 and the direct economic loss was
over 150 billion RMB.10 Ice accretion on
wind turbine blades can cause a production
loss as much as 50% of the annual pro-
duction.11 The accreted ice increases the

load on the blades and the tower structure,
leading to high amplitude vibration, turbine
fatigue, mass imbalance, or even structural
damages of the turbines.12,13 Furthermore,
frost and ice accumulation in refrigerators
and heat exchangers results in a decrease of
heat transfer efficiency.14 It was reported
that the decrease in heat transfer could be
up to 50�75% due to the frost forma-
tion.15,16 Therefore, great efforts have been
made to understand the mechanism of
icing and investigations on anti-icing and
deicing have been extensively carried
out.17�19 Various anti-icing and deicing
methods have been developed.17�22 Unfor-
tunately, conventional methods are often
inefficient, costly, or environmentally harmful.
In this review, after briefly summarizing

and discussing conventional anti-icing and
deicing methods, we categorize recent pro-
gresses in bio-inspired anti-icing into three
aspects as shown in Figure 1. Before freez-
ing, in particular when supercooling is low
(e.g., �5 �C), it takes some minutes or even
hours for the supercooled water to be fro-
zen. Thus, it would be possible to remove
the impacting or condensed water droplets
from solid surfaces before freezing occurs.
We focus on the method of trapping air
in surface textures of solid substrates to
have superhydrophobic surfaces inspired
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ABSTRACT Undesired ice accumulation leads to severe economic issues and, in

some cases, loss of lives. Although research on anti-icing has been carried out for

decades, environmentally harmless, economical, and efficient strategies for anti-

icing remain to be developed. Recent researches have provided new insights into

the icing phenomenon and shed light on some promising bio-inspired anti-icing

strategies. The present review critically categorizes and discusses recent develop-

ments. Effectively trapping air in surface textures of superhydrophobic surfaces

weakens the interaction of the surfaces with liquid water, which enables timely

removal of impacting and condensed water droplets before freezing occurs. When ice already forms, ice adhesion can be significantly reduced if liquid is

trapped in surface textures as a lubricating layer. As such, ice could be shed off by an action of wind or its gravity. In addition, bio-inspired anti-icing

strategies via trapping or introducing other media, such as phase change materials and antifreeze proteins, are discussed.

KEYWORDS: bio-inspired . anti-icing . deicing . superhydrophobic . wettability . rebound . condensed microdroplet .
coalescence induced self-removal . ice adhesion . lubricating layer
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by lotus leaves andwater strider legs, promoting timely
removal of incoming water before freezing occurs.
When ice is already formed, preventive preparation
of surfaces with low ice adhesion for easy deicing is
desirable. Inspired by the slippery peristome surface of
Nepenthes pitcher plants, we discuss the strategy of
trapping liquid as a lubricating layer between solid
surfaces and accreted ice to reduce the interaction.
Furthermore, it should be noted that living systems in
subzero environments have developed powerful cap-
ability in anti-icing. We look into their anti-icing mech-
anisms, and discuss possible strategies of trapping or
introducing other media to prepare new anti-icing
materials. In each section, we highlight the recent sig-
nificant developments and suggest future research
directions.

Conventional Methods for Anti-Icing and Deicing. Keeping
the surface temperature thermally above the freez-
ing point in icing conditions is an effective anti-icing
method. Electrothermal method exhibits to be an
efficient strategy to prevent ice formation or accelerate
ice melting. Especially for the anti-icing and deicing of
transmission lines, utilization of the Joule effect for
heating line conductors is recognized worldwide to be
the most efficient engineering approach.18 However,
high cost for the equipment and energy consumption
has to be taken into consideration. In addition, this
method relies on the passage of electric flow, which
results in new problems like electromagnetic distur-
bance to the operation of the apparatus.

Chemical method is the most popular strategy in
anti-icing and deicing. An effective way is using freez-
ing point depressants, which are often commercially
available. Organic liquids whose crystallization tem-
peratures aremuch lower than that of water are widely
applied on the surface of aircrafts to prevent icing and
frosting.21 However, short duration of this approach

leads to an inefficient periodic treatment of extended
surfaces and extensive usage of such liquidsmay cause
various environmental problems. Salts are often used
to melt ice and snow on the roads in winter. Due to the
high solubility of NaCl, it is reported that 75�90% of
the added salt enters the roadside environment via
runoff or splashing.23 Ground water can be contami-
nated by the infiltration of the salt solution.24,25 In addi-
tion, roadside vegetations, as well as water creatures
living alongside the roads, are seriously affected.26 Re-
cently a sol�gel technology was developed to be able
to reduce the application frequency27,28 and ease the
damage to environments. However, this technology is
limited for practical applications due to the high cost.

Mechanical deicing method is often applied to re-
move ice from apparatuses that are easily approached,
such as overhead transmission lines and power net-
works, by either directly scraping to break ice accretion
or utilizing the energy released by shock waves, vibra-
tions, or twisting of conductors.18 This method often
requires that people get direct access to the lines and
towers. When the ice is less accessible, helicopters or
even shotguns aremakeshifts.17 During deicing, mech-
anical force causes extra stress to the networks and
leads to failure in some cases. Therefore, mechanical
deicing is neither safe nor efficient.

Low surface energy polymer coatings, like poly-
(tetrafluoroethylene),29,30 poly(dimethylsiloxane),31 and
polymer composites with nanoparticles,32 are often
applied to prepare hydrophobic or superhydrophobic
surfaces, which cannot be wetted by water. In some
cases, water accumulation on these coating surfaces
could be prevented and the interaction of the surfaces
with ice is weakened. Varanasi et al. tested the ice
adhesion strength of a series of low surface energy
polymer coatings and polymer/POSS composite
coatings.33 Most of these coatings exhibited reduced
ice adhesion strength of 200�500 kPa as compared to
698 kPa of the bare steel surface.33 To date, a wide

VOCABULARY: anti-icing � properties of materials or

strategies for preventing or delaying freezing of the im-

pacting and condensed water as well as decreasing the ice

adhesion;deicing� removal of accreted ice, snow, or frost

from a surface; superhydrophobicity � the property of

surfaces being water-repellent including high water con-

tact angle (>150�), low contact angle hysteresis, and ability

to rebound incoming droplets;heterogeneous ice nu-

cleation � formation of ice nucleus at preferential sites

when liquid water phase contacts and/or contains other

phases and/or other foreign species; coalescence induced

self-removal � spontaneous self-removal of coalesced

condensed microdroplets via converting released surface

energy to kinetic energy; liquid lubricating layer� a film

containing a certain amount of liquid which is able to

lubricate two solid surfaces by reducing/preventing the

interfacial wear, friction, and interaction;

Figure 1. Three main categories of recently developed bio-
inspired anti-icing strategies.
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range of coatings claiming anti-icing are commercially
available. Ice adhesion strengths of almost all the com-
mercial coatings were tested to be broadly ranged in
230�1400 kPa as compared to 1576 kPa of the bare
aluminum surface.34 The only one exception was a two-
component silicon elastomer dispersed in xylene, which
resulted in a coating with ice adhesion strength of
40 kPa,34 whereas Cohen et al. pointed out that this coat-
ing should be a sacrificial coating containing unreacted
oligomers that could be shed off with the formed ice.35

In addition, many other anti-icing and deicing
methods have been studied and applied. Automatic
robots,18 electromagnetic forces,13 electro-impulse,20

and high voltage direct current22 are reported for the
deicing of overhead lines. Flexible pneumatic boots
are often installed on aircrafts to break accreted ice
layers.21,36 Investigations in using microwave for deic-
ing have been carried out, but this method has not yet
been successfully implemented.17,36 Thus, most of
these conventional anti-icing and deicing strategies
are often inefficient, energy-consuming, high-cost, or
environmentally harmful. To conquer these problems,
the development of environmentally harmless, eco-
nomical, and efficient strategies for anti-icing and
deicing is an urgent need.

Trapping Air for Timely Removal of Water. Superhydro-
phobic surfaces (SHSs) mimicking lotus leaves37,38 and
water strider legs39 usually have nanostructure and/or
microstructure with air trapped inside the surface
textures.40�42 On SHSs, deposited water droplet stays
at a nonwetting Cassie�Baxter state43 and has large

contact angle (>150�), small contact angle hysteresis,
and small contact area with the solid surface.40,44

Ascribed to the trapped air, interaction between water
droplet and the solid surfaces is minimized, and the
water droplet slides easily on an SHS when the surface
is slightly tilted.45,46 In addition, the energy barrier of
removing water droplets from an SHS is decreased.
Quéré et al. for the first time demonstrated that SHSs
were of practical interest for anti-icing because depos-
ited water droplets could be gravitationally removed
from subzero SHSs before freezing when there was a
titling angle.47 Icing usually originates from the freez-
ing of impacting water droplets and condensed water
droplets, and removal of these two types of water
before freezing will be discussed below.

Rebound of Impacting Water Droplets. The unique
characteristics of SHSs result in complete retraction
and elastic rebound of impacting water droplets.48

Thus, it is possible to utilize SHSs in subzero environ-
ments to rebound impacting water droplets to prevent
water accumulation before freezing. As demonstrated
in Figure 2a, the impacting droplets attached and froze
on hydrophilic and hydrophobic surfaces due to
the incomplete retraction.49 Interestingly, the droplet
completely retracted and timely rebounded off before
freezing on the SHS.49 This phenomenon raises two
fundamental questions for exploring the timely re-
bound of impacting water droplets on SHSs for anti-
icing applications.

The first question is the following: could an impact-
ing droplet rebound on all SHSs, and if it rebounds,

Figure 2. (a) Sequential images of the dynamic behavior of 15 μL water droplets impacting cooled (<0 �C) horizontal surfaces
from a 10 cm height. Pinning and freezing were observed on hydrophilic and smooth hydrophobic surfaces, while full
retraction and rebound of the droplet was observed on the SHS. (b) Optical images of (top, middle) open-cell nanopost
structures and (bottom) a closed-cell brick structure taken normal to the surface. Insets show dynamic retraction behavior of
∼15 μL droplets impacting from a 10 cm height at room temperature. Surfaces with (top) small spacing posts and (bottom)
bricks remain superhydrophobic and repel the droplets, while the surface with (middle) larger spacing posts shows low
pressure stability and fails upon droplet impacting, leading to wetting. CA indicates the approximate value of the advancing
contact angle formed by a droplet on the substrate. Panels a and b are adapted with permission from ref 49. Copyright 2010
American Chemical Society. (c) Top-view and side-view diagrams illustrating the retraction behavior of impacting droplet on
the SHS without the macrostructure. (d) Top-view and side-view diagrams illustrating the retraction behavior of impacting
droplet on the SHS with a macrostructure of ridges. (e) SEM images of the surface morphology of the silicon SHS with a
macrostructure. (f) High-speed images captured from the top-viewof the spread and retractionbehavior of impactingdroplet
on SHS with a macrostructure. (g) High-speed images captured from the side-view of the spread and retraction behavior of
impacting droplet on SHS with a macrostructure. Panels c�g are reprinted by permission from ref 58. Copyright 2013
Macmillan Publishers Ltd.: Nature; http://www.nature.com/nature.
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how long does it take for the droplet to retract and
rebound? When a water droplet impacts on an SHS,
energy can be stored in the spreading stage due to the
small residual hysteresis.50 The stored energy can be
scaled as σR2Δ cos θ (σ is the liquid�gas surface
tension, R is the droplet radius, θ is the mean contact
angle of water drop on the SHS, and Δ cos θ is contact
angle hysteresis).50 Quéré et al. concluded that if the
droplet kinetic energy which scales as FR3V2 (F is liquid
density, V is impacting velocity) is larger than the
stored energy, the droplet rebounds.50 This implies
that only “large enough” droplets or/and droplets with
high enough velocity can rebound. For example, it was
found that for V = 1 m/s, the critical radius of rebound
droplets is of the order of 100 μm.50

Complete retraction and rebound of impacting
droplets require that the trapped air in surface textures
is stable and the SHS is not wetted under impacting to
keep the surface superhydrophobic. The wetting state
of a textured surface is dependent on the balance of
wetting pressure (Pwetting) and antiwetting pressure
(Pantiwetting).

51,52 If Pwetting is larger than Pantiwetting,
impacting of water droplets on SHSs can lead to a
transition from Cassie�Baxter state to partial Wenzel
or complete Wenzel state,53 and the water wets the
surface textures.52 On one hand, Pwetting is determined
by the impacting velocity of droplets.52 For a certain
solid surface, enhanced impacting velocity results in an
increase of Pwetting, which may destroy the composite
solid�air�liquid interface by pushing out the trapped
air from surface textures.54 The critical value of impact-
ing velocity is dependent on the geometric parameters
of the surface.54 Above this critical velocity, droplets
partially or even fully wet the surface textures after
impacting and will not be able to completely rebound,
especially for nanopatterned SHSs because of the small
amount of trapped air as compared to SHSs with micro
textures.54 On the other hand, Pantiwetting is the capillary
pressure generated within surface textures and is
related to the surface morphology.52 As shown in
Figure 2b, at the same impacting velocity, surfaces
with dilute structures tended to be partially or fully
wetted and the droplet could not rebound due to the
relatively low Pantiwetting.

49,52

However, SHSs with well designed surface struc-
tures canprevent thewetting of surface textures by the
impacting water droplets. Most recently, Poulikakos
et al. systematically investigated water droplets im-
pacting on subzero micro-, nano-, and hierarchical
structured SHSs.55 And the impacting behaviors were
characterized byWeber number (We) defined as eq 1:55

We ¼ FV2D0

σ
(1)

where F is the liquid density, σ is its surface tension, V is
the droplet impacting velocity, and D0 is the droplet
diameter. It was found that there was a critical value of

Weber number,Wec, beyondwhich impacting droplets
could not completely rebound.55 Importantly,Wec was
much higher for SHSs with hierarchical structures as
compared to micro- or nanostructured SHSs.55 A hier-
archical SHS with minimal surface texture spacing
could resist droplet penetration at We of 227 (corre-
sponding to an impacting velocity of 2.6 m/s).55 We
should note that the surface structures mentioned
above are all open-cell structures. And the stability of
SHSs can be further improved on closed-cell structured
SHSs. Aizenberg et al. evaluated the rebound behavior
of impacting water droplets on SHSs with a open-cell
nanopost structure and a closed-cell brick structure as
shown in Figure 2b.49 Air was trapped in the closed-cell
brick structure and could not be pushed out even at an
extremely high impacting velocity of 90�135 m/s.49

Additionally, the closed-cell structured SHS is more
mechanically robust and has the potential to be em-
ployed due to the easy preparation via soft lithography
and imprinting.49

Quéré et al. studied the rebound behavior of water
droplets vertically impacting on an SHS by varying the
impacting velocity and droplet radius.56,57 As de-
scribed by eq 2, it was found that contact time (tc) is
independent of the impacting velocity in a wide range
(20�230 cm/s) and is related to the initial drop radius
(R0) and liquid�gas surface tension (σ).56 According to
eq 2, if an impacting droplet can completely rebound
from a certain solid surface, tc is a constant when the
droplet size is fixed. For a 15 μL droplet impacting on a
superhydrophobic silicon substrate, Aizenberg et al.

observed a critical transition temperature, above
which impacting droplets could rebound, to be �20 ∼
�25 �C.49 Below this transition temperature, the droplet
froze within a time less than tc.

tc ¼ 2:65
FR30
σ

 !1=2

(2)

Most recently, Varanasi et al. proposed that tc could
be further reduced if the SHSs were well designed.58 In
the researches ofQuéré et al., impacting droplet spread
to a nearly uniform film and retracted almost axisym-
metrically as shown in Figure 2c. If macrostructures,
such as ridges, with an amplitude comparable to (but
less than) the film thickness were added to the SHS,
retraction of impacting droplet could be separated into
several parts as shown in Figure 2d. As demonstrated in
Figure 2d�g, the droplet impacting on the macro-
structured SHS resulted in a thinner film.58 The retrac-
tion fronts moved faster along the peak of the
macrostructure and the water film opened along the
ridge, resulting in a fragmentedwater film.58 Therefore,
the distance for the separated water film to retract was
decreased, leading to a shorter retraction time, which
reduced tc as compared to that on an SHS without
macrostructures.58
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We must emphasize here that in evaluating the
rebound of impacting droplets on an SHS, variation of
wettability with temperature and relative humidity was
often neglected in literatures. As a matter of fact, the
wettability of water on solid surfaces can be changed
with decreasing the temperature and increasing the
relative humidity. In a microscopic view, water mol-
ecules can be adsorbed on solid surfaces despite of the
hydrophobicity. Wu et al. observed a nanoscale hydro-
phobic�hydrophilic transition on the inner walls of
single wall nanotubes (SWNTs) with decreasing the
temperature from 22.1 to 8.0 �C.59 At the temperature
lower than 8.0 �C, the adsorbed water molecules form
an ordered monolayer structure on the inner walls of
SWNTs. The water binding energy, i.e., the potential-
energy difference of the system in a given configura-
tion with and without the water molecules, is narrowly
distributed inside the nanotube. The states of the low
binding energy, which dominate the free energy, are
less frequently occupied, resulting in a lower chemical
potential than that of the saturated vapor.59,60 Thus,
substantial adsorption could happen even below the
saturated vapor pressure at 8.0 �C.59 When the tem-
perature is lowered, the arrangement of adsorbed
surface water may change, which could lead to the
change of the surface wettability.61,62

In a macroscopic view, water condensation occurs
on solid surfaces when the temperature decreases to
the dew-point. During the condensation, water drop
grows as ÆRæ ∼ t1/Dd (isolated drops) and ÆRæ ∼ t1/(Dd‑Ds)

(coalescing drops), where R is the drop radius, t is time,
and Dd and Ds are the dimensionality of the water
drops and the substrate structure, respectively.63,64 On
surfaces with microscale structures, condensed water
droplets nucleate both on the top of and between the
textures despite of the hydrophobicity, and evenmore
water could be accumulated between the textures.64

In this situation, condensation leads to Wenzel water
drops even on SHSs65 and the surfaces become hydro-
philic. Once SHSs lose their superhydrophobicity, im-
pacting droplets cannot rebound. Here the loss of
superhydrophobicity presents a challenge: how to
keep the superhydrophobicity of a surface even when
condensation occurs. Wang et al. found that if the
surface area fraction of the solid surface is equal to or
smaller than 0.068, an SHS can remain superhydropho-
bic at the dew-point.66

The second question is how long does it take for
a droplet in contact with a cold solid surface to be
frozen? Freezing of a water droplet is a two-stage
process including nucleation and growth of the critical
nucleus. The formation and afterward the growth of
the formed critical nucleus may take some time, i.e.,
so-called induction time of crystallization;67 therefore,
water can be supercooled to a temperature lower than
the equilibrium temperature. The instant homoge-
neous nucleation generally occurs at the temperature

approximately below �40 �C.68 In practice, factors
affecting freezing are multiple and complicated, and
the homogeneous nucleation is difficult to achieve
because of the presence of foreign materials like
impurities and substrates. At low supercooling, freez-
ing on solid surfaces occurs first via heterogeneous ice
nucleation at the interface, and the nucleation is
usually the control process.47,69,70 If the heterogeneous
ice nucleation could be inhibited, water droplets stay
longer at the liquid state. However, some impurities
can act as nuclei to initiate rapid icing of water.71

Additionally, evaporative cooling at the liquid�gas
interface could affect the freezing when there is an
unsaturated gas flow. In this case, the temperature at
the liquid�gas interface is dramatically decreased and
rapid partial solidification is observed.71

For the investigation of the effects of solid surfaces
on the nucleation, it should be noted that possible
impurities in water and on substrate may remarkably
hinder clarifying the exact effects of the substrate on
the ice nucleation. Wang and co-workers designed
an evaporation�condensation setup to observe the
nucleation of thousands of condensed water micro-
droplets.72 In a sealed clean sample cell, a watermacro-
droplet was placed at the edge of a thoroughly cleaned
substrate. The water was first evaporated to create a
saturated atmosphere. With decreasing temperature,
microdroplets condensed onto the substrate surface.
Then ice nucleation events of large amounts of sepa-
rate and independent condensed water microdroplets
could be studied using a high speed camera. In this
evaporation�condensation process, influence of
possible impuritieswas greatlyminimized.72 Therefore,
it provides reliable information on kinetic and ther-
modynamic details of ice nucleation and it is possible
to further the understanding on the nucleation
mechanism.

Self-removal of Condensed Water Droplets. Accu-
mulation of impacting water droplets on SHSs can be
avoided due to the rebound resulting from the initial
kinetic energy. However, in humid environments, re-
moval of condensed microdroplets is still a challenge.
Chilled solid surfaces can accumulate water through
the rapid condensation. On SHSs, condensed droplets
with the size comparable to the capillary lengthmay be
removed under gravity via tilting the surfaces. But the
condensedmicrodroplets usually stay and freeze even-
tually on the surfaces because gravity does not work at
this regime. To remove the condensed microdroplets
before freezing, new strategies have to be developed.

Ballistospore discharge is an interesting feature for
many species of basidiomycete yeasts. As shown in
Figure 3a,73 the Buller's drop develops at the base of
the spore, and a film of liquid accumulates on the side
of the spore (Figure 3a, top). When the drop and the
liquid film increase to a critical size and coalesce, the
coalesced drop and the spore jump away (Figure 3a,
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bottom) driven by the released surface energy.74 This
coalescence induced spontaneously jumping away
behavior of liquid drops can be termed as coalescence
induced self-removal. Chen et al. observed an out-of-
plane self-removal of coalesced water microdroplets
on appropriately designed SHSs and the jumping
velocity of the droplets could be as high as 1 m/s.75

Inspired by this phenomenon, anti-icing materials
were prepared by fabricating surfaces from which
condensed water droplets can spontaneously jump
away before freezing. Wang et al. concluded that
adhesion of condensed water microdroplets to solid
substrates is the dominant energy barrier during the
coalescence induced self-removal76 judging from the
Ohnesorge number (Oh), which is the ratio between

viscous force and interfacial tension force as shown
in eq 3:77

Oh ¼ μffiffiffiffiffiffiffiffiffi
FσD

p (3)

where μ is the shear viscosity of the fluid, σ is the
liquid�gas surface tension, F is the liquid density, and
D is the droplet diameter. When Oh < 0.1, the viscosity
effect is negligible,77 which indeed is the case for the
self-removed condensed microdroplets.78 If the coa-
lescence released surface energy overcomes the work
of adhesion (Wad, integration of the contact line pin-
ning force over the unit area), which is themain energy
barrier, coalescence induced self-removal of droplets
occurs. Wang and co-workers prepared a series of solid

Figure 3. (a) Mechanism of ballistospore discharge. (Top) The Buller's drop develops at the base of the spore and a film of
liquid accumulates on the side of the spore,which canbe confirmedby the change in outline of the spore. (Bottom) Successive
images illustrate the growth of Buller's drop at the base and the liquid film on the side surface of the spore. In the final frame,
simultaneous disappearance of the drop and the spore from sterigma is observed after the drop and liquid film increase to a
critical size and coalesce. Reprinted with permission from ref 73. Copyright 1984 Elsevier. (b) (Top) Schematic illustration of
the coalescence induced self-removal. E0 is the initial total surface energy and E* is the critical energy barrier. (Bottom) The
necessary condition for microdroplets to be self-removed after coalescence. As the prefactor b increases, the R1:R2
approaches unity. If b is larger than bc = 21/3 = 1.26, the self-removal could not occur anymore. Adapted with permission
from ref 76. Copyright 2012 The Royal Society of Chemistry. http://pubs.rsc.org/en/content/articlelanding/2012/sm/
c2sm25828e#!divAbstract (c) Schematic illustration of condensation on the nanostructured superhydrophobic surface with
a micropore array at a high supersaturation. (d) The process of ice/frost formation on (1) a normal aluminum surface, (2) a
nanostructured SHS, and (3) an SHS with a 10 μmmicropore array through a digital camera. The images highlighted by red
lines indicate that the entire surface is covered by the frost layer. The high supersaturation was 6.97 (Tsurface = �15 �C). The
environmental temperature was 25 ( 0.8 �C and the relative humidity was 42.3 ( 2.6%. (c and d) Adapted with permission
from ref 82. Copyright 2013 The Royal Society of Chemistry. http://pubs.rsc.org/en/content/articlelanding/2013/cc/
c3cc40592c#!divAbstract.

REV
IEW



LV ET AL. VOL. 8 ’ NO. 4 ’ 3152–3169 ’ 2014

www.acsnano.org

3158

surfaces with different Wad, and studied the coales-
cence induced self-removal behaviors of the con-
densed microdroplets.76 It was observed that the
self-removal efficiency of condensed droplets de-
creases with the increase of Wad. The coalescence
induced self-removal could be theoretically analyzed
by the model presented in Figure 3b, where E0 repre-
sents for the initial total surface energy (E) of two
microdroplets, and E* is an introduced critical energy
barrier. When E0 > E*, the coalesced microdroplets
could be removed from the solid surface. This could
be further transferred to the following equation eq 4:76

Δ~E ¼ E0 � E�
a0R

2
2

¼ 1þ x2 � b(1þx3)2=3g0 (4)

where a0 is a positive constant which is dependent on
the chemical composition and physical morphology of
the solid surface but is independent of the radius of
microdroplets, x is the radius ratio of the two coalesc-
ing microdroplets (R1:R2) and we can set R1 g R2
without any loss in generality, b (b > 1) represents
the shape deviation of the microdroplet from a perfect
sphere and increases with Wad. As presented in
Figure 3b, coalescence induced self-removal will not
occur any more when b is larger than 1.26, which
agrees very well with the experimental observation.76

Patrick Collier et al. reported that condensed water
microdroplets on SHSs were able to be self-removed
before heterogeneous ice nucleation could occur.79

And the coalescence induced self-removal of the con-
densed microdroplets could not occur until the dia-
meter of the droplets reaches about 10 μm.79 At higher
supersaturation or lower temperature, water con-
denses both on the top of and at the bottom of sur-
faces textures and wet the surface.80 Condensed mi-
crodroplets tend to stay in the high adhesion Wenzel
state rather than Cassie�Baxter state,81 and self-
removal efficiency is reduced. By utilizing the pinning
effects of three phase contact line, Wang et al. success-
fully enhanced the self-removal efficiency of con-
densed water microdroplets under high supersatu-
ration. A series of micropore arrays were introduced
on nanostructured SHSs.82 The pore size varied from 6
to 14 μm, and periodicity of the pores was 20 μm. Both
the pore size and periodicity were at the same order of
magnitude with that of the condensed water micro-
droplets, so that the air fraction beneathwater droplets
was maximized and interaction of the condensed
water microdroplets with solid substrate was mini-
mized. As demonstrated in Figure 3c, growing con-
densedwatermicrodroplets are pinned at the edges of
themicropores.82 Thus, the shapes of these condensed
microdroplets deviate from spheres and the coalesced
microdroplets accumulate more surface energy; at the
same time, because of the three phase contact line
pinning, there is less contact area between the micro-
droplets and the substrates, which leads to a less

energy barrier to be overcome for coalescence induced
self-removal. Experimental results showed that intro-
duction of micropore arrays indeed facilitated the
coalescence induced self-removal of condensed mi-
crodroplets. The surface with 10 μmpore array showed
the highest jumping frequency and the diameter of
removed microdroplets was smallest on this surface.82

It was observed that droplets even with a diameter
smaller than 5 μm could be self-removed. That is
smaller than the size of the coalescing microdroplets
in jumping events on the nanostructured SHS at low
supersaturation and much smaller than the size of the
condensed microdroplets sliding away from a lubricat-
ing film (hundreds of micrometers).82

Due to the timely drainage of condensed water via
coalescence induced self-removal, frost does not form
on ideal SHSs at all.79 Unfortunately, frost can be
initiated at the defects on the SHSs.79 As soon as frost
is formed, it grows by generating an ice bridge to the
neighboring drops via interdrop frost waves to induce
a chain reaction of frosting which proceeds to cover
the whole surfaces.79,83,84 However, frost growth can
be delayed via the self-removal of condensed water
droplets by limiting the formation of interdrop ice
bridges.79,85 As presented in Figure 3d, due to the
effective self-removal of condensed microdroplets,
Wang et al. observed that it took about 1 h for the
entire hierarchical micropore arrayed-SHS to be cov-
ered by frost as compared to 8 and 14 min of the
normal aluminum surface and the nanostructured alu-
minum SHS, respectively, and during this period, the
amount of formed frost was decreased by 1.2 kg/m2.82

Trapping Liquid To Reduce Ice Adhesion. As presented
above, at low supercooling, trapping air in the surface
textures of solid substrate can achieve the timely
removal of impacting and condensed water droplets
before freezing. When ice is already formed, an alter-
native is to fabricate low ice adhesion surfaces on
which formed ice can be easily shed off under an
action of gravity, wind force, or vibration. Trapping
liquid as a lubricant between the substrate surface and
formed ice enables substantial weakening of the inter-
action between the ice and the solid surface, which can
reduce the ice adhesion significantly and render it able
to shed off the ice by an action of wind or its own
gravity.

Mechanism and Characterization of Ice Adhesion.

SHSs were regarded for some years as the most
attractive strategy for preparing anti-icing mate-
rials.32,41,42,86�88 Reports showed that ice adhesion
strength on SHSs was significantly lowered.89,90 The
mainly accepted explanation for the low ice adhesion
strength on SHSs is that water freezes in Cassie�Baxter
state and forms a “Cassie ice or frost”.35,91 For example,
it was reported that SHS with nanostructures could
promote the formation of frost in the suspendedCassie
state.91 In this case, air trapped beneath the droplets is
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maintained after freezing and the real contact area
between the “Cassie ice or frost” and solid surface is
reduced. Therefore, the contact area dependent ad-
hesive interaction between ice and substrate is mini-
mized. However, even if “Cassie ice or frost” can be
formed, SHSs are of notable limitation for the practical
application. As shown in Figure 4a, water droplets at
Cassie�Baxter state sit atop of the surface textures of
SHSs.92 The surface textures usually do not have the
same height. When water freezes, ice layer and surface
textures partially interpenetrate. Thus, the surface
textures could be destroyed during the deicing process
as shown in Figure 4b92 and the superhydrophobicity
deteriorates after several icing/deicing cycles.92,93

Actually, SHSs do not necessarily result in “Cassie ice
or frost” at freezing conditions, especially for micro-
structured SHSs. An extreme case is the frosting of
water vapor. As demonstrated in Figure 4c, Varanasi
et al. observed that, under a high supersaturation
condition, frosting rapidly occurred and frost directly

accreted between microscale surface textures of the
SHS,94,95 which led to an enhancement in surface
wettability. Therefore, condensed and impactingwater
droplets easily accumulated and the formed ice layer
penetrated into the textures, which increased ice
adhesion greatly. Wang et al. systematically investi-
gated the influences of surface morphology and che-
mical composition on the ice adhesion strength. As
shown in Figure 4d,96 it was observed that ice adhesion
strengths on structured surfaces are much higher than
that on flat surfaces regardless of the chemical com-
position.96 SHSs may lose their superhydrophobicity as
aforementioned when water adsorption and conden-
sation occur. Condensation could lead toWenzel water
drops as shown in Figure 4e. In this case, a strongly inter-
locking “Wenzel ice”35 can be formed after freezing as
demonstrated in Figure 4f. Once “Wenzel ice” is formed,
the real contact area between ice and the rough surface
is significantly increased and the ice layer interlockswith
surface textures. When investigating the ice adhesion

Figure 4. (a) Cassie�Baxter state of water droplets on a solid surface. (b) (Left) Ice on a superhydrophobic anti-icing surface.
The textures with tips penetrated into the ice (indicated by arrows) are very likely to be damaged during icing (water
solidification) and/or deicing (ice removal). (Right) Ice on the same surface sitting lower on the textures during the next icing
events. The ice�solid contact area increases from (left) to (right). Adapted with permission from ref 92. Copyright 2011
American Chemical Society. (c) ESEM images of frost formation on a superhydrophobic surface comprising of an array of
hydrophobic square posts. The intrinsic water contact angle of the hydrophobic coating on the posts is ∼110�. The surface
temperature is �13 �C. Adapted with permission from ref 94. Copyright 2010, AIP Publishing LLC. (d) Average ice adhesion
strengths on four silicon wafer surfaces with different hydrophobicities measured at �15 �C. Insets are the profiles of water
droplets on the corresponding surfaces. Adaptedwith permission from ref 96. Copyright 2012, AIP Publishing LLC. (e)Wenzel
state of water droplets on a solid surface. (f) Schematic illustration of the ice adhesion strength for removing the ice from a
patterned substrate. Adapted with permission from ref 96. Copyright 2012, AIP Publishing LLC.
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strength parallel to the solid surface, removal of the ice
layer from the surface needs to overcome the adhesive
strength between the ice and substrate as well as
the cohesive strength of ice itself. This mechanism
can be described by eq 5:96

τ ¼ τcoh � φþ τadh � (1 � φ) (5)

where τ is the apparent ice adhesion strength on rough
surfaces, τcoh is the cohesive strength of ice (about
1600 kPa97), τadh is the adhesive strength of ice on an
ideal flat surface, and φ is the area fraction of the ice
layer interlocking with the surface textures. Because
the cohesive strength of the ice is much larger than the
adhesive strength, the mechanical interlocking dom-
inates the apparent ice adhesion.

It seems to be a paradox because some research
groups claimed that SHSs showed a reduced ice adhe-
sion while others stated that SHSs presented an
increased ice adhesion. To clarify the relationship
between superhydrophobicity and “icephobicity” of a
surface, Nosonovsky et al. started from the concepts of
these two terms and carried out a comparative study of
parameters related to superhydrophobic and “icepho-
bic” surfaces. It is summarized that superhydrophobi-
city and “icephobicity” of a surface are parallel rather
than directly correlated.98 In other words, superhydro-
phobic does not always mean “icephobic”.98,99

Here we would like to point out the absence of a
standardized procedure for the characterization of ice
adhesion strength could also be a reason that ice
adhesion strengths on SHSs differ in literatures. On
one hand, preparation methods of ice samples are
different. Spraying supercooled water droplets to sub-
strates in a wind tunnel can effectively mimic the icing
or frosting process in the natural environment. How-
ever, it is not applicable for most of laboratories due to
the high cost of the setup. Pouring supercooled water
onto substrates is simple but of poor reproducibility.
Parameters like temperature, velocity, and amount of
the droplets have considerable effects on the wetting
state and the real ice-substrate contact area. In addi-
tion, the quality of water used to prepare ice samples
also has to be taken into consideration because of
possible impurities. On the other hand, the methods
used to evaluate the ice adhesion strength are different
in the literatures. A few groups characterized the
ice adhesion strength by measuring the normal force
via vertically pulling the ice samples off the sub-
strates.88,100,101 In this case, the measured values con-
tained only the contribution of the normal adhesive
strength rather than the shear strength between ice
and the substrate. Some groups froze ice on a rotating
horizontal beam of a centrifuge apparatus.102�104 The
centrifugal force of detaching ice was used as the ice
adhesion strength. Some researchers measured the
shear strength of propelling ice off from the sub-
strate.33,105 The shear strength for detaching the ice

layer formed between an inner cylindrical pin and an
outer cylindrical mould was also used to evaluate the
ice adhesion strength.106 The consequence is that
the testing results based ondifferent evaluation criteria
are not comparable. We suggest that the definition of
ice adhesion strength needs to be unified. For instance,
the ice adhesion strength calculated by eq 6 can be an
acceptable option:

Adhesion strength ¼ F=A (6)

where F is the shear force for detaching the ice from a
solid surface, and A is the apparent contact area (cross-
sectional area) between the ice and the substrate. In
addition, the preparation method of ice samples, the
testing procedure, and the evaluation criterion of the
ice adhesion strength should be standardized.

Trapping Organic Liquid Lubricating Layer.

Aizenberg et al. developed a slippery liquid-infused
porous surface (SLIPS)107 inspired byNepenthes pitcher
plants.108 Awater-immiscible lubricating organic liquid
was trapped in the surface textures to have a molecu-
larly smooth surface with low water contact angle
hysteresis.107 This methodology is applicable to var-
ious inexpensive and low-surface-energy structured
materials like Teflon and epoxy resin. Fabrication pro-
cess of SLIPS is illustrated in Figure 5a.107 On a substrate
coated by porous polymers, a certain amount of per-
fluorinated fluid was infused to form a continuous
liquid lubricating layer. When water droplet deposited
on SLIPS, a composite solid�lubricant�water interface
forms and the droplet slides easily at a small tilting
angle. Even in a high humidity environment (e.g., 60%
relative humidity), SLIPS coated substrates remain ice/
frost repellent by effectively removing the condensed
water. When the deposited water freezes, as shown is
Figure 5b left,109 the trapped organic liquid acts as an
intermediary lubricating layer to prevent the penetra-
tion of frost/ice into the surface textures and lead to
an extremely low ice ahdesion strength of only 15.6 (
3.6 kPa.110 It was also tested statistically that the
freezing of supercooled water on SLIPS coating could
be depressed and the coating performance was not
affected at all even after 150 freeze�thaw cycles.111

Additionally, by selecting proper lubricants, the pre-
pared SLIPS could be omniphobic to prevent the
contaminants such as oil and blood. Furthermore,
SLIPS is inherently smooth, optically transparent,
wear-resistant, self-healing, and pressure resistant.112

To date, no synthetic surfaces possess all these unique
characteristics of SLIPS, and it is believed that SLIPS is of
great potential to be applied in anti-icing, antifouling,
optical devices, and other areas that are beyond the
reach of current technologies.107,112

Varanasi et al. found that external forces such as
gravity could drain the excess liquid to attain a thermo-
dynamically stable configuration of the surface.113,114

The ice adhesion strength on this equilibrated SLIPS
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was dramatically higher than that on SLIPS with excess
liquid, although the value of the ice adhesion strength
was still lower as compared to a smooth surface coated
with 80/20 PEMA-FluoroPOSS33 which was considered
to be one of the lowest surface energy materials.114

In addition, frost or ice formed on SLIPS was not always
afloat on the liquid film.109,115 Driven by capillary
attraction, lubricant migrated from the wetting ridge
and the substrate's texture to the frozen droplet's
surface (Figure 5b right).109 In this case, lubricant could
be gradually depleted during deicing or defrosting
cycles as shown in Figure 5b right, and SLIPS failed in
lubricating.109

Recently, Aizenberg et al. reported that the thermo-
dynamical stablility of SLIPS could be improved by
employing a closed-cell architecture.116 The lubricants
could be firmly locked in the structures and the
lubricant-infused layers demonstrated excellent ther-
modynamical stablility of over 9moths vertical storage.
It was tested that ice adhesion strength on this surface
was only 10( 7 kPa.116 In addition, because of the rigid
nature of the layer, the closed-cell SLIPS was mechani-
cally stable as shown in Figure 5c.116 The SLIPS with
closed-cell structures could tolerate various mechan-
ical treatments such as touching, wiping, and tape
peeling. This was in strong contrast to the open-cell
SLIPS which was completely destroyed after these
mechanical treatments.116

Trapping Aqueous Lubricating Layer. It is also desir-
able to have a coating on which the lubricating layer
forms naturally once icing occurs and remains as long
as ice stays atop. Here it is worth to mention that the
slippery rim of Nepenthes pitcher plants is caused by
the condensed water or rainwater on the hygroscopic
nectar at the peristome surface.108 Therefore, water is

an alternative to be used as a lubricating liquid.
Furthermore, it is known that ice has slippery surfaces,
and because of this, ice sports, such as skating, are
possible. At the ice surface, the hexagonal structure of
ice breaks down and a liquidlike layer is formed even at
temperatures below 0 �C (Figure 6a).117,118 Due to the
existence of the lubricating liquid water layer,119 the
adhesion strength of ice to skate blades is significantly
reduced and people can skate with grace. This mech-
anism is of great potential to be used for anti-icing.

We propose that the following requirements need
to be met before the aqueous lubricating layer can be
utilized as coatings: (1) The aqueous layer should be
able to work in a large temperature range below 0 �C.
(2) Appropriate thickness of the aqueous layer is nec-
essary so that the surface asperities could be covered
by the aqueous layer and the mechanical interlocking
could be completely prevented. (3) The coatings
should be mechanically robust or/and self-healing.

On the basis of above requirements, a robust pro-
totypical organic�inorganic composite anti-icing coat-
ing with an aqueous lubricating layer is designed as
illustrated in Figure 6b.105 Cross-linked hygroscopic
polymer, poly(acrylic acid) (PAA) as a demonstration,
is incorporated into the micropores of a porous silicon
wafer, because the hygroscopic polymers lower the
freezing and melting points. Sorption of water by the
hygroscopic polymers from themoisture or themelted
ice formed atop leads to a water-swollen polymer layer
which bulges out of micropores. The swollen polymers
merge together due to the molecular attraction and
form a continuous aqueous lubricating layer. When
icing occurs, direct contact between ice and solid
surface is prevented by the continuous aqueous
lubricating layer, and the ice adhesion strength is

Figure 5. (a) Schematics showing the fabrication of SLIPS by infiltrating a functionalized porous/textured solid with a low-
surface-energy, chemically inert liquid to form a physically smooth and chemically homogeneous lubricating layer on the
surface of the substrate. Reprinted by permission from ref 107. Copyright 2011 Macmillan Publishers Ltd.: Nature. http://
www.nature.com/nature. (b) Different schematics of frosting and defrosting on SLIPS described by (left) Aizenberg et al. and
(right) Varanasi et al. Adapted with permission from ref 109. Copyright 2013 American Chemical Society. (c) Mechanical
stability of the closed-cell, inverse monolayers shown by SEM images of surface structures after subjection to different
mechanical treatments. The inverse monolayer coating withstands touching, wiping, and tape peel tests, while open-cell
reference samples (epoxy micropillars; shown for comparison as insets) are completely damaged by all treatments. All scale
bars are 5 μm. Reprinted by permission from ref 116. Copyright 2013 Macmillan Publishers Ltd.: Nature Communications.
http://www.nature.com/ncomms.
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remarkably lowered as compared to those on super-
hydrophobic and superhydrophilic silicon surfaces
with the same porous morphology as shown in
Figure 6c.105

Here it is worth to mention that the hygroscopic
polymer depresses the freezing temperature and the
melting temperature of water because it lowers the
water activity.120 Although there is a phase transition
temperature (�28 �C) shown in that paper, below
which ice adhesion strength increased sharply due to
the freezing of the aqueous layer, this transition tem-
perature can be further reduced by selecting the
polymer type and varying the concentration of the
polymer network in the micropores.105 Thus, the com-
posite coating can be designed to be adaptable for

extremely low temperature environments. In addition,
this organic�inorganic composite coating is of signifi-
cant potential for long-term application. On one hand,
water in aqueous layer could be continuously resup-
plied to the hygroscopic polymers by the moisture or
ice melting. On the other hand, the organic�inorganic
prototype coating is mechanically robust. Ice adhesion
strength remains almost the same even after 80 cycles
of abrasion with sandpapers (Figure 6d).105

Trapping or Introducing Other Media for Anti-Icing. Living
systems in subzero environments, including polar
fish,121 insects,122,123 bacteria,124,125 and plants,126,127

fight against icing with their unique ways. Afro-alpine
plant Lobelia telekii, which lives in high alpine zones of
Mount Kenya, has about 1 L viscous liquid inside the

Figure 6. (a) Melting layer on ice surface observed by molecular-dynamics calculation. The large gray and the small black
circles show the oxygen and hydrogen atoms, respectively. The thin lines are the covalent bonds. Reprinted with permission
from ref 117. Copyright 2004 AIP Publishing LLC. (b) Schematic illustration of the preparation of the self-lubricating liquid
water layer surface. (1) Fabrication of micropore arrayed silicon wafer surfaces via a photolithographic process. (2) Grafting
the micropore arrayed silicon wafer surfaces with cross-linked hygroscopic polymers. (3) Self-lubricating liquid water layer
forms on micropore arrayed silicon wafer surfaces when condensation or deliquesce occurs. Inset is the magnified image of
self-lubricating liquid water layer. (4) Ice formation atop of the self-lubricating liquid water layer. (5) Ice shed offwith a wind
action. (c) Average ice adhesion strengths on four surfaces with different hydrophobicity. Insets are the profiles of water
droplets on the corresponding surfaces. (d) Average ice adhesion strengths on the anti-icing surface with self-lubricating
liquid water layer remained almost the same after several tens cycles of abrasion test with a normal loading of 12.5 kPa by a
10 000 mesh sandpaper, which clearly shows that the fabricated anti-icing surface have the capability of self-healing and
abrasion resistance. The insets are Atomic force microscopy images (2 μm � 2 μm) of the area between pores on the SLWL
surface (1) before and (2) after abrasion. (b�d) Adapted with permission from ref 105. Copyright 2013 American Chemical
Society.
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hollow inflorescence. This liquid contains highly potent
ice nucleators and may freeze at the temperature just
below 0 �C.128 Then the heat released from freezing
can be used as a protective heat source. Although
other Afro-alpine plants of the genera Lobelia and
Senecio do not have any water inside the inflores-
cences, they can trap rainwater between the rosette
leaves to achieve heat protection in a similar way with
L. telekii.129 In addition, some temperate region plants
can tolerate freezing in winter with potent ice nucleat-
ing agents in their extracellular fluid. On the basis of the
similar mechanism, heat storage materials utilizing
latent heat have been developed. Salt hydrates and
alkane/aliphatic solutions based phase change materi-
als (PCMs) are trapped in polymer or stainless steel
balls and sealed,130 and the released latent heat can be
utilized when phase change of these materials occurs.
Although the cost may be high at present, we can
visualize the application of phase change materials via
utilizing the released latent heat for anti-icing.

Additionally, dimensional change accompanying
the phase change of PCMs could also be employed
for anti-icing. An anti-icing coating was reported by
formulating silicone PCM particles within hydrophobic
resins.131 Cooled by the cold air, a solid�solid phase
change occurs over a narrow temperature range. The
PCMs expand and at the same time the substrate
contracts. When water freezes, released latent heat is
absorbed by the PCMs and results in another inverse
solid�solid phase change. Then the ice-coating inter-
face experiences a large local shear stress due to the
volume change of the coating layer. It is claimed that
the actual lateral local displacements of the surface
could reach 1/10 the diameter of the PCM particles,
which is enough to locally break the ice�surface
bond.131 Thus, the ice could be detached, and after-
ward the coating cooled by the cold air again, and the
cycle repeats. Although no information of commercial
coatings utilizing PCMs for anti-icing is available, the
concept proposed is enlightening.

Many fishes and insects living in subzero environ-
ments have antifreeze proteins (AFPs) or antifreeze
glycoproteins (AFGPs) in their blood plasma. With
the help of these proteins which can inhibit the
ice growth,132,133 the fishes and insects can survive
through the harsh winter. The well-accepted mechan-
ism of inhibiting the ice growth is the adsorption�
inhibition mechanism.134,135 First, the AFPs are able to
recognize and bind “quasi-irreversibly” to the ice sur-
face. Then the growth of ice is confined in between the
absorbed proteins with a curved interface.136 The
interfacial curvature results in a reduction of local
freezing temperature due to the Kelvin effect, while
leaving the melting temperature unaffected.136,137

Usually, the thermal hysteresis (TH) temperature, dif-
ference between the freezing and melting tempera-
ture, is used to describe the antifreeze activity of an

AFP or AFGP. TH of AFPs and AFGPs extracted from the
blood of polar fish is usually 2 �C, whereas insect AFPs
can exhibit TH of over 5 �C.137,138

Recently, Francis et al. incorporated a Type III AFP
(T3AFP) from ocean pout fish and a snow flea AFP
(SnAFP) into polymer chains through site-selective
coupling to prepare an anti-icing coating.139 The
homogeneity of resulting materials was improved
and individual proteins were able to function in a
uniform manner.139 Schematic illustration of the pre-
paration of polymer�AFP coating is demonstrated in
Figure 7a.139 Ice formation and growth on the glass
coated by polymer�AFP were significantly inhibited
and delayed. As shown in Figure 7b, it took only
20 min for condensed water to be frozen on surfaces
without polymer�AFP. As a contrast, complete freeze
of condensed water was observed after 75 min on
polymer�AFP coated surfaces. This strategy is of great
potential to be further developed and employed for
anti-icing/anti-frosting. Synthetic materials mimicking
these proteins and their analogues are also in process
in order to have the easy availability.140,141

In summary, media that are of potential to be
introduced for anti-icing should be of the following
characteristics: (1) If a medium can reduce the interac-
tion of substrate surfaces with incoming water or even
separate the surfaces from incomingwater, it would be
possible to prevent water accumulation on the sur-
faces before freezing occurs. (2) If amedium can inhibit

Figure 7. (a) Scheme of the polymer�AFP coating for anti-
icing. (b) Coated glass slides were cooled to 6.0 �C at con-
trolled humidity. Condensed water froze significantly faster
on samples without the proteins. Images were collected at
40� magnification. Adapted with permission from ref 139.
Copyright 2010 American Chemical Society.
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the heterogeneous ice nucleation or delay the ice
growth, it would be effective to avoid or retard icing
on the substrate surfaces. (3) If a medium can decrease
or eliminate the interaction of the surfaces with the
formed ice, the ice layer would be easily removed from
the surfaces at a extremely small load.

CONCLUSIONS AND PERSPECTIVES

In this critical review, recently developed bio-
inspired anti-icing strategies were highlighted and
categorized into three types. Before freezing, anti-icing
can be achieved by trapping air in surface textures of
superhydrophobic surfaces to promote the rebound of
impacting water droplets and coalescence induced
self-removal of condensed water droplets. This strat-
egy is valid in particular when the supercooling is low
and it takes some time for the supercooled water to be
frozen. When icing occurs, an effective anti-icing strat-
egy is proposed via trapping liquids as lubricants
between solid surface and formed ice to significantly
reduce the ice adhesion. Thus, the formed ice can be
easily shed off by an action of wind or gravity. In addi-
tion, trapping or introducing other media such as
phase change materials and antifreeze proteins are
of great potential for anti-icing in practical applications
and fundamental research as well.
Superhydrophobic surfaces inspired by lotus leaves

and water strider legs are utilized for the timely
removal of incoming water before freezing. The super-
hydrophobicity is defined by high water contact angle
(CA > 150�), low CA hysteresis, and the ability to
rebound impacting water droplets.98 Low CA hyster-
esis corresponds to low surface water interaction such
as the contact line pinning, integration of which over
unit area represents the work of adhesion of liquid
water with the solid surfaces. Here we want to point
out the fourth aspect, that is, the ability to have
coalescence induced self-removal of condensed water
microdroplets or even nanodroplets, which is crucial
for broad applications such as enhancement of heat
transfer, anti-icing and self-cleaning at supersaturated
environments. The wettability of solid surfaces is de-
termined by both the chemical composition and the
geometrical structure of the surfaces.142 Substantial
water adsorption occurs at the supersaturated envir-
onments. And the local structure of adsorbed surface
water varies with the temperature, which affects the
wettability of condensed water microdroplets and
nanodroplets. Thus, a correlation between surface
water structure and the wettability needs to be estab-
lished. It is known that at the nanoscale the energy
barrier between the Cassie state and the Wenzel state
is so small that the thermal fluctuation could cause
a transition between these two states.143 Thus, the
geometrical requirement of hierarchical microstruc-
ture and nanostructure of superhydrophobicity for

macroscopic drops needs to be revised in the case of
condensed microscopic and nanoscopic droplets.
How to suppress the ice formation during the time

that incomingwater (impacting and condensed water)
stays in contact with solid surface is another interesting
scientific problem. This can be transferred to the
problem of how to inhibit heterogeneous ice nuclea-
tion initiated at liquid�solid interface, because hetero-
geneous ice nucleation is the control step in the pro-
cess of ice formation in this situation.69 It has been
suggested that the heterogeneous nucleation of a
liquid in contact with solid surface can be controlled
by the lateral structure of the interface layer.144 Schülli
et al. experimentally observed that supercooling in
gold�silicon (AuSi) eutectic droplets was enhanced
by a Au-induced (6 � 6) reconstruction of the Si(111)
substrate.145 How to structure the interface water that
can tune the nucleation of liquid water atop is intri-
guing not only for anti-icing applications but also for
cryopreservation of cells and tissues, preventing the
freezing of crops, cloud seeding, and snow making.
Inspired by the slippery peristome surface of

Nepenthes pitcher plants, trapping aqueous lubricating
layer is very promising for significantly reducing the ice
adhesion, so that the formed ice could be shed off by
an action of wind or its own gravity. Aqueous lubricat-
ing layer has long-term durability because the lubri-
cant is water, which can be continuously resupplied by
water adsorption, condensation, and ice melting. Im-
portantly, utilizing water as the lubricant is eco-friendly
and economical. The thickness and viscosity of the
lubricating layer affect crucially on the ice adhesion
strength.118 Therefore, correlations between the ice
adhesion and the thickness as well as the viscosity of
the aqueous lubricating layer need to be established,
which are currently undergoing in our group.
In addition to the strategies discussed above, smart

interface materials would be interesting for anti-icing.
For example, a recent paper reported that a carbon
dioxide vapor film could be generated via sublimation
upon the impact of water droplet on the dry ice
surface, thus the direct contact of the surface with
the droplet could be avoided.146 Therefore, the inter-
action between the underneath solid surface and the
water were could be greatly reduced, and the liquid
water could be removed before freezing occurred. This
is inspiring because it could be attempted to introduce
certain substances, which generate gases when they
meet liquidwater or ice, onto the solid surfaces for anti-
icing. Other example could be smart polymers.147 Tem-
perature sensitive polymer, such as poly(N-isopropyl
acrylamide) (PNIPAAm), can change the volume and
surface morphology at the temperature (25�40 �C)
due to conformational change of the polymer chains
and this change is reversible.147,148 Although this tem-
perature range inwhich conformational change occurs
is far above the freezing point of water, it can be
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foreseen that smart polymers sensitive to the freezing
temperature will be eventually developed for anti-
icing. For practical technical applications, it is often
not enough to achieve desired anti-icing effect only
utilizing one strategy. Multiple strategies need to be
combined for effective anti-icing. As aforementioned, if
water drops partially or completely stay at the sticky
Wenzel state on SHSs, rebound of impacting droplets
and self-removal of the condensed droplets are af-
fected or even cannot occur before freezing. External
forces can be used for dewetting the surfaces to retain
their superhydrophobicity. It was reported that me-
chanical vibration can overcome the energy barrier
and induce a transition from Wenzel state to Cassie
state of water droplets on a lotus leaf.149 In addition,
external electric field could be potentially used to
enhance the jumping performance of the droplets to
prevent water accumulation because the jumping
water droplets carry net positive charges.78 When ice
already formed, for example on the surface with an
aqueous lubricating layer, ultrasound vibration could
be applied to facilitate the ice removal as soon as only a
very thin ice sheet is formed.
Due to the fragility of micro- or/and nanosurface

structures, one of the key challenges for bio-inspired
surfaces and interface materials is to improve the
stability and mechanical robustness. Investigations
on fabricating stable and mechanically robust SHSs
have been vastly carried out in the recent years.150�157

However, few reports focused on SHSs with designed
closed-cell geometries (e.g., honeycomb structure)
which could serve better stability and mechanical
robustness.49 Recently, it was reported that the SLIPS
with rigid closed-cell architectures demonstrated ex-
cellent thermodynamical stability and damage toler-
ance to various mechanical treatments.116 In addition
to the structure design, preparing organic�inorganic
composite surfaces can be another choice.105 Another
challenge is the facile and large-scale fabrication of
bio-inspired surfaces and interface materials. For ex-
ample, although a variety of methods for preparing
SHSs have been developed,158,159 few of those meth-
ods really meet the facile and large scale criteria.
Varanasi et al. reported that some rare-earth oxides
could be applied to prepare robust large-scale hydro-
phobic ceramic materials and could also be used to
fabricate superhydrophobic surfaces.160 However, ad-
ditional factors were required to achieve the robust-
ness of superhydrophobic surfaces.160 As such, further
efforts need to be taken to prepare low-cost, large-
scale bio-inspired surfaces and interface materials with
excellent properties.41,42,44,161

Although this review is oriented toward practical
applications, there exist fundamental scientific chal-
lenges, for example, how to inhibit ice nucleation and
growth on solid surfaces, what is the dominant me-
chanism for the ice adhesion, and how to achieve low

ice adhesion surfaces. All these are scientific challenges
with a long history, and some of them have existed for
more than 150 years. Anti-icing provides an excellent
platform to systematically look into all these questions,
and this review is expected to serve as a touchstone for
further investigations in the future.
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