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Condensation frosting and passive anti-frosting
Siyan Yang,1,2 Chenyang Wu,1 Guanlei Zhao,3 Jing Sun,1 Xi Yao,4 Xuehu Ma,2,* and Zuankai Wang1,5,*

SUMMARY

As exemplified by the extreme cold weather hitting central China
and causing great economic losses in 2018, as well as the 2021 Texas
power crisis involving more than 4.5 million homes and businesses in
the United States owing to frosting/icing, anti-frosting/anti-icing
has been a long-standing challenge in modern society. Over the
past decade, various approaches have been used to achieve antifrosting, including active approaches and passive approaches.
Given that active anti-frosting strategies are inefficient, energy
consuming, and ponderous, tremendous progress has been made
for passive anti-frosting strategies, owing to the booming of material engineering and the advanced measuring approaches. This review focuses on the process of condensation frosting, progress on
passive anti-frosting, and prospects for this field. We aim to bring
a comprehensive framework on passive anti-frosting in the broad
sense: from inhibition of ice nucleation to reduction of frost/ice
adhesion, from nanoscale to millimeter scale, and from surface
design to material selection.
INTRODUCTION
Frost formation is a ubiquitous phase-change phenomenon in nature. Over the past
decade, there is a growing interest in developing a fundamental understanding of
the physics, evolution, and regulation of frost formation, owing to its massive impact
on various industrial processes. Indeed, frost accretion can cause tremendous damage to infrastructures and facilities, such as powerlines, aircrafts, wind turbines, refrigerators, and heat pumps, when they are exposed to humid and low-temperature
environments.1-4 For instance, frost accretion on heat pumps will increase the thermal resistance and reduce heat transfer efficacy and capacity.5 The heavy load of
frost/ice on transmission lines, wind turbines, and solar panels can cause power outages over vast areas and pose a severe threat to human lives.6-8 For example, the
2021 Texas power crisis impacted more than 4.5 million homes and businesses in
the United States owing to frosting/icing, and the extreme cold weather in central
China resulted in direct economic losses of 510 million yuan in 2018.
Frost is usually formed through two different routes. The first route, desublimation,
normally occurs on sufficiently hydrophilic surfaces (e.g., the contact angle is less
than 50 ) at cold temperatures through a direct vapor-solid phase transition,9,10
whereas the second route, condensation frosting, undergoes a continuous, triplephase transition from vapor to condensed water and eventually to a frozen solid
state. In the real world, the second route is more frequently encountered, and
most research efforts have been dedicated to developing new techniques to prevent
condensation frosting, either actively or passively. Active strategies include electric
heating, oscillation, and antifreeze chemical substances.11-17 Using electric heating
to inhibit frost formation or to melt the as-formed frost is probably the most widely
used approach, but it is energy consuming and costly.18,19 Although the application
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of external ultrasonic vibration provides potential in defrosting via the resonance effect, the necessity of additional oscillation facilities limits its broad applications.20-23
Moreover, the use of antifreeze chemical substances, such as propylene glycol and
ethylene glycol, would generate chemical hazards to the environment.24-26
In response to the urgent need for anti-frosting, passive strategies that can potentially
address these challenges have received growing attention in the past decade. Briefly,
passive anti-frosting strategies, such as antifreeze protein (AFP), varying-wettability textures, and hygroscopic pattern, primarily rely on the inherent properties of materials and
surfaces to endow the realization of either frost-free or easy frost removal without the
need for external energy input. In addition, passive anti-frosting strategies impart several
benefits, such as environmentally benign nature, ease of operation, weight alleviation,
and size miniaturization of the equipment.27,28 Over the past several years, a number
of review papers on the mechanism and regulation of anti-icing/frosting have
emerged.18,29-36 However, a general summary that classifies the emerging passive
anti-frosting strategies, especially on their regulation mechanism on different stages
of the frosting process, is still lacking. In this review, we focus on condensation frosting
and passive anti-frosting approaches. We first reveal the underlying mechanisms of the
condensation frosting process, which is divided into four substages. We then provide a
comprehensive network regarding the passive anti-frosting progress made in recent
years, including inhibition of the nanoscale ice nucleation, retardation of the microscale
frost occurrence, mitigation of the frost accumulation, and reduction of the ice adhesion.
We conclude this review by proposing the remaining challenges and providing perspectives on the future endeavor.

CONDENSATION FROSTING PROCESS
The entire condensation frosting process involves multiple length scales from nanoscale condensed droplets to millimeter-scale frost sheets and various phase states,
including vapor, water, and ice/frost.34 As characterized by sequential phase transitions from vapor to the final frost, condensation frosting can be divided into four
chronological ice-related substages (Figure 1A): condensation and ice nucleation,
frost occurrence, frost propagation, and frost densification.
The first stage involves condensation nucleation and ice nucleation. Although the
former is a thermodynamic vapor-to-water process and the latter is a thermodynamic water-to-ice process, both require the overcoming of nucleation energy barrier. Vapor first condenses on a substrate colder than the surrounding atmosphere to
form nanoscale droplets.37 The continuous vapor condensation leads to the growth
and coalescence of as-formed droplets. When a condensed supercooled droplet
stays on the sub-zero degree substrate for a sufficiently long time, the preferred
probabilistic heterogeneous ice nucleation usually occurs at the interface between
the droplet and the substrate. The heterogeneous ice nucleation energy barrier
DG* is expressed as DG = ð16pg3IW =3DG2V Þf ðm; xÞ, where gIW denotes the waterice interfacial tension; DGV indicates the difference of volumetric free energy between ice and water and is dependent on water temperature; and f(m, x) is a geometrical factor, where m = cosqIW and x = r/re. qIW is the contact angle of the ice embryo
with a radius of r on water, and re is the radius of the critical ice nucleus.38-41
The occurrence of ice nucleation at the interface between the droplet and the substrate triggers the droplet freezing, or frost occurrence, termed as the second stage.
The freezing process of a single droplet involves two partially overlapped stages: a
very rapid stage of recalescence and the bottom-up freezing stage (Figure 1B). The
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Figure 1. Schematic representation of the whole process of condensation frosting
(A) Four substages in an entire condensation frosting process.
(B) The freezing process in a condensed droplet.
(C) The absorbing-evaporating phenomenon during the ice bridging process.

recalescence stage characterized by the rapid formation of a thin ice shell is accompanied by a significant latent heat release,42 while the subsequent bottom-up
freezing stage turns the liquid droplet into a solid frozen droplet.34
In the third stage, the freezing event of a single droplet can trigger a frost propagation phenomenon among the droplet clusters. Frost propagation is essentially
dependent on the interplay between the frozen droplet and its neighboring unfrozen droplets. The frozen droplet will harvest water molecules from neighboring unfrozen droplets,43 which is primarily due to the vapor pressure gradient.44 In addition, the latent heat released by the droplet freezing may also facilitate the
evaporation of nearby water droplets.45 Such an evaporation-absorption phenomenon facilitates the growth of ice bridges originated from the frozen droplet toward
the nearby water droplets. The success of the ice bridge connection depends on
the length competition between the ice-to-liquid separation and the diameter of
the frozen droplet: a smaller separation relative to the diameter leads to a connection success, or vice versa (Figure 1C).46 The ice bridging between two individual
droplets can further induce grouped events among droplet clusters in a dominolike manner, and eventually, the frost will propagate across the entire surface.47
A natural consequence of frost propagation throughout the entire surface is the formation of a thin and integral frost layer. After that, the frost layer turns thicker and denser. In
such a frost densification stage, the density and growth rate of the frost layer are governed by the mass transfer involving two processes that are characterized by the diffusion or convection of water vapor in air onto the frost surface, followed by the further
penetration of adsorbed water molecules into the porous frost layer.48-50

PASSIVE ANTI-FROSTING STRATEGIES
Revealing the basic condensation frosting process can provide important insights into
the development of efficient passive anti-frosting strategies. Herein, we summarize
recent typical strategies with regard to inhibition of ice nucleation, retardation of
frosting, mitigation of frost accumulation, and reduction of frost adhesion (Figure 2).51-58
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Figure 2. Schematics of typical strategies for anti-frosting, including inhibition of ice nucleation,
retardation of frost occurrence, mitigation of frost accumulation, and reduction of ice adhesion
Reproduced with permission. 51-58 Copyright 2016 and 2020 United States National Academy of
Sciences, 2015 and 2016 American Chemical Society, 2011 Nature Publishing Group, 2019 WileyVCH, 2019 American Association for the Advancement of Science.

Inhibition of ice nucleation
Inhibition of ice nucleation stands in the prior position to curb condensation frosting.
According to the classical ice nucleation theory mentioned above, the heterogenous
ice nucleation is governed by surface inherent properties such as wettability and geometry as well as water temperature. Practically, ice nucleation is also found to be
mediated by lattice match between substrate and ice. In this section, we mainly
focus on three different surface-related factors that inhibit ice nucleation: wettability,
geometry, and lattice match.
Given that the heterogeneous ice nucleation depends on the interfacial interplay between water and the substrate, a promising approach for suppressing ice nucleation
is to leverage the interfacial free energy of the solid substrate. The interfacial free
energy closely interwinds with surface wettability (Figure 3A).29,59,60 For instance,
increasing the density of hydroxyl groups leads to enhanced hydrophilicity and
hence a higher interfacial free energy (Figure 3B).61 Thus, the heterogeneous ice
nucleation rate can be tuned by altering the surface wettability. For example, it is reported that the normalized surface ice nucleation rate on a hydrophilic surface is
about one order of magnitude lower than that on a hydrophobic surface.62 On the
other hand, it is also demonstrated that the ice nucleation rate on hydrophilic surfaces is several orders of magnitude higher than on hydrophobic surfaces, as exemplified by Figure 3C (from ε0 to 4ε0, where ε denotes the interfacial free energy).63
Further in-depth investigation is still needed to resolve these contrasting results.
In addition to interfacial free energy, ice nucleation is also heavily dependent on the
interfacial geometry at the nanoscale. The investigation of interfacial geometry primarily focuses on concave and convex shapes, which display diverse abilities in
mediating ice nucleation. For the concave geometry, it is found that an interfacial
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Figure 3. Control of lattice match, interfacial free energy, and interfacial geometry for inhibition of ice nucleation
(A) Interplay between water molecules and the surface absorption energy. Reproduced with permission. 59 Copyright 2015 American Chemical Society.
(B) Promotion of the interfacial free energy owing to the increased density of hydroxyl groups on graphene. Reproduced with permission. 61 Copyright
2016 American Chemical Society.
(C) Ice nucleation rates as the function of water-carbon interaction strength at 230 K for crystalline and amorphous graphene. Reproduced with
permission. 63 Copyright 2016 American Chemical Society.
(D) Schematic of an ice nucleus on an interfacial water layer, with the surface structure comparable with the ice nucleus. Reproduced with permission. 52
Copyright 2015 American Chemical Society.
(E and F) Variation of the geometrical factor as a function of the geometry size. Different colored lines represent cosine values of different ice-water
contact angles. Reproduced with permission. 64 Copyright 2014 Royal Society of Chemistry.
(G) Atomic structure of hexagonal ice and cubic ice. Reproduced with permission. 29 Copyright 2018 Royal Society of Chemistry.
(H) The influence of the ice-AFP separation on ice lattice match. Reproduced with permission. 65 Copyright 2019 American Chemical Society.
(I) Traditional model for water/ice adsorption on a metal surface. Reproduced with permission. 66 Copyright 2009 Nature Publishing Group.

thin water layer formed between an ice nucleus and the substrate plays an essential
role in regulating ice nucleation.67-69 Such a water layer, with a nanoscale size less
than 10-fold of an ice nucleus, can homogeneously wet and structurally rap the ice
nucleus surface. Thus, the ice nucleus’s further growth can be inhibited owing to
the interface confinement (Figure 3D).52 On this basis, ice nucleation can be ideally
prevented by optimizing the surface topography using arrays of nanoscale concaves
with infinitesimal asperities. Notably, a nanoscale concave with a thin water layer can
offset the role of interfacial free energy in ice nucleation. For example, it is
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demonstrated that a hydrophilic surface with a nanoscale surface roughness (e.g.,
1.4–6 nm) behaves better in ice nucleation inhibition than a rougher hydrophobic
surface, while it is customarily deemed that hydrophobic surface performs better
owing to the weaker interfacial free energy.70,71 Unlike the concave shape, a convex
shape has a diverse function in dictating the ice nucleation. Such discrepancy mainly
lies in the diverse roles of two such geometries in mediating the interfacial geometry
factor f. As the ice nucleation barrier is positively related to f, the convex geometry
with f up to 4 orders lower than the concave geometry shows a much weaker ability in
inhibiting ice nucleation (Figures 3E and 3F). However, it should be noted that when
the geometry size is larger than 10-fold ice nucleus (x > 1), both of the two geometries can no longer affect f (Figures 3E and 3F).64
Ice has more than 10 types of polymorphs constructed by ordered or disordered water molecules, among which hexagonal ice (Figures 3G) is the most common phase
on earth. Shaping like a hexagonal plate, hexagonal ice exhibits fixed lattice parameters at a certain temperature.29 The role of hexagonal lattice match between ice
and the substrate in ice nucleation has been investigated through extensive efforts.
One typical example is the utilization of AFP, which can irreversibly absorb onto a
small ice nucleus. Hexagonal ice-like structures inside the interfacial water layer
can be induced owing to the regular array of hydroxyl groups with a specific separation on the ice-binding faces of AFP. Note that such a water layer with an ice-like
structure is deemed the origin of ice; thus, regulating the interfacial water layer is
a key in ice nucleation. On this basis, ice lattice match can be induced via delicate
chemical and structural arrangement of functional groups on AFP or AFP analogs.72,73 The well-defined lattice match will result in a thermodynamically unfavorable curved ice nucleus, which inhibits the further growth of the ice nucleus.74 However, a delicate, well-defined lattice match between ice and the ice-binding face of
AFP is allowed only at a specific distance (1.1 nm in Figure 3H) between AFP and ice,
whereas an unbefitting distance (e.g., 0.9 nm in Figure 3H) will endow a force to push
away the ice.65 By contrast, ice lattice match is hard to form on the non-ice-binding
face of AFP with a bulk of hydrophobic groups that detest water molecules.51
Apart from AFP, lattice match can also be manifested on certain organic materials
such as monolayers of alcohols and inorganic materials such as metal ions and
non-metal ions.75-78 For example, the pentagonal arrangement of the interfacial water layer is favored on metal surfaces with small lattice constants, such as Cu, while
the hexagonal arrangement is promoted on metal surfaces with large lattice constants, such as Ag (Figure 3I).66,79 As the hexagonal arrangement is the favored
ice structure, ice nucleation on Ag+-chelated surface can be promoted, while ice
nucleation on Cu2+-chelated surface is inhibited. This finding opens up a prospect
for regulating ice nucleation through controlling the metal ions.80 Notably, ice nucleation based on lattice match can also be mediated by non-metal ions, termed as an
ion-specific effect.81,82 The capacity for regulating ice nucleation of different ions
can be categorized according to the Hofmeister series.83 Taking F, Cl, and I
for example, the ability to catalyze ice nucleation follows the sequence of F >
Cl > I.84,85 This is because F has the highest charge density at the water/substrate
interface, and thus the lowest fraction of ice-like water building block can be easily
formed.
Retardation of frosting
To some extent, retardation of frosting requires timely water removal. This is similar
to the droplet shedding from the lotus leaf and pitcher plants that bear the common
feature of water repellency.54,86 Over the past decades, various surfaces have been
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created via mimicking the two natural materials. However, this approach is insufficient for inhibiting condensation frosting. First, lotus leaves and pitcher plants can
only remove millimetric water droplets by gravity, while in the case of condensation
frosting, most microscale condensed droplets can be frozen before growing into
millimeter size. Second, lotus leaves and pitcher plants usually lose their excellent
water repellency under low-temperature and high-humidity environments; thus,
they are susceptible to condensation frosting. As such, learning from lotus leaves
and pitcher plants but going beyond, artificial superhydrophobic surfaces and lubricant-infused porous surfaces, with well-designed topography and well-controlled
wettability, are demonstrated to be more promising in timely microscale water
removal.87,88
Superhydrophobic surfaces are characterized by the combination of micro/nano textures with hydrophobic chemical composition. On the one hand, superhydrophobic
surfaces ensure a high contact angle (>150 ), which results in a minimized liquidsolid contact area and the reduced heat transfer path. Therefore, the interface between the superhydrophobic surface and a droplet is endowed with a higher temperature compared with the hydrophilic surface, which yields a lower probability
of droplet freezing.46,89-91 On the other hand, superhydrophobic surfaces exhibit
a low contact angle hysteresis (<10 ), leading to excellent water mobility. As these
two properties highly depend on surface morphology, surface geometry design,
including symmetric, asymmetric, single-tier, and hierarchical, have been extensively studied to benefit timely and efficient droplet removal.92-100 Remarkably,
with unique surface patterning (Figures 4A and 4B), the out-of-plane self-jumping
of condensed droplets can be achieved with the aid of excess surface energy
released as droplets coalesce.101–108 Except for surfaces that allow out-of-plane
self-jumping, other surface designs, such as conical spine (Figure 4C) and V-shaped
structures (Figure 4D), can also endow the in-plane droplet self-removal due to the
pressure gradient.109,110 Such designs can find their prototypes in nature, for
example, cacti and shorebirds.109 However, despite that condensed droplets can
be removed in time with proper surface design, it should be noted that condensed
droplets will still continuously form on the cold substrate. Thus, more effort should
be devoted to minimizing the accumulated surface water, namely, the difference between the removed water and the deposited water. In this way, inhibiting freezing
can be achieved to the maximum extent (e.g., micro-nano surface [MNS] 40 in
Figure 4E).111
Despite the great potential in retardation of frost, superhydrophobic surfaces are
still limited by the random frost formation inside surface texture under a high supersaturation,70 resulting in a loss in superhydrophobicity115 that can, in turn, accelerate
frost formation to some extent. However, such limitation can be partially bypassed
using a slippery lubricant-infused porous surface (SLIPS), with the surface texture infiltrated with water-immiscible lubricant.116 As a result of the interplay between
interfacial tensions, the roughness, and solid fraction,117 a drop on a SLIPS can
display four main configurations favoring slippery behavior, either partially (Figures
4F and 4H) or totally (Figures 4G and 4I) covered by the lubricant.112
SLIPS offers the capabilities to retard the frost occurrence from three aspects. First,
the lubricant film on the SLIPS underlying the droplets is smooth at the molecular
level, which endows a slippery property.118 On such a slippery surface, a drop surrounded by the wetting ridge can slide easily on a titled surface even after the Cassie-to-Wenzel transition.54,119-121 As a result, some SLIPSs can generate better water
mobility compared with either hydrophilic surfaces or superhydrophobic surfaces
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Figure 4. Superhydrophobic surface and slippery lubricant-infused surface (SLIPS) for the retardation of frost formation
(A and B) Coalescence-induced droplet jumping on superhydrophobic single-tire structures and hierarchical structures.
(C and D) Droplet self-moving on asymmetric superhydrophobic structures due to pressure difference. Reproduced with permission. 109 Copyright 2020
American Association for the Advancement of Science.
(E) A longer frost delay imposed by less water accumulation. Reproduced with permission. 111 Copyright 2020 American Chemical Society.
(F–I) Schematic of four main configurations favoring slippery behavior on SLIPS. Reproduced with permission. 112 Copyright 2015 Royal Society of
Chemistry.
(J) Comparison of ice water mobility on a superhydrophobic surface and SLIPS. Reproduced with permission. 113 Copyright 2013 American Chemical
Society.
(K) Significant frost delay on SLIPS-Al. Reproduced with permission. 114 Copyright 2012 American Chemical Society.

(Figure 4J),54 which can achieve a significant frost delay (Figure 4K).114 Second, the
extra thermal resistance imposed by the lubricants also enhances the interface temperature, leading to a lower freezing probability.115 Third, the fluidity of the lubricant
in SLIPS endows it to achieve rapid self-healing; such SLIPS can still work well even
after abrasion.54 For example, with a proper structural design, the lubricant inside
a hierarchical structure can be continuously supplied from the bottom microscopic
pores to the upper nanoscopic pores owing to the stronger capillary force of the
nanostructure. As a result, such a SLIPS shows ability in both frost delay and prevention of lubricant depletion at the interface.122
Mitigation of frost accumulation
The occurrence of condensation freezing inevitably induces frost accumulation in a
domino-like manner. Thus, mitigating frost accumulation or slowing down frost
propagation requires avoiding ice bridging between frozen droplets with surrounding water droplets. Two approaches have been shown to achieve this effectively. The
first one is to resort to the hygroscopic pattern to regulate the pressure difference of
water vapor over the condensed droplets or harness the instantaneously released
latent heat. As a result of the dramatic evaporation, the as-formed dry areas between
water and hygroscopic substances can significantly hamper the ice-water
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Figure 5. Hygroscopicity pattern/method and 3D structure for mitigation of frost accumulation
(A) Schematic of the water vapor pressure over condensed droplets and frozen droplets/hygroscopic liquid.
(B) Schematic of an annular dry zone around a frozen droplet due to evaporation-absorption effect. Reproduced with permission. 55 Copyright 2016
American Chemical Society.
(C) Overlapped dry areas imposed by overlapped water vapor pressure. Reproduced with permission. 128 Copyright 2017 American Chemical Society.
(D) Frost-free regions up to $96% on the polyelectrolyte patterns. Reproduced with permission. 131 Copyright 2020 American Chemical Society.
(E) Weak frost propagation on flexible and swollen polyethylene glycol molecules. Reproduced with permission. 132 Copyright 2020 Multidisciplinary
Digital Publishing Institute.
(F) Extended frost propagation journey on 3D textures. Reproduced with permission. 133 Copyright 2013 American Association for the Advancement of
Science.
(G) Spatial distribution of condensed droplets and frozen droplets on a macro-structure with alternate concaves and convex shapes. Reproduced with
permission. 56 Copyright 2020 United States National Academy of Sciences.

communication. The other approach leverages the design of the delicate structure
to spatially regulate the distribution of frozen droplets and neighboring water droplets, intending to prevent frost propagation.
Hygroscopic materials exhibit an excellent ability to absorb water molecules, either
through a phase change, such as condensation and desublimation, or through physical absorption. In the case of frost propagation, hygroscopic materials can be designed for deliberately creating dry zones in order to significantly enlarge the ice-water separation and thus hampering ice bridging.55 Hygroscopic materials include
hygroscopic liquid, and ice-nucleating proteins, and even ice itself,123-126 among
which ice is the most commonly used. In general, ice possesses a lower saturation vapor pressure over water at the same temperature (Figure 5A).127 Driven by this vapor
pressure gradient, a frozen droplet would act as a sink and continuously harvests the
evaporating vapor of the nearby sources, in this case, condensed water droplets.126
As a result, dry zones around the frozen droplet will be generated due to the complete evaporation of water droplets (Figure 5B),55,124 Through delicately designing
the hygroscopic pattern, overlapping water vapor pressure profiles can be induced,
leading to the formation of a large area of overlapped dry zones (Figure 5C).128,129,130
On the other hand, some hygroscopic materials, such as ice-nucleating proteins and
polyelectrolytes, offer the capabilities to significantly facilitate the fast phase change
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from vapor to ice, which can generate a significant amount of latent heat and thus
create dry zones through the heat-induced evaporation. A frost-free region up to
96% has been demonstrated on polyelectrolyte-coated patterns (Figure 5D).131
Mitigating frost accumulation is also possible through controlling surface structures
ranging from nanoscale to macroscale. At the nanoscale, structures mainly affect
the interaction between nanoscale droplets. For instance, nanoscale polyethylene
glycol molecules shorter than 2 nm can disturb ice bridging between frozen droplets
and surrounding water droplets, owing to the high flexibility and the uneven height
(Figure 5E), and hence weaken the overall frost propagation.132 Similar to hampering
the inter-droplet communication using nanostructure, the microscale 3D structure
can simultaneously enlarge the droplet separation through promoting coalescence-induced droplet jumping and extend the ice-water connection pathway owing
to the up-and-down design, as depicted in Figure 5F. As a result, ice bridging on such
a surface is more difficult compared with on a plain surface.133 While microscale structures mainly regulate the droplet-to-droplet ice bridging process, macroscale structures primarily affect the group-to-group interaction among droplets. For example, a
dramatic curvature change on the macro-structure can either increase the vapor concentration in the convex corner or reduce the vapor concentration in the concave
corner.104,134,135 As such, a macro-structure with alternate concaves and convex
shapes can absorb more water vapor on the convex tip than the concave bottom.
These tips tend to be the preferred condensation and frosting sites, which can lead
to the dramatic evaporation of the smaller condensed droplets in the concave
base, thereby reducing frost accumulation on the entire surface (Figure 5G).56
Reduction of ice adhesion
After propagating to cover the entire surface, the as-formed frost layer turns thicker and
denser. Adhering to numerous commercial and residential equipment, the thick frost
can cause a lot of trouble. To date, achieving complete frost removal always requires
external energy input;136-141 hence, reducing frost adhesion to enable self-removal is
significant. As the bottom layer of frost consists of ice droplets, reducing ice adhesion
can be considered the preliminary step to reduce frost adhesion. In this section, we
have summarized recent work related to ice adhesion in Figure 6.12,58,114,122,142–165
Clearly, ice adhesion usually exceeds 500 kPa on a hydrophilic substrate, such as steel,
Al, and glass. This differs from the case on superhydrophobic surfaces, where ice adhesion can be as low as 50 kPa.166 Compared with some superhydrophobic surfaces, more
insufficient ice adhesion can be demonstrated on liquid-like surfaces and polymerbased materials. Here, liquid-like surfaces termed in this work include both SLIPS and
SLIPS analogous coating,54 while polymer-based materials are characterized by interfacial cavitation, interfacial slippage, and toughness-controlled cracking. As the threshold
for describing low ice-adhesion strength is usually considered 100 kPa, we mainly focus
on liquid-like surfaces and polymer-based materials.
Liquid-like surfaces, including both lubricant-infused surface and lubricant analogous
coating, demonstrate the ability to reduce ice adhesion owing to their physically and
chemically homogeneous interface.113,122,147,167 The lubricant-infused surface naturally provides a slippery water-immiscible interface on which ice can easily slide away
(Figure 7A).114,168 However, lubricant-infused surfaces suffer from durability issues, as
the low ice adhesion performance can break down due to depletion of the lubricant.
To prolong the service life of liquid-like surfaces, we can resort to either using a slow
self-release lubricant or secreting the lubricant only when needed. For example, using an organogel surface that slowly releases liquid paraffin, an extremely low ice
adhesion (1.7 G 1.2 kPa) can be maintained even after 35 icing/deicing cycles.158
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Figure 6. Ice adhesion comparison from a mass of studies
Area marked blue and orange represent the low ice adhesion (less than 100 kPa) achieved by liquidlike surfaces and polymer-based materials.

In addition, a porous surface has been developed to spontaneously release the
infused antifreeze liquid only when the surface perceives the newly arrived ice. As a
result of this stimuli-responsive effect, the consumption rate of the antifreeze liquid
is decreased, which enables a long-term operation (Figure 7B).169
Unlike the lubricant-infused surfaces, the lubricant analogous coatings can achieve
reduced ice adhesion without the need for complicated surface texturing. The low ice
adhesion mainly resorts to either static or dynamic approaches to induce the formation
of a liquid interface, such as a water layer, a magnetic liquid layer, or a molten interface.
By utilizing highly hydrated ions,146 or hyaluronic acid,145 some lubricant analogous
coatings have the ability to coordinate water molecules or dramatically absorb water
to yield an interfacial water layer. It has demonstrated an ice adhesion reduction by
80% on coatings rich in hydrated Ag+ and by 70% on coatings rich in hydrated Li+
compared with the unmodified substrate. Based on the concept to generate a liquid
interface, the magnetic liquid also allows for the formation of a magnetic liquid-ice interface instead of solid-ice interface due to the volumetric magnetic force. An extremely
low value of ice adhesion ($2 Pa) can be offered on such molecularly smooth interface.151
In addition to partially static strategies, reduced ice adhesion can be achieved in a dynamic way. For example, relying on the latent heat released during water vapor condensation, phase-change materials with a relatively high melting point can generate a
molten interface, and thus the ice adhesion can be significantly reduced (Figure 7C).57
Unlike the liquid interface imposed by liquid-like surfaces, polymer-based materials
used for reducing ice adhesion mainly leverage on the solid interface, either soft,
slippery, or rigid. Correspondingly, ice shedding can exhibit three different scenarios that are characterized by interfacial cavitation, interfacial slippage, and
toughness-controlled cracking.
Interfacial cavitation occurs between two items with stiffness mismatch or shear
modulus inhomogeneity. When a rigid body (e.g., ice) with a high shear modulus slides
past an elastically soft material with a low shear modulus (e.g., polydimethylsiloxane
[PDMS]), it often results in the deformation incompatibility, which enables the formation of an interfacial air cavity. This local detachment significantly contributes to the
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Figure 7. Liquid-like surfaces and polymer-based materials for ice adhesion reduction
(A) The easy ice sliding on the lubricant-infused surface. Reproduced with permission. 167 Copyright 2016 American Chemical Society.
(B) Self-release mechanism for deicing. Reproduced with permission.169 Copyright 2015 Wiley-VCH.
(C) Ice repellency rendered by phase-change materials. Reproduced with permission.57 Copyright 2019 Wiley-VCH.
(D) Interfacial cavitation for reducing ice adhesion. Schematic of the macro-polymer crack initiators. Reproduced with permission. 170 Copyright 2019
Royal Society of Chemistry.
(E) Interfacial slippage on the polymer-based material. Ice adhesion as a function of the material properties. Reproduced with permission. 150 Copyright
2016 American Association for the Advancement of Science.
(F) Cracking propagation on low-interfacial toughness materials. The unchanged ice adhesion on LIT materials beyond a critical bonding length.
Reproduced with permission. 58 Copyright 2019 American Association for the Advancement of Science.

global detachment of the ice and hence the ultra-low ice adhesion of the substrate.
Recently, some soft polymer-based materials have further decreased the shear
modulus through the introduction of hollow sub-surface structures, termed macrocrack initiators (Figure 7D). Such materials have demonstrated two orders of magnitude lower in ice adhesion compared to the nano-cracks imposed by the surface chemistry and micro-cracks induced by the reduced ice-substrate contact area.170,171–176
Interfacial slippage is enabled on a viscoelastic polymer-based material, characterized by simultaneously exhibiting solid- and liquid-like properties, which is in striking
contrast to solid materials or liquid-like surfaces that are only endowed by either stiff
or liquid interface. Through the introduction of sufficiently mobile polymeric chains,
ice shedding on such material is in the slippage manner (Figure 7E).177,178 Moreover,
the marriage of interfacial cavitation with interfacial slippage can reduce ice adhesion to less than 0.2 kPa.150
Very recently, the low-interfacial-toughness materials have broken the scalability
limit of the ice bonding length encountered by the abovementioned two scenarios,
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especially in the centimeter scale and beyond. It has been demonstrated that, with a
considerable ice bonding length, it is the interfacial toughness instead of the interfacial stiffness or interfacial energy that dominates the ice shedding. Specifically, a
low interfacial toughness can easily enable the ice-material interface fracture
through the propagation of an initial crack (Figure 7F). As the detaching force of
per unit width remains constant when beyond a critical ice bonding length, a
large-scaled ice bulk can be totally shed only by its weight. Such low-interfacial
toughness materials have achieved an ice adhesion as low as 0.09 kPa.58

CONCLUSIONS
In this review, we first discuss the chronological processes of condensation frosting,
which comprise four substages. We then take a parallel approach to review the latest
progress in exploring prevailing passive strategies for combating frosting, from the
aspects of inhibiting ice nucleation, retarding frost occurrence, mitigating frost accumulation, and reducing ice adhesion. In particular, understanding and revealing the
physics involved in the multiscale processes provide essential insights for the structural design, material selection, and fabrication of varying anti-frosting surfaces.
Because of the limitation in length, other critical approaches, such as directional
surface dewetting179–183 and photothermal anti-icing,184–188 are not covered in this review. Directional surfaces rendered by the control of structural gradient,179–182 surface
charge gradient,183,189 or stiffness gradient190,191 enable the timely self-removal of
condensate or deposited droplets, offering promising prospects to exhibit superb passive antifreezing performance. In addition, recent advances in photothermal anti-icing/
deicing materials using photothermal traps,184,186 metasurfaces,185 hierarchical structured polymeric films,187 and solar-assisted superhydrophobic surfaces188,192 also
offer promising solutions to anti-icing in varying applications and provide a new
pathway of mitigating ice accumulation or even direct removal of ice coverage.
Notably, another promising approach for achieving defrosting can lie in the static electricity. Very recently, it has been demonstrated that, owing to electrostatic attraction,
the spontaneously electrified frost dendrites with a temperature gradient can achieve
out-of-plane jumping in the presence of the nearby polarizable liquids such as water.193 Considering that the shape and growth direction of frost can be mediated by
the external electric field,194 the coupling of spontaneous electrification and external
electric inductivity might provide new insights in future defrosting fields.
Despite remarkable and exciting progress over the past decades, some key challenges still remain. First, some underlying mechanisms remain elusive, especially
in the aspect of frost propagation. As frost propagation lies in the cascade ice
bridging, disturbing the ice bridging to achieve a slow ice bridge growth is significant, either through controlling the amount and separation of the condensed droplets or through modifying the surface wettability. However, existing theories on the
ice bridge growth mainly focus on the interplay between two droplets, but the
impact from neighboring droplets and environmental humidity should also be
considered. Moreover, considering that ice bridge growth shows distinct discrepancies on hydrophobic and hydrophilic surfaces, a quantitative correlation between
the growth speed and the surface wettability needs to be built. Second, despite
continuous progress, the majority of current materials are still limited by poor durability, especially after repeated operation cycles, as exemplified by the less prominent robustness of antifreezing hydrogel195 and the easy depletion of the lubricant
after a long-term operation on SLIPS.115 When exposed to harsh conditions, such as
the contaminative environment, high humidity, and extreme cold weather, surface
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defects46,123,141,196,197 also emerge, which jeopardize the initial anti-frosting properties. Future efforts should be devoted to prolonging the durability through structural optimization or material selection to achieve better performance. Third, in spite
of extensive progress, it is still far from satisfactory to achieve complete self-removal
of frost,196,198 especially at the large scale. Scalable manufacturing of deicing/
frosting materials that are chemically and mechanically stable as well as cost-effective still needs more future efforts. One alternative solution is to combine passive
ice removal with the aid of external natural sources, such as wind and solar energy,
which may be more effective and environmentally friendly in practical engineering
applications.
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