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SUMMARY

In winter, while the freezing of water can create breathtaking landscapes, it also poses significant operational
challenges when ice accumulates on functional surfaces. Ice obstructs solar panels, impairs car windshield
visibility, increases energy consumption in appliances due to insulation, and can cause structural failures or
collapses due to weight and rigidity. To address these issues, various active de-icing methods are employed
in cold regions. However, passive anti-icing solutions are gaining preference for their lower energy consump-
tion, cost-effectiveness, and environmental benefits. While superhydrophobic surfaces delay ice formation,
they do not fully resolve the problem. Understanding the interaction between surfaces and moisture—essen-
tial for ice formation—can inspire innovative anti-icing design principles. This review examines icing physics,
identifies critical environmental factors affecting ice formation, evaluates icephobic surfaces, and discusses
practical application challenges. We also outline promising design principles for passive anti-icing surfaces,

emphasizing their broad applicability across diverse environments.

INTRODUCTION

Nature sustains life, yet it also poses significant challenges to
survival and growth. Water, one of the nature’s most essential re-
sources, also exhibit a dual nature. On one hand, it is vital for life;
on the other, it can be destructive if not managed properly.'™
Centuries ago, humans developed effective techniques to repel
water, using natural oils and waxes to keep crops fresh and
maintain body warmth.** Following Thomas Young and Gibbs’
discoveries regarding solid-liquid interactions and surface en-
ergy,®” Wenzel and Cassie-Baxter expanded on this by
emphasizing the role of surface roughness in wettability.®'°
This understanding has been crucial for the development of
new water-repellent coatings.”'~'* In the 1990s, the combination
of low-surface-energy polymers with micro- and nanoscale
textured surfaces led to the creation of superhydrophobic sur-
faces (SHS), characterized by water contact angles exceeding
150° and contact angle hysteresis (CAH) below 5°."°7'" The
incorporation of microstructures with double re-entrant curva-
ture and a low solid fraction enhanced surface repellence,
even against low-surface-energy liquids such as methanol and
glycerol.'®2° SHSs have numerous applications in water-related
fields, including self-cleaning (where rolling droplets remove
dust),”’ reducing frictional drag on ship hulls,?* improving
buoyancy,® providing corrosion resistance,”* enabling oil-water
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separation,”*°°® and creating stain-resistant textiles.>” While hu-

man ingenuity in developing surfaces to repel water has grown
increasingly sophisticated, these surfaces face significant chal-
lenges when applied to ice management.

Currently, more than half of the global population resides in
areas with sub-zero temperatures. In 2008, sleet triggered wide-
spread blackouts in southern China.?®° The weight of accumu-
lated ice can collapse cables and even topple pylons. Ice accre-
tion can also disrupt communication systems, block road and rail
networks, and pose significant risks to aircraft flight safety.*° On
airplane wings, ice can severely alter the flight’s dynamic charac-
teristics. lce accretion damages helicopter blades,®' and
adversely affects offshore oil platforms,® locks,*® and dams.**
Frost formation on refrigerators and heat exchangers can reduce
heat transfer efficiency by as much as 50-75%.°° On wind tur-
bines, ice accretion significantly lowers aerodynamic efficiency
and torque, leading to power losses of up to 50%.°° Solar panels
can become functionally useless when covered by just a few mil-
limeters of snow.®” The most widely used anti-icing and de-icing
strategies today are active, but they are energy-intensive, ineffi-
cient, and environmentally unfriendly.***° Mechanical de-icing
of overhead cables can disrupt power supplies, potentially dam-
age the cables, and pose safety risks to workers.**? Using
Joule heating, where current is passed through an object to pre-
vent icing, is typically energy-consuming, costly, and can reduce
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the lifespan of the equipment.*®> Chemical de-icing, commonly

used in aviation to prevent ice buildup on planes, helicopters,
runways, and on roads, is often inefficient, short-lived, and
ecologically harmful due to its toxicity and corrosiveness.***°
Moreover, all of these methods necessitate continuous, active
intervention by personnel.

Therefore, designing functional surfaces that can manage ice
is just as intriguing as designing surfaces that repel water.*5*¢
Currently, the fundamental requirement for such surfaces is
the ability to prevent ice accumulation. These surfaces should
either prevent the direct formation of ice or reduce the adhe-
sion, making ice removal easier.*">? Despite the high demand,
researchers are still uncertain about the specific surface
characteristics that confer these anti-icing properties. Various
laboratories have synthesized ice-phobic surfaces, including
superhydrophilic, hydrophobic, superhydrophobic, and slippery
surfaces, all of which have been thoroughly studied. Each of
these surfaces demonstrates anti-icing potential under certain
conditions. For instance, certain hydrophilic surfaces can lower
the freezing point of water, which facilitates the sliding of ice
due to the presence of an unfrozen water layer.>® Slippery sur-
faces incorporating lubricating liquids can reduce ice adhesion
to levels near the threshold (~5 kPa), where ice can self-re-
move via vibration or wind.**°® The momentum of impinging
droplets, combined with the ultra-low adhesive force between
liquid and superhydrophobic surfaces, shortens the contact
time, even beyond the heterogeneous nucleation time of
supercooled water.””-°® Research on the anti-icing and de-icing
performance of these surfaces has greatly advanced our un-
derstanding of icephobic materials. However, the icephobic
properties of all current surfaces are challenged in extreme
conditions, such as strong winds, sharp temperature drops,
and sudden humidity surges caused by the collision of
cold and warm air currents.’®®® These surfaces also face
challenges when transitioning between warm indoor conditions
and freezing outdoor environments, particularly as warm
surfaces cool during snowfall. In laboratory settings, an icing
delay of over 3 h is generally considered a significant
achievement.®’ However, cold nights often exceed this time
frame, especially during the prolonged winters of high-latitude
regions. Any failure in the water-repelling properties of
ice-phobic surfaces can lead to the catastrophic loss of their
de-icing capabilities.®” The depletion of lubricants on slippery
surfaces during de-icing further challenges their long-term
durability.®®

Recent advancements in the field have led to the develop-
ment of superhydrophobic surfaces with enhanced stability
and durability. For instance, surfaces with conical microstruc-
tures have been shown to exhibit superior Cassie-Baxter state
stability compared to those with other micro/nanostruc-
tures.®*°® These conical structures facilitate the expulsion of
water and the spontaneous recovery of the Cassie-Baxter state
after icing/melting cycles, ensuring long-term anti-icing perfor-
mance. In addition to surface morphology, the use of advanced
fabrication techniques, such as femtosecond laser processing,
has further enhanced the properties of superhydrophobic
surfaces.®” This technology allows for precise control over
the surface structures, resulting in surfaces with exceptional
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water repellency. Looking ahead, the design of functional
surfaces for ice management will continue to evolve, with
researchers focusing on optimizing surface characteristics to
achieve even higher levels of anti-icing performance. This
includes the development of surfaces with multifunctional
properties, such as photo-electro-thermal effects, which
can be utilized for all-day anti-icing/de-icing applications.®®°°
Similarly, another study described the use of femtosecond
laser-structured black superhydrophobic cork for efficient
solar-driven cleanup of crude oil.”° This material exhibited su-
perior hydrophobicity and photothermal conversion efficiency,
making it suitable for marine oil spill remediation. In summary,
advancements in superhydrophobic surfaces and their applica-
tions in anti-icing and oil spill cleanup demonstrate the potential
of these technologies in addressing real-world challenges. By
mimicking nature and leveraging modern fabrication tech-
niques, researchers continue to push the boundaries of
material science, striving for more sustainable and efficient
solutions. This review provides an overview of recent advance-
ments in anti-frosting and de-icing surfaces, setting the stage
for further in-depth research. Scheme 1 illustrates the core
elements of this review, covering the thermodynamic
mechanisms and kinetic pathways of the icing process. It
also evaluates current anti-frosting strategies, passive de-icing
methods, and their underlying mechanisms. Finally, we offer
prospective suggestions for the future design of icephobic
surfaces.

Thermodynamic driving force for water condensation
and freezing

Severe ice accretion on smart surfaces typically originates from
the freezing of condensed droplets, such as frost, or fallen drop-
lets such as sleet and freezing rain. Solid precipitation, including
snowflakes, hailstones, and graupel, can also lead to significant
ice accumulation on smart surfaces in a short period of time. In
the absence of melting or freezing, the adhesion stress of this
ice accumulation on smart surfaces is typically quite low. Such
ice can usually be removed by strong winds, gravity, or simple
cleaning, restoring the functionality of the surface.”*"* However,
when water droplets, condensation, or frost freeze on smart sur-
faces, ice accretion becomes a major issue. The ice-covered
surface replaces the original smart surface, and the advanced
properties of the smart surface, often developed through sophis-
ticated technology, are lost. The new surface property becomes
rough and hydrophilic ice, which acts as a humidity sink due to
the much lower vapor pressure of ice compared to water in cryo-
genic environments.’>~"" Therefore, it is common to observe ice
growth in cryogenic and humid conditions. These surfaces can
lead to catastrophic outcomes when exposed to freezing rain.
To clarify the conditions for condensation and freezing, we will
first examine the water phase diagram, as shown in Figure 1A”"
The phase diagram outlines the regions of pressure and temper-
ature where the various phases of water (gas, liquid, solid) are
thermodynamically stable. At 1 atm (101.325 kPa), the tempera-
ture of 0°C (273.16 K) lies on the liquid-phase boundary,
which separates water into the solid phase (ice) and liquid phase
(water), as indicated by point A on line « in Figure 1A. Any tem-
perature deviation at 1 atm will result in a shift along the line o,
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Scheme 1. Schematic illustration of passively de-icing strategies

moving away from the boundary. The point will then fall either in
the solid-phase zone or the liquid phase zone, as represented by
the point B or B" along line @ in Figure 1A. If the water is not in the
corresponding phase, it will exhibit a thermodynamic tendency
to undergo phase transitions, either from liquid to solid or vice
versa. Special attention should be given to the triple point, occur-
ring at 273.16 K and 611 Pa. The solid-liquid boundary near the
triple point remains nearly vertical until pressures exceed
10 MPa. Even without temperature change, phase transitions
continue under pressure variations, resulting in volume changes
in water and ice, with heat transfer occurring within the system.
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The horizontal line « in Figure 1A illustrates the transition
pathway between the solid and liquid phases at 1 atm. However,
phase transitions between vapor-liquid, and vapor-solid can
occur anywhere along the boundary of the vapor region. In the
phase diagram, pressure represents the vapor partial pressure
under atmospheric conditions, which can theoretically vary
from 0 Pato 1 atm. Under normal atmospheric conditions, air hu-
midity rarely reaches 100%. Therefore, vapor pressure is ex-
pected to remain below the vapor-phase boundary and lower
than 1 atm, as indicated by the point C on line B (representing
typical summer conditions) or point E on line y (representing
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Figure 1. The phase diagram of water and its thermodynamic principles

(A) The experimental phase diagram for water showing the different thermodynamic stable phases.’"

(B) The dependence of the chemical potential of the solid, liquid, and gas phases on the temperature.’” The phase with the lowest chemical potential at a specified
temperature is the most stable one at that temperature. The transition temperatures (T;and Ty), are the temperatures at which the chemical potentials of the both

phases are equal.

(C) The dependence of the chemical potential of the liquid and gas phase on the pressure.

typical winter conditions). When temperatures drop suddenly
during nightfall or a cold front, the process can be considered
isobaric, as the vapor partial pressure and the mole fraction of
water vapor in the air at standard atmospheric pressure remain
nearly constant. The state of water shifts along the line B to the
liquid-phase zone or along line y to the solid-phase zone, de-
pending on vapor pressure. The intersection with the gas/liquid
boundary (known as the dew point) or the gas/solid boundary
(known as the frost point) occurs. At this stage, air humidity ex-
ceeds 100% and vapor pressure rises above the vapor-phase
boundary, creating a thermodynamic tendency for condensation
or freezing. While it may appear that temperature or pressure
drives water’s phase change, the true driving force is the molar
Gibbs energy: a key thermodynamics property. Its decline repre-
sents the spontaneous direction of the process, in accordance
with the second law of thermodynamics.”® In the following
section, we will explore the relationship between temperature,
pressure, and molar Gibbs energy.

Similar to Figure 1B, in meteorology, sudden temperature
drops are often accompanied by the intrusion of cold air, which
can cause water vapor to rapidly condense into dew or frost. This
process not only affects the physical state of the ground and
object surfaces but also has implications for industries such as
agriculture, transportation, and construction. For example, icy
roads can impact traffic safety, and ice accumulation on building
surfaces can lead to structural damage. Understanding the ther-
modynamic principles behind these phase transitions can help in
developing effective anti-icing technologies and strategies to
mitigate the negative impacts of adverse weather conditions.
Additionally, by studying the changes in molar Gibbs free energy
under different conditions, scientists can better predict and con-
trol the phase transitions of water, providing a scientific basis for
weather forecasting and disaster prevention.

Weather changes are more closely aligned with an isobaric
process. Therefore, the temperature dependence of the molar
Gibbs energy in an isobaric process is expressed in terms of
the system entropy by the following equation’®:
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0Gn\ .
(W>p = — S, (Equation 1)

Where G, is molar Gibbs free energy, T is temperature; P is
pressure; Sy, is molar entropy. For all substances, Sy, > 0. So
the slope of G, against T is negative, as shown in Figure 1B.
This means that under isobaric conditions, as the temperature
increases, the Gibbs free energy of the substance decreases,
thereby affecting the phase transition process.®®®' Because
Sm(g) > Sm(l) > Sm(s), the slope for gas is steepest and the
slope for solid is smoothest. The successively steeper negative
slope of molar Gibbs free energy of the three phase results in
Gm(s) is lowest as the temperature is below T¢, G (/) is lowest
as the temperature is between T; and Ty, Gm(g) is lowest as
the temperature is above Ty. Thus, as the temperature increases
from below T; to above Ty, the solid melts initially and the liquid
then vaporizes finally.>? Similar to that, the vapor pressure
dependence of the molar Gibbs energy in the isothermal process
is expressed in terms of the volume of the system by the
following equation®®:

(%), - v
o )7

Here Vi, is the molar volume. For Vi,(g) > Vin(l), Gn(g) is
lower as the pressure is below the equilibrium vapor pressure
while G, (g) is higher as the pressure is above the equilibrium va-
por pressure (Figure 1C). An isothermal process refers to a pro-
cess where the temperature inside the system or between the
system and its surroundings remains constant with no heat ex-
change. In atmospheric science, isothermal processes can
affect the stability and temperature distribution of the atmo-
sphere. For example, when the atmosphere is in an isothermal
state, the temperature gradient is small, which can lead to stable
atmospheric stratification, thereby influencing convective activ-
ity and cloud formation. Under isothermal conditions, the

(Equation 2)
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likelihood of water vapor condensing into clouds in the atmo-
sphere is lower because there is an insufficient temperature
gradient to drive upward air currents.®* It is noteworthy that
such isothermal processes are not common in meteorology.

By gaining a deeper understanding of the phase transitions of
water and their thermodynamic principles, we can better predict
and manage ice accumulation caused by sudden temperature
drops. This knowledge not only enhances the accuracy of
weather forecasts but also provides scientific support for the
development of anti-icing technologies and strategies, thereby
reducing the negative impacts of adverse weather conditions
on society and the economy. The phase diagram and associated
datain Figure 1 provide important references, helping us to more
accurately understand and predict these complex meteorolog-
ical phenomena.

Thermodynamic barriers for nucleation

However, to complete the temperature change and phase tran-
sition described above, water must undergo a series of
steps. First, it must undergo a heat transfer process to lower
its temperature due to its high specific heat capacity (liquid
water: 4.2 J/(g-K); solid water: 2.1 J/(g-K)).®®> During the phase
transition process, another heat transfer process occurs due to
the relatively high standard enthalpies of fusion (6.008 kJ/mol
at 273.15 K) and vaporization (44.016 kJ/mol at 298 K).%® A
1 mL raindrop, as it freezes into ice at 273.15 K from either gas
or water at 298 K, must release 2.88 kJ or 0.44 kJ of heat to
the surrounding air.?” Assuming the temperature gradient is
confined to a 5 cm layer of air around the droplet, and the tem-
perature difference remains at 5 K, it would take 38256 s or
5812 s to complete the phase transition, given the air’s thermal
conductivity is 0.024 W/(m-K).?® In theory, this provides ample
time to remove the drop from the surface before it freezes.
This is a fundamental reason why superhydrophobic surfaces
have garnered significant attention for anti-icing applications.®®
On superhydrophobic surfaces, the falling raindrops typically
bounce back and fall away under gravity within 1 s. However,
real-world scenarios tend to be more challenging than this theo-
retical prediction. As raindrop size decreases, the specific
surface area increases, which in turn raises the rate of heat dissi-
pation.®® More critically, the thermal conductivity of most solid
materials is over 40 times higher than that of air. If metals such
as copper, with a thermal conductivity of 401 W/(m-K), are
used to fabricate superhydrophobic surfaces,”’**° the heat
dispersal time shortens dramatically down 1530 s or even
232 s, evenif the contact area is just one-thousandth of the drop-
let’s surface. Additionally, raindrops may encounter strong
winds, which can accelerate vaporization. Because of water’s
high vaporization enthalpy, even a small amount of vaporization
removes significant heat, causing a sharp temperature drop. In
such cases, the time window becomes even narrower. It is
also notable that the enthalpy of water fusion is sufficient to
theoretically heat an equivalent amount of water by 75 K.%*%°
Even when supercooled water reaches temperatures as low as
233 K, it must still transfer excess heat to fully freeze. Freezing
rain, too, requires a heat transfer step before solidifying. The
release of the enthalpy of fusion raises the temperature of the
ice formed from supercooled droplets above that of its surround-
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ing environment.”® Thus, there is always a window of time to re-

move water before it freezes.

When temperatures fall below 0°C, the water-to-ice phase
transition does not begin immediately. Further cooling or a
period of time is required for water to accumulate enough Gibbs
free energy to form an ice nucleus.’” The formation of a new
phase inevitably creates an interface between the new phase
and the parent phase. For a phase transition to occur, the parent
phase requires a certain level of supercooling and/or supersatu-
ration, as shown in Figures 1B and 1C. The molar Gibbs free en-
ergy difference between the parent and the new phases must
exceed the interfacial energy. Under these conditions, the phase
transition process results in a continuous reduction of Gibbs free
energy. Classical nucleation theory assumes that the new phase
nucleus is spherical, with a specific chemical potential and sur-
face free energy, to minimize uncertainties related to embryo
shape and size.?®*°

According to this theory, the total change in the Gibbs free en-
ergy during a phase transition is governed by the increase in
newly generated surface energy and the decrease in Gibbs
free energy per unit volume from the newly formed phase, as
described by the following equation’®®:

4
AG = surface term +volume term = 4xriyg — §7rr3AGV

(Equation 3)

Where AG represents the change in Gibbs free energy (J), r is the
radius of the nucleus (m), v,z is the interfacial energy between
the new solid phase S and the parent liquid phase L (J/m?),
and AGy is the Gibbs free energy change per unit volume
(J/md). At a given temperature, the Gibbs free energy change
reaches a maximum,®® as shown in the following equation:

16wy, .
AGx = 35G? (Equation 4)
for a critical radius:
rr= - % (Equation 5)

Beyond this critical radius, any further increase in r will cause
AG to decrease, as illustrated in Figure 2A. Embryo shapes other
than spherical are possible, and the results must be adjusted by
a shape factor, which is typically greater than one. The height of
the thermodynamic barrier and the critical radius for nucleation
vary and depend significantly on the AGy . The value of AGy is
related to the degree of supercooling, as shown in the following
equation:

AGy = — ASyAT (Equation 6)

Where ASy represents the average entropy of fusion over the
supercooling range AT. Increasing the degree of supercooling
can significantly reduce both the energy barrier and the critical
radius, though the energy barrier will never be completely elimi-
nated. This energy barrier can only be overcome through thermal
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Figure 2. Gibbs free energy changes and nucleation theory during phase transitions

(A) Relationship between the Gibbs free energy.

(B) Schematic diagram of homogeneous nucleation and heterogeneous nucleation.

(C) Temperature T below which a particle of radius r and surface parameter m = Tr 12 will nucleate an ice crystal by freezing in less than 1 s.'%°

(D) Freezing probability distribution as a function of temperature on the unmodified hydrophilic silicon wafer surface.

(E) Surface ice nucleation rate as a function of temperature. (D) and (E) produced with permission'®' from the American Chemical Society.

(F) Computer simulations show that heterogeneous nucleation can only occur on a surface with special surface energy in a special temperature range. Produced

with permission'®? from the American Chemical Society.

fluctuations. Therefore, there is no exact temperature at which
an embryo forms and freezing begins. This theoretical deduction
is strongly supported by extensive experimental evidence, as the
homogeneous nucleation temperatures measured by different
researchers using various methods exhibit wide variation.®®
This energy barrier can be overcome be more easily overcome
if the ice embryo forms on a foreign particle’s surface, which
can act as a nucleation site when introduced into a solution.
This process is known as heterogeneous nucleation'®* (Fig-
ure 2B). For a foreign particle of arbitrary size and shape, a
simplified equation for heterogeneous nucleation can be written
as follows, where the subscript P refers to the particle'®®:

AG = VsAGy + vg Ase +(vsp — vp)Asp  (EqQuation 7)

Assuming the foreign particle is spherical, and the ice embryo
grows on its surface with a negligible initial thickness, the free en-
ergy involved in heterogeneous nucleation can be simplified as
follows:

AG = 4mrPyg + 47r?(ysp — YpL) +g7rr3AGV (Equation 8)

By comparing Equation 3 and Equation 8, it becomes clear
that a foreign surface aids in overcoming the energy barrier
only when (ygp — vp )< 0, and the particle radius exceeds
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the theoretical radius r*. Currently, there are few effective
methods to measure interfacial energy during heterogeneous
nucleation. Therefore, Equation 7 cannot be used for material
verification but serves as a general guide for material selection.
For example, materials that introduce elastic strains across the
interface due to high lattice mismatch are typically not suitable
for heterogeneous nucleation, as they increase the free energy
according to Equation 7.

The energy barrier created by a new phase interface makes the
water-to-ice phase transition more challenging.'®® Supercooling
allows energy to accumulate for the subsequent phase transi-
tion.'%”19% The presence of heterogeneous surfaces can effec-
tively lower the energy barrier. The phase transition occurs
when the energy from supercooling and thermal fluctuations ex-
ceeds the energy barrier. Both the energy from supercooling
and the energy barrier are fixed values at certain temperatures
and circumstances.'® However, thermal fluctuations cause the
freezing temperature to be variable. As shown in Figure 2C, the
theoretically calculated freezing temperature is constant for het-
erogeneous cores with different sizes, whereas experimental
measurements show freezing temperatures spread over a wide
range, as shown in Figure 2D.'°" The presence of heterogeneous
surfaces does not always promote nucleation. If the heteroge-
neous core size is smaller than the critical r* or if the interfacial en-
ergy between the particle and ice is very high, heterogeneous
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nucleation becomes more difficult than homogeneous nucleation,
as shown in Figure 2C."% In experiments, a higher nucleation rate
was observed on superhydrophobic surfaces compared to
wettable surfaces, as shown in Figure 2E.'®' According to com-
puter simulations, even when a surface is fully wetted by water,
heterogeneous ice nucleation only occurs on surfaces with spe-
cific surface energies within a particular temperature range, as
shown in Figure 2F."%?

Timely repelling of water droplets for effective anti-icing
As previously discussed, the condensation and freezing pro-
cesses are spontaneous and inevitable under suitable tempera-
ture and pressure conditions. However, the timing and position
of phase transitions can be influenced by homogeneous or het-
erogeneous nucleation within the region. Therefore, it is both un-
necessary and unlikely for passive anti-icing smart surfaces to
completely inhibit the condensation or freezing of water or vapor
under harsh conditions. Instead, passive anti-icing surfaces aim
to prevent phase transitions from occurring directly on the sur-
face or confine them to designated areas, thereby reducing the
contact area and lowering ice adhesion strength to levels that
make de-icing easier. Fallen water droplets must leave the sur-
face as quickly as possible, either by bouncing or sliding off,'"°
before freezing occurs. In other words, the anti-icing effective-
ness of a surface depends on the competition between its
ability to repel water and its tendency to trigger freezing. If water
repulsion dominates, the surface remains clean. Otherwise, the
surface becomes covered with accumulated ice. Thus, surfaces
exhibiting at least one of the three key factors—short repelling
time, extended incubation period before freezing, or optimized
freezing location—can function as effective anti-icing surfaces.
In the following sections, we will summarize the surface param-
eters that influence these three critical factors.

Minimizing droplet bouncing time for enhanced anti-
icing

When a water droplet falls onto a solid surface, its kinetic energy,
derived from its velocity, causes the drop to flatten from its initial
spherical shape into a pancake shape. During this process,
although surface tension remains constant, the conversion of ki-
netic energy into surface energy increases sharply as the drop-
let’s surface area expands. Whether the surface energy of the
droplet can be converted back into kinetic energy depends
largely on the strength of the interaction between the droplet
and the solid surface. If the molecular interactions are weak, as
on superhydrophobic surfaces''" or when an air cushion forms
between the droplet and the surface, the droplet’s surface ten-
sion works to minimize its surface area. In this case, most of
the initial kinetic energy is restored, except for losses due to in-
ternal dissipation, allowing the droplet to bounce off the surface.
However, if the molecular interactions are strong, the droplet
remains flattened in its pancake shape and adheres to the
surface.'’? Homogeneous nucleation temperature was first
measured on hydrophobic surfaces, where the extremely low
contact area rendered heterogeneous nucleation negligible.""®
By combining ultralow surface energy with multimodal rough-
ness, superhydrophobic surfaces achieve water contact angles
above 150° and exhibit very low contact angle hysteresis (<5°)
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due to a stable air cushion beneath the droplet. This provides
direct experimental evidence of the ultralow contact area.'’
As a result, droplets on superhydrophobic surfaces behave like
free-flowing droplets without significant heterogeneous interfer-
ence. Additionally, the ultralow contact area results in minimal
heat transfer and greater mobility for the droplets. These proper-
ties greatly increase the likelihood that droplets will leave the sur-
face before freezing. That is why superhydrophobic surfaces are
often regarded as promising candidates for passive de-icing
applications.'"®

Mishchenko et al. conducted a comprehensive comparison of
the impact behavior of droplets at temperatures ranging
from +60 to —5°C on tilted and flat hydrophilic, hydrophobic,
and superhydrophobic substrates, with surface temperatures
ranging from +20 to —30°C,""® as shown in Figure 3A. Liquid pre-
cipitation that leads to ice accretion, such as freezing rain, frozen
dew, glaze, flash freezes, and black ice, takes seconds to hours
to freeze in sequence.''®'? Freezing rain provides the shortest
time window before freezing, making it the most difficult to
manage. This experiment simulated the freezing rain process
by using supercooled water droplets. Due to the excellent wa-
ter-repelling ability and low heat transfer of superhydrophobic
substrates, impacting water droplets have sufficient energy
and time to retract and slip off, while droplets freeze on another
type of substrate surfaces. Under the same conditions, the time
it takes for droplets to freeze on a superhydrophobic surface
(droplet 2) is significantly longer than on a flat hydrophobic sur-
face (droplet 1) and a partially wetting surface (droplet 3), as
shown in Figure 3B. As a result, the superhydrophobic surface
prevented ice accretion until the surface temperature dropped
to —25°C.""° This research highlights the great potential of
superhydrophobic surfaces for passive anti-icing applications.
It is important to note that —25°C is much colder than the typical
ground temperature during freezing rain. Ground temperature
usually does not fall below —10°C during freezing rain, as lower
temperatures would result in solid precipitation, such as sleet,
graupel, and snow.'?"""? Furthermore, the contact time of falling
water droplets on a superhydrophobic surface remains nearly
constant within 14 ms,""”""8"2% regardless of impacting speed
and the We number, as shown in Figures 3C and 3D. This consis-
tent contact time is a crucial characteristic of superhydrophobic
surfaces, as it implies that these surfaces can effectively repel
water under a wide range of conditions, making them ideal for
applications where rapid water shedding is essential to prevent
ice formation and maintain surface performance.

Though the underlying mechanism is not fully understood, it is
believed that the stretching and retraction processes of falling
droplets on superhydrophobic surfaces occur within a constant
time, regardless of the maximum pancake size.'*° Ignoring the
heat transfer process and the incubation time required for ther-
mal fluctuation to trigger nucleation, the ice nucleus growth
rate in supercooled water droplets at —15°C is only 0.1 mm/
ms'?* after homogeneous nucleation in unsaturated gas flow,
as shown in Figure 4A° The droplet in this image has a volume
of 5 uL and a diameter of about 1.5 mm, which is typical for sum-
mer raindrops, as shown in Figure 4B. Thus, it takes over 15 to
18 ms for the droplet to fully freeze after nucleation, which ex-
ceeds the contact time of a droplet bouncing off on a
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Figure 3. Contact time of dynamic water droplets on supercooled surfaces
(A) Sequential images of the dynamic behavior of ~15 pL droplets impacting cooled (Tsupstrate < 0°C) horizontal surfaces from a 10 cm height.
(B) The temperature of the substrate was gradually decreased from 0 to —20 °C at a rate of —5°C/min (A) and (B) produced with permission''” from the American

Chemical Society.

(C) Dynamics of droplet impact on superhydrophbic surface with high-speed of rotating surface of w = 628 rad/s. Produced with permission''” from the

American Chemical Society.

(D) The statistics contact time of droplets impacting on lotus leaf as a function on impacting velocity. Produced with permission''® from Elsevier B.V. Al rights

reserved.

superhydrophobic surface. For heterogeneous nucleation, the
freezing time doubles due to the poor thermal conductivity of
ice between the water and the substrate, as shown in the second
line of Figure 4A. As demonstrated in subsequent experiments, if
the droplet’s rolling velocity is high enough, it can even partially
detach from existing ice crystals on the surface, provided the de-
parting time is under 18 ms as shown in Figure 4C " and Fig-
ure 4D.""® Thus, the 14 ms contacting time for bouncing droplets
on superhydrophobic surfaces is sufficiently short to ensure that
droplets can depart, at least partially, without forming ice on the
surface. Recent research has further reduced the contact time to
half or even one-quarter, reinforcing the potential for fallen water
droplets to bounce off the surface before freezing.'?’

Yahua Liu et al.'?® reported that on a superhydrophobic cop-
per surface patterned with a square lattice of tapered posts, a
falling droplet with We more than 12 can bounce off within
3.4 ms (Figure 5A). The droplet does not need to complete the
conversion of surface energy to kinetic energy. During
the droplet descent and diffusion to the surface, it can acquire
the capillary energy stored in the permeating liquid and thus
get enough kinetic energy to bounce off. This kind of bouncing
is called pancake bouncing, because the droplets still remain
pancake shapes after they depart from the surface. This pan-
cake bounce allows a 4-fold reduction in contact time compared

8 iScience 28, 111668, February 21, 2025

to the conventional complete rebound.’®' Then, subsequent
research indicates that the pancake bouncing occurs on across
a wide range of superhydrophobic textures, including conical
array (Figure 5B),'?® ridge surfaces (Figure 5C),'*° and large-
area pillar arrays (Figure 5D),"° though the contact time varies
a little. This research simply opens another avenue to reduce
the contact time of impacting droplets on a surface from the
substrate perspective. Then, other research has investigated
the pancake-bouncing behavior of water droplets on spherical
surfaces and highly elastic substrates and achieved good prog-
ress.'®?7'%® Considering the actual size of raindrops and the
growth rate of ice cores in supercooled water, pancake bouncing
still offers the potential to remove the drops off the surface even if
there are ice crystals on the surface, triggering the freezing of the
supercooled water droplets. The findings highlight the potential
of pancake bouncing as an effective mechanism for minimizing
droplet contact time and preventing icing. Future research
should focus on further exploring and optimizing this phenome-
non across various materials and conditions to enhance prac-
tical applications in anti-icing technologies.

In addition to pancake bouncing, it is widely observed that
droplet scattering significantly reduces contacting time."®” As
shown in Figure 6B, the full stretch and retraction of the impact-
ing droplet are visible on superhydrophobic surfaces, compared
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Figure 4. Raindrop diameter and supercooled sessile droplets under shear
(A) Origin of homogeneous nucleation at the gas—liquid interface followed by ice front propagation in a supercooled sessile droplet (top row), origin of het-

erogeneous nucleation at the liquid—solid interface followed by ice front propagation in a supercooled sessile droplet (bottom row).
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(B) Number concentration distribution (colors) as a function of the drop diameter and raindrop fall velocity for the stratiform rains and convective rains. Produced

with permission'® from the American Meteorological Society.

(C and D) Humidity dependent pinch-off and stickiness of supercooled droplets on superhydrophobic surfaces after encountering an ice cluster with dry surface
(left, ® = 30%) (C) and wet surface (right, ® = 100%) (D). (A), (C), and (D) Produced with permission'?* from Nature.

to the partial stretch observed on the hydrophilic surface (Fig-
ure 6A) at low impact velocity. At high impact velocities, the
droplet scatters into fragments, as illustrated in Figure 6C and
Figure 6D. The scattering divides the pancake-shaped droplet
into numerous fragments, creating multiple retraction centers.
Assuming the contact angle at the edge of these fragments is
the same as that of the whole droplet, the retraction velocity
should be similar. However, because the distance from the
edge to the retraction center is reduced, the total energy conver-
sion time also decreases. Denis & David comprehensively
investigated the contact time of an integral bouncing drop on a
superhydrophobic surface.®' They found that the contact time
depends on the droplet radius R, liquid density p and surface ten-
sion v, as described by the following equation:

- /7)%

This equation shows that reducing the droplet diameter can
effectively shorten the contact time. The scatter of a big drop
with a high Weber factor just leads to tens of droplets with a
smaller diameter, which will shorten the contact time. For the
droplets with a relatively low Weber number, an appropriately
textured superhydrophobic surface can also cause the droplets
to split. As shown in Figures 6E and 6F, periodically arranged
macroscale ridges (~100 pm) on a superhydrophobic surface
can split a falling droplet in half, similar to a razor blade.?® This
reduced the corresponding contact time by 37% to 7.8 ms. In

(Equation 9)

addition to surface texture, a carefully designed surface
energy distribution can also split water droplets into smaller
fragments.'*®

Minimizing droplet sliding time: Balancing sliding speed
and surface length

For droplets to avoid falling back onto the surface after the first
bounce, the surface must be sufficiently inclined and small.
Otherwise, the droplets may fall back onto the surface. After
the initial bounce, the droplet’s velocity is significantly reduced
due to energy dissipation, and it may not bounce again.'*%~'%?
In addition to the kinetic energy of the falling droplets, gravity
provides a reliable force to help repel the droplets from the sur-
face. As illustrated in Figure 7A, when the surface is sloped, one
component of gravity pushes the droplet forward along the slope
(parallel force Fp), while another component presses the droplet
against the surface (perpendicular force F). If the parallel force
exceeds the friction force (F;), the droplet will slide down the
slope. The droplet’s velocity and acceleration at any given posi-
tion can be determined by Newton’s Second Law of Motion for a
slope with angle «, as shown in Figure 7A, using the following
equation:

v=vy+at =vo+(F, — F)t/m (Equation 10)

Where v is the velocity, vq is the initial velocity, a is the accelera-
tion due to gravity, m is the mass of the droplet, and t is the time.
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Figure 5. Pancake bouncing of droplets on superhydrophobic surfaces

(A) SEM image of copper surface with a lattice of tapered posts, exhibiting a contact angle of over 165°, showing snapshots with a droplet impacting on the
surface at We = 14.1, the contacting time of the droplet was 3.4 ms. Produced with permission'?® from Nature.

(B) SEM image of PMDS with the conical array, showing the contact time of droplet 3.5 ms at We = 16. Produced with permission'“® from the American Chemical

Society.

(C) SEM image of the copper surface with ridge structure with a droplet impacting on the surface at We = 28.3, and the contacting time of the droplet was 4.3 ms.

Produced with permission’>° from the American Chemical Society.

(D) SEM image of PDMS with the pillar arrays, showing a snapshots with a droplet impacting on the surface at We = 13.3, the contacting time of the droplet was

8.3 ms. Produced with permission'*° from the American Chemical Society.

The Ff acting on a sliding droplet on a slope has been extensively
studied, primarily characterized by dynamic contact angles,
including advancing and receding contact angles. Although
measurements vary slightly, as shown in Figure 7B through Fig-
ure 7D, they consistently show similar contact angle hysteresis.
This value is crucial, as it allows the F; of the droplet to be calcu-
lated using the following equation, assuming a circular contact
region'**:

3

Fi = iAYD(cos 0, — cos 0z) (Equation 11)

Where D is the diameter of the contact region and v is the surface
tension. However, as surfaces become increasingly slippery, the
advancing and receding contact angles converge, and quanti-
fying slipperiness through contact angle measurements be-

10  iScience 28, 111668, February 21, 2025

comes limited by the accuracy of image analysis.'*® The F;
can also be precisely measured using a high-speed camera.
As shown in Figure 7E, the distance traveled by the sliding
droplet is recorded over time by a high-speed camera. The re-
sulting curve is fitted using the following equation as it follows
Newton’s Second Law of Motion:

L= %at2 + vt (Equation 12)

After fitting, the acceleration is calculated as a = (Fp —
Ff)/m. Since the droplet’s mass is known for a fixed diameter
droplet, the friction force can be easily calculated using these
equations. This method is concise, and additional important pa-
rameters can also be derived from the data. For example, by
differentiating the data, the velocity of the droplet as a function
of distance can be obtained as shown in Figure 7F. From the
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Figure 6. Impact of droplet scattering on contact time
A) Drop impact on a smooth glass for high-impact velocity.

B and C) Drop impact on a glass coated by hierarchical superhydrophobic structures for low-impact velocity (B) and for high-impact velocity (C).

D) Similar dynamics were observed on a superhydrophobic surface with regularly spaced microbumps. Produced with permission.
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F) Top and side views when a drop impacts the surface with the macroscopic structure, it moves rapidly along the ridge as it recoils. Produced with permission®’

rom Nature.

velocity data, the contact time between the sliding droplet and
the surface can be recalculated. For instance, if the contact
angle of the droplets is 151.3°,"% and assuming a circular con-
tact region, the diameter of the contact region would be
1.3 mm for a sliding droplet with a volume of 10 pL. The contact
time of the sliding droplet reaches its maximum when the droplet
begins to slide, after which it decreases dramatically. For such a
droplet, an initial speed of 0.4 m/s (faster than most raindrops, as
shown in Figure 4B) ensures that the contacting time remains
below 4 ms, which is nearly the minimum contacting time for a
bouncing droplet. Assuming the diameter of the circular contact
region area is comparable to the raindrop diameter shown in Fig-
ure 4B (the approximate maximum size of a raindrop on a super-
hydrophobic surface) and that the raindrop maintains its falling
speed on the surface (i.e., its velocity is treated as the initial
speed). The calculated contact time of raindrops, is shown in
Figure 7G. The results show that for both stratiform and convec-
tive rain, the contact time is shorter than 2.1 ms, significantly less
than 4 ms. Freezing rain droplets retain enough kinetic energy to
drive them off the surface, even faster than bouncing off.

Maximizing incubation time to delay icing onset

Research consistently shows that superhydrophobic surfaces
can delay the icing of sessile droplets, whether supercooled or
not, compared to surfaces with relatively lower contact angles.
The delay time ranges from hundreds of seconds to several
hours.'*>'*" Freezing time is influenced by the heat retention
of the droplets, the rate of heat transfer, and the nucleation
rate (both homogeneous and heterogeneous). The difference be-
tween the initial temperature and the nucleation temperature de-
termines heat retention, while heterogeneous nucleation can

¢
(
(
(E) The top and side view diagrams illustrate how the macroscal texture modifies the thickness profile of water droplets.
(
f

raise the freezing temperature. The nucleation temperature of
water varies widely, typically between 0°C and —40°C, depend-
ing on the nucleation conditions and how well the heterogeneous
nucleus matches the ice structure. Superhydrophobic surfaces
minimize the contact area between droplets and the solid sur-
face. First, the reduced contact area lowers thermal conduc-
tance because the thermal conductivity of air is much lower
than that of most solids. Secondly, for pure water in particular,
the smaller contact area decreases the likelihood of heteroge-
neous nucleation. However, there is ongoing debate about
which factor plays the dominant role. Experimental conditions
such as water purity, humidity, supercooling, thermal transfer
method, and temperature lead to varying conclusions. Thanh-
Binh Nguyen et al. investigated the relationship between the
freezing delay of water droplets in a metastable Cassie-Baxter
state and their interfacial fraction with the quartz glass.'** Their
results indicate that the interfacial fraction plays a more signifi-
cant role than pillar height in reducing adhesion strength, and
in delaying freezing time, as shown in Figures 8A and 8B. While
the authors attributed the extended freezing time of droplets on
surfaces with lower interfacial fractions to poor thermal conduc-
tance, we argue that the results suggest heterogeneous nucle-
ation plays a much more critical role in delaying icing than ther-
mal conduction, at least in this experiment. Since the thermal
conductivity of quartz glass (k) is a thousand times greater
than that of air, the effect of air is negligible when the two are con-
nected in parallel. The thermal conductance of quartz glass is
determined by both the contact area (A) and the length (L)
following the equation k=42"%%,

If the thermal conductance were a dominant role in this
experiment, increasing the contact area and decreasing length
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Figure 7. Droplet sliding and surface contact dynamics

(A) Rolling of an n-pentane droplet. N, G, and F5 are the normal force, droplet gravity, and drag, respectively.

(B) A schematic of advancing and receding contact angles.

(C) Schematic of dynamic contact angle measurement by using a tilting cradle.

(D) Dynamic contact angle measurement by using Wilhelmy plate method.
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(E) The rolling trajectories, for two tilt angles, of the droplet (filled circles) with ideal friction-free rolling (blue line) and the predicted rolling (red line), which is
hindered by the CAH."*° (A) and (E) Produced with permission'* from Springer Nature.

(F) The velocity of the droplet as a function of distance with a slope of 18° and 37°, respectively.

(G) The contact time of the droplet as the function of drop diameter during the rolling off with a slope of 18° and 37°, respectively. The data are analyzed from (E).

would have comparable effects on thermal conductivity.
Thus, in Figure 8C, the line would exhibit a slope rather than
remain horizontal. However, the heterogeneous nucleation
rate is proportional to the contact area and independent of
length.’® Adhesion strength is predominantly determined by
the contact area rather than the height of the object. Conse-
quently, increasing the contact area can significantly enhance
the adhesion strength between ice and the surface of the
object, as demonstrated in Figure 8D. Therefore, more
precise experiments are needed to distinguish between
these two effects. Heterogeneous nucleation, in particular,
often introduces uncertainty in the degree of supercooling,
affecting the amount of latent heat released. This further com-
plicates efforts to determine the relative importance of these
two factors.

Integration of moisture diffusion path and
condensation/frosting position

Fallen water droplets are repelled from superhydrophobic sur-
faces primarily due to their retained kinetic energy.'*® However,
when water molecules condense from vapor onto the surface to
form droplets, the net kinetic energy of these molecules ap-

12  iScience 28, 111668, February 21, 2025

proaches zero, as their movement cancels out in different direc-
tions. This causes superhydrophobic surfaces to lose their ability
to repel water, allowing condensed droplets to remain stable on
the surface.'®%'%?

As shown in Figure 9A,1%® following condensation, there is a
marked reduction in the contact angle of the condensed water
droplet, accompanied by a significant expansion in the contact
area between the droplet and the superhydrophobic surface.
Even when the substrate is tilted at a high angle, gravity cannot
dislodge the droplet due to the strong adhesion. Condensation
causes a transition from the Cassie—Baxter state to the Wenzel
state, '°® %% as the micro air pockets between the droplet and the
surface are filled with water. This significantly increases the inter-
face area and consequently, the adhesion strength.’®® As a
result, the sliding angle increases sharply, along with the contact
angle. Droplets remain attached even when the surface is in-
verted. Condensed water droplets can adhere to the surface
for extended periods, far exceeding the freezing time. This com-
promises the passive anti-icing ability of surfaces that rely on
rapid water droplet expulsion. Therefore, the real challenge for
passive anti-icing surfaces arises from humidity rather than
freezing rain.'®’
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Figure 8. The relationship between freezing
delay and areal fraction

(A) Correlation between ice adhesion strength and
an areal fraction of the nanostructured surfaces.
(B) Correlation between freezing time and an areal
fraction of the nanostructured surface.

(C) Adhesion strength and freezing time value for a
given pillar top diameters of 90 nm with samples of
different pillar heights (300 nm, 400 nm, 500 nm,
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| that while icing on the surface may be

Superhydrophobic surfaces typically feature complex micro-
nanostructures where water vapor tends to condense. Once
these areas are covered by condensate, they lose their hydro-
phobic properties, as shown in Figure 9B,'** and the surface
can no longer repel fallen droplets. If the temperature is low
enough, the condensed water will freeze, and this is especially
problematic when the water is supercooled. Prolonged
condensation in cryogenic environments can cause frost to
form indiscriminately across the surface (Figure 9C)."** In
fact, the ice adhesion strength on these surfaces can be higher
than on regular surfaces (Figure 9D).'®? When the freezing
behavior of superhydrophobic surfaces became a focus of
research, it was observed that they could act as viable alterna-
tives to passive anti-icing surfaces. It was discovered that
superhydrophobicity is retained when accumulated ice melts
into water.'%® As shown in Figure 9E,'*® even partially melted
ice slides off the surface along with the water due to gravity,
wind, or other forces, as the water flows across the surface.
These experiments also revealed that the ice adhesion strength
on superhydrophobic surfaces is much lower compared to that
on superhydrophilic or hydrophilic surfaces. The authors pro-
posed a potential mechanism, suggesting that frost grows on
the peaks of the surface structures, competing with growth in
the valleys, as shown in Figure 9F."*” Vapor transport into the
valleys is more difficult, and while frost may nucleate both on
the peaks and in the valleys, the growth rate in valleys is
much slower. Eventually, frost growth on the peaks restricts va-
por transport into the valleys. The size difference between frost
on the peaks and in the valleys creates different radii of curva-
ture, with a larger radius on the peaks resulting in lower satu-
rated vapor pressure.'® As a result, vapor flows from the

inevitable, optimizing the location of ice
formation can significantly simplify the
de-icing process. The key question is
identifying the optimal freezing location and ensuring that ice
always forms their first.

Residents of high latitudes are accustomed to waking up on
winter mornings to find dendritic ice crystals covering their win-
dows. Notably, the spaces between the dendrites remain clean
and free of ice. As shown in Figure 10A,”” this phenomenon is
characterized by frozen droplets maintaining a circular dry
zone around them, even in areas that were initially wet with
condensation. Thermodynamics explains this phenomenon
well. As shown in Figure 10B,"* there is a difference in the satu-
ration pressure of ice and water at temperatures below 0°C, with
the largest difference occurring around —15°C. The difference
creates a humidity gradient when ice and water coexist nearby,
with humidity increasing from ice to water. This gradient gener-
ates a thermodynamic force, driven by the Second Law and
the tendency for maximum entropy, that pushes water mole-
cules from the high humidity region (water) to the low humidity re-
gion (ice). According to Fick’s law, the water molecule flux, J, is
proportional to diffusion coefficient D and the humidity gradient
cid = — D' At constant temperature and pressure, there is
a fixed distance where J is negligible, represented by 3¢, in Fig-
ure 10A. Within this radius, the water flux drain droplets and con-
tributes to ice crystal formation, creating a dry zone between
condensation and the growing ice crystals. As the ice crystal
grows, the dry zone expands, leaving a significant portion of
the surface bare. Thus, under certain conditions, a strategic dis-
tribution of ice crystals can suppress condensation and help
keep parts of the surface clean. As shown in Figure 10C,'°® a hy-
drophilic pattern was applied to a superhydrophobic surface.
Under cryogenic conditions, condensation first froze on the hy-
drophilic pattern, and all condensation between ice crystals
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Figure 9. Condensation and frosting on superhydrophobic surfaces

(A) Water droplet transition from Cassie-Baxter state to Wenzel state in the condensation process on a superhydrophobic surface. Produced with permission’*®

from the American Chemical Society.

(B) Photograph of the dry surface and frosted surface along with sequential high-speed video images of droplet impact.
(C) ESEM images of frost formation on a superhydrophobic surface comprising of an array of hydrophobic square posts. Produced with permission’** from AIP

publishing.

(D) The average ice adhesion strength on different films. Produced with permission'®® from AIP Publishing.
(E) Schematic of the dynamic defrosting process and Top-down images of dynamic defrosting. Produced with permission'*® from the American Chemical

Society.

(F) Conceptual overview of our nonsuperhydrophobic technique to trap frost and ice in the Cassie state. Produced with permission'®’ from the American Physical

Society.

dried due to the humidity sink effect of ice.'®® Additionally, frost
adhesion strength on these patterned surfaces is relatively low,
making the subsequent de-icing process easier. On superhydro-
phobic surfaces, frost growth transitions from an along-surface
mode to an off-surface mode,'®” as shown in Figure 10D. This
shift reduces the contact area of ice with the surface, resulting
in lower adhesion strength. As a result, de-icing is much easier
on superhydrophobic surfaces compared to normal surfaces,
as demonstrated by the experiment in Figure 10E.

In addition to ice crystals, frost growth can be suppressed by
other materials, particularly hygroscopic ones that have a lower
saturation vapor pressure over water. These materials readily
absorb water. As shown in Figure 11A,7 the vapor pressure of
common hygroscopic liquids, such as saltwater and various con-
centrations of aqueous propylene glycol solutions, is lower than
that of water and ice at specific temperatures. As a result, hygro-
scopic antifreeze on a surface can create a region of inhibited
condensation around it, due to the humidity sink effect of the hy-
groscopic materials. By regulating the distribution of hygroscopic
droplets, the surface can achieve the largest possible clean
area, where it remains free of both frost and antifreeze, as shown
in Figure 11B.7® This strategy is easier to manage than controlling
crystal growth in fixed locations, and it is more repeatable,
controllable, stable, and mature. However, the durability of this
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method poses a challenge. As hygroscopic solutions absorb wa-
ter, the quantity and concentration of the solution eventually
reduce their vapor pressure advantage over water, causing the
region of inhibited condensation to disappear. Experimental re-
sults show that the frost suppression effect lasts for about an
hour. To extend this frost inhibition period, a hygroscopic liquid
reservoir can be placed beneath a porous hydrophobic surface,
as shown in Figure 11C."7° The presence of hygroscopic liquid
within the pores effectively inhibits water vapor condensation
and frost formation on the upper surface. With appropriately
sized and distributed pores, the surface can remain frost-free at
—10°C for up to 120 min. Certain hygroscopic materials, such
as nucleoproteins and polyelectrolytes, also act as phase-
change materials. When these materials absorb moisture, they
undergo a phase change, releasing a large amount of latent
heat. This process further enhances the durability of frost inhibi-
tion at cryogenic temperatures, as shown in Figure 11D."""

Passive de-icing of slippery surfaces

When ice accretion on surfaces is unavoidable, reducing the
adhesion strength becomes crucial for easier de-icing. On com-
mon surfaces such as aluminum, steel, and glass, ice adhesion
strength typically exceeds 500 kPa due to strong interactions be-
tween the ice and solid surfaces, such as van der Waals forces,
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electrostatic interactions, and even covalent bonding.'”>"'"®
Superhydrophobic surfaces also struggle with ice adhesion.
Although they occasionally result in low adhesion strength, "¢
mechanical de-icing or thawing typically damages the delicate
microstructure responsible for superhydrophobicity, making
the passive de-icing capability of these surfaces neither repeat-
able nor durable.”””'"® Inspired by nepenthes pitcher plants, re-
searchers infused a low-freezing-point lubricant into a textured
surface to create an artificial slippery surface, as shown in Fig-
ure 12A."7° The surface energy of both the lubricant and the
texture is carefully chosen so that, when another liquid contacts
the surface, it maintains the lowest net surface energy. Many
immiscible liquids, including water, float on these slippery sur-
faces. Once frozen, ice adhesion strength is significantly lower
compared to other surfaces, as shown in Figure 12B,'8%19
due to the presence of the lubricant. First, the solid texture is
coated with the liquid lubricant, creating a smooth interface.
Second, the ice is separated from the solid texture by the lubri-
cant, resulting in minimal contact between the ice and the sur-
face. These conditions also hinder the nucleation of supercooled
water droplets, delaying the icing process. However, as the ice
forms from water, the injected lubricant tends to surround the
ice due to the ultrahigh surface energy of ice."”'%" In some
cases, the water is already enclosed by the lubricant.’®%%°

This leads to the lubricant depletion, particularly when ice is
removed during the de-icing process. Experiments show that ice
adhesion strength on slippery surfaces increases with repeated
de-icing cycles due to lubricant depletion, as shown in Fig-
ure 12C,*°° although the final adhesion strength remains lower
than that on bare surfaces. To counteract this depletion, Xiaoda
Sun et al.>®" designed a lubricant-releasing slippery surface
inspired by poison dart frogs, as shown in Figure 12D. This surface
features an outer porous superhydrophobic layer and an underly-
ing layer infused with antifreeze. Water droplets bounce off the sur-
face, and when frost or ice forms, the antifreeze is released in
response. This stimulus-responsive design balances ice adhesion
strength with lubricant depletion. The strategy used to reduce
adhesion strength on superhydrophobic surfaces is applied here
as well, though efforts to minimize lubricant depletion also increase
contact between the ice and the solid texture.?% As a result, slip-
pery surfaces can achieve low ice adhesion (around 30 kPa) even
after 50 icing/de-icing cycles with the aid of lubricant injection.”®®

Conclusions and future outlook

In this comprehensive review, we first examined the physical
mechanisms of icing. When the temperature drops below a crit-
ical value at a specific vapor pressure (e.g., 0 °C at 1 atm), water
gains a thermodynamic driving force for phase transition,
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transitioning from a vapor or liquid state to a solid state. To
initiate this phase transition, an energy barrier must be overcome
by thermal fluctuations, although supercooling can lower this
barrier. As a result, predicting the exact timing of the transition,
including the temperature and vapor pressure at which it occurs,
remains uncertain. This unpredictability makes passive anti-icing
strategies based on inhibiting nucleation inconsistent, yielding
discrete results. Since freezing is an inevitable thermodynamic
process, the goal of passive anti-icing surfaces should not be
to prevent freezing entirely. Instead, it is sufficient for these sur-
faces to prevent ice accretion or accumulation, or to reduce ice
adhesion strength if freezing occurs. Therefore, superhydropho-
bic surfaces, particularly those with rapid water-repelling times,
remain promising alternatives for passive anti-icing in specific
conditions.

Beyond supercooled water, frost formation is another form of
ice accretion that requires attention. Frost lacks the unidirectional
kinetic energy of falling droplets, as water molecules condense
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directly onto the surface. Thus, traditional repelling designs are
ineffective against frost. Additionally, frost is hydrophilic, and its
accumulation can cause the surface to lose its intended anti-icing
properties. Since frost growth is driven by atmospheric humidity,
limiting humidity transport to the surface can help inhibit frost for-
mation. Solid or liquid materials with a lower saturated vapor pres-
sure than water can be applied to the surface, creating dry regions
that inhibit frost growth. The size and distribution of these dry
areas can be controlled by the placement pattern of the added
materials. Notably, these materials absorb humidity rather than
ice, preventing ice formation around them. However, once they
absorb a certain amount of moisture, their ability to inhibit ice
growth diminishes. Additionally, special care must be taken to
secure these materials to the surface, as they could easily slide
off. These materials are typically hydrophilic, so the areas they
cover will lose their original wettability and become hydrophilic.
At present, slippery surfaces offer the best option for reducing
ice adhesion strength, provided the lubricant does not freeze or
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(B) Ice adhesion strength values for different material types. Data is taken from the literature.
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(C) Evolution of the ice adhesion strength during the icing/deicing cycles. Reproduced with permission®’® from Wiley.
(D) Schematic of the stimuli-responsive antifreeze secreting anti-icing coating inspired by the functionality and bilayer architecture of a poison dart frog skin, and
the inspired self-responsive substrate design. Reproduced with permission®" from Wiley.

become depleted. The low surface energy of the lubricant is key to
the performance of slippery surfaces, though its depletion during
de-icing remains a significant challenge.

Despite significant progress in passive anti-icing surfaces over
the past few decades, designing a surface capable of performing
effectively under all weather conditions remains unrealistic.
Currently, the most viable approach is to combine multiple strate-
gies on a single surface to achieve acceptable anti-icing perfor-
mance under specific conditions. As research continues to
advance, emerging smart responsive materials, multilayer com-
posite materials, dynamic surfaces, and nanotechnology are
bringing new hope to the field of anti-icing. Nonetheless, several
challenges persist, including durability, environmental adapt-
ability, scalability for large-scale applications, and environmental
impact. Addressing these challenges necessitates continuous
innovation and interdisciplinary collaboration. While there are still
hurdles to overcome, the future looks promising. Looking
ahead, potential research avenues in the coming years will focus
on the development of more efficient, durable, and environmen-
tally friendly anti-icing technologies. This endeavor will involve
exploring novel materials with enhanced ice-repellent properties,

optimizing surface designs for improved performance across
a wider range of conditions, and leveraging advanced
manufacturing techniques to ensure scalability and cost-effective-
ness. Furthermore, a deeper understanding of the underlying
physics and chemistry of ice formation, coupled with advanced
computational modeling, will be crucial in guiding the design of
next-generation anti-icing surfaces. Ultimately, these efforts will
provide robust support for social and economic development,
ensuring safer and more reliable infrastructure in icy environments.
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