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Abstract

Freezing and ice formation at low temperatures have always caused numerous challenges in
variant crafts such as aeronautical, transportation, power lines, oil platforms, etc. Anti-icing
and de-icing approaches have been employed to reduce the contrary results of icing on surfaces.
Due to the disadvantages of de-icing methods, anti-icing techniques are noteworthy, and
extensive research has been done in this field. Anti-icing techniques have been used to prevent
ice accumulation or simplify separating once the ice has formed. Superhydrophobicity has the
property that can neglect to ice or delay icing on the surface. Nowadays, nanocomposites, one
of the most extremely used advanced substances, are used in various industries and usages. In
the meantime, polymer nanocomposites as a nanocoating offer innovative solutions for the
icing phenomenon by bridging the areas of polymer composite technology, nanoscience, and
superhydrophobicity. Additionally, photothermal polymer nanocomposites are based on
conventional superhydrophobic materials with high solar absorption rates and have unique anti-
icing properties. In this review, the types of ice were examined in terms of their appearance,
formation order, and crystal structure. Also, various theories of wettability and freezing
mechanisms were studied. Moreover, various methods of making surface superhydrophobic
such as top-down, and bottom-top procedures were mentioned. Finally, superhydrophobic and
photothermal polymer nanocomposite coatings were explained in-depth.

Highlights

e Types of ice and its structure were investigated.

e kinds of wettability theories and freezing mechanisms were studied.

e Methods of ice formation prevention were summarized.

e Superhydrophobic and photothermal polymer nanocomposites were explained.
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1. Introduction

Icing is a widespread natural occurrence. Ice accretion poses a safety risk for various modes of
transportation, including aircraft, wind turbines, very fast-movement rail, power lines, offshore
oil platforms, and other infrastructure and systems. This icing phenomenon can create
significant hazards that must be addressed.!® Anti-icing and de-icing approaches have been
employed to reduce the contrary effects of freezing on surfaces which can be active or passive.

The active de-icing strategy involves using chemical, heating, thermoelectric, electromagnetic,
or mechanical methods to wipe ice stacked on surfaces.”!! For example, the electromagnetic-
impulsive de-icing technique acts by inducing powerful and abrupt magnetic forces from a high
direct-current pulse through a coil, causing quick acceleration and curvature of the icing
surface. This leads to detachment and elimination of the ice. These methods have been found
to work victoriously in the aviation industry.’” Elsewhere, using motorized cutters for scraping
ice on a ship is regularly feasible only after an icing storm. It is rarely conceivable to manually
scrape ice from the upper parts of the structures that are the most decretive sections for a ship’s
stability.” Active de-icing systems, while actively addressing ice removal, also have inherent
drawbacks. These include high power consumption, abstruse and uninterrupted maintenance
requirements, an accretion in overall system weight, and the need to reapply chemicals
repeatedly. These negative factors associated with active de-icing systems can lead to increased
design, fabrication, and operational costs, as well as significant negative environmental
consequences. So, while active de-icing methods are helpful, they also come with their own set
of challenges and downsides that need to be carefully considered.!>'*

Active anti-icing methods also have disadvantages such as high energy consumption, system
complexity, the need for continuous maintenance, and in some cases, the use of toxic
substances. These negative factors associated with active anti-icing systems can lead to an
increase in design, construction, and operation costs as well as significant negative
environmental consequences.'*

In the passive anti-icing methods, the formation of ice on the surface is prevented without using
external energy. Also, in the passive de-icing methods, the ice is destroyed without using
external energy. passive anti-icing techniques have been used to prevent ice accumulation or
simplify segregation once the ice has been formed Considering the disadvantages mentioned
in the active de-icing and active anti-icing methods, nowadays the use of passive anti-icing and
passive de-icing methods is very meaningful, and extensive research has been done in this
field.'>2°

Zhu et al,'® produced a multipurpose cement concrete blend by blending “cool cold” black tints
with cement, sand, TiO2 nanobits, and water. After the blending had been mortared on a cement
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concrete sheet, evaporated at room temperature, and treated with fluorine silicon sol, a gray
cement concrete leaf was attained. Simultaneously, the “cool cold” cement concrete
superhydrophobe surface depicted imperial anti-ice efficiency. Also, Wang et al,?* to meliorate
the anti-freezing efficiency of asphalt pedestrians and deduce the impression of pedestrian
icing, adopted the technique of anti-clotting ice coating on the surface of asphalt pavement. In
this study, usage investigation relied on an anti-clotting ice-veneer substance on asphalt
pedestrians using standard test techniques. With various amounts of anti-clotting ice agent, the
primary efficiency indexes, containing the icing temperature and ice adherence on the veneer
surface, of anti-clotting ice veneer material were contrasted. In another research, Dong et al,**
explored a hot-air scruff-heating technique for the anti-freezing mechanism of a little aero-
engine cone, as well as experimental research on its efficiency. Tests were directed under
various icing circumstances and hot air parameters in a freezing wind tunnel, using a full-scale
empirical cone pattern of a little aero-engine. The temperature dispensations on the cone
surface were meted by thermocouples. Test outcomes represented that the hot-air blanket anti-
freezing technique is impressive for the cone leading edge. Likewise exhibited was a scalar
simulation of the temperature dispensations of the aero-engine cone under freezing
circumstances. The flow area near the cone was attained by calculative fluid dynamics code.
The pathways of supercooled water globs and the gathering performance were computed using
the Lagrangian approximate. The mate outcomes of heat and mass conveyance were observed
in the temperature calculation of the cone. The heat analysis model noted the mass equilibrium
of water and energy equilibrium on the face of the cone. The simulation outcomes were
contrasted with the experimental considerations. The specifications of the hot-air blanket
heating anti-freezing technique were likewise studied.

Nowadays, polymer nanocomposites, as a group of advanced materials have received much
attention in different crafts and sciences because of their unparalleled characteristics.?’?
Moreover, polymer nanocomposites are a new generation of anti-freezing veneers that provide
an innovative solution to deal with the challenges of icing.*® This group of nanocoatings has
many advantages such as enhanced thermal insulation, improved mechanical properties,
increased surface hydrophobicity, self-healing capability, and environmental stability.>*3*
This importance has caused many empirical and numerical articles and research to be done in
this field.*

First, this review explains the taxonomies of ice based on formation mechanisms and the
taxonomies of ice based on appearance. Then, surface wettability theories and icing
mechanisms are explored. In the following, making superhydrophobic surfaces (top-down,
bottom-up, and concoction of bottom-up and top-down techniques) as anti-icing methods are
discussed. Finally, types of polymer nanocomposites, such as superhydrophobic and
photothermal nanocomposites, are discussed and investigated as a pioneering anti-icing
method to prevent ice accumulation on surfaces.
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2. Types of ice and its formation mechanisms
2.1. Types of ice
2.1.1. Classifications of ice based on formation mechanism

Ice is a general term used for freezing water substances. There are three types of icing based
on the freezing mechanism as follows**42;

- Sedimentation icing: This type of icing is developed by freezing rain or falling snow grains
on the surface at a temperature of 0 °C or less. In this condition, the super-cold temperature for
ice formation has an inverse relationship with the size of the water droplets. For example, larger
drops have a lower super-cold temperature. The super-cold temperature in fog drops can be
more than 10 °C. One of the types of ice formed in this group is glaze ice, which is very
dangerous due to its robustness and high density.

- Cloud icing (in-cloud icing): In this instance, freezing occurs because of the contact of the
super-cold nebula with the surface. In these conditions, there is no snow or rain, and the degree
of freezing depends on factors such as humidity and airflow speed. The small size of the fog
droplets causes the latent heat in them to be released quickly and ice to form. The type of ice
is rime in this case.

- Deposition icing: It is a type of frost that creates as an outcome of direct freezing of water
vapor on the surface. It does not have a large volume, and because it has weak adhesion, it is
easily separated from the surface.

2.1.2. Classifications of ice based on the appearance

Based on the density, and physical appearance, icing can be categorized as glazed ice, granular
rime, crystalline rime, wet snow, and mixed rime.

- Glazed ice: it has a glassy and transparent appearance, a hard and unbreakable texture, and a
density between 0.6 g/cm® and 0.9 g/cm’. It also has very high adhesion and is considered the
most dangerous type of frostbite.

- Granular rime: It has a dull ivory color, and its density is between 0.1 g/cm® and 0.3 g/cm’. It
has a loose and layered texture that includes air bubbles, which makes it have a wavy and
irregular surface.

- Crystalline rime: They have a crystalline appearance and many bubbles inside. They have a
soft texture and density between 0.01 g/cm® and 0.08 g/cm?® and are easily separated from the
surface.

- Wet snow: its color is dull ivory white and has a soft texture with a density between 0.1 g/cm?
and 0.7 g/cm®. This type is created when the snow on the surface turns into ice due to the
continuous decrease in temperature.
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- Mixed rime: It has an ivory white color, large size with many bubbles, which is created by
alternating glaze and rime freezing on the surface, and its density is between 0.2 g/cm® and 0.6
g/em?.

In general, the temperature of ice formation on the surface is relatively higher (-10 °C), which
also has high adhesion. On the other hand, rime is created at lower temperatures (less than -20
°C), which does not get a chance to escape due to the super-fast freezing of air bubbles, which
causes its adhesion to the surface to weaken.** Figure 1(a) shows the probability of glaze and
rime formation at different altitudes according to humidity, temperature, and pressure
quantities.*® Also, Figures 1(b) and 1(c) show the appearance of glaze and rime respectively.*’
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Figure 1. Schematics of, a) Glaze and rime formation conditions,* b) Glaze, c) Rime.*

2.1.3. Classifications of ice based on the crystal structures

Icing or freezing of water is a phase transformation from a liquid state (water) to a solid state
(ice) under a super cold temperature of AT (difference between melting temperature and actual
freezing temperature). Figure 2 is related to the phase diagram of water. As can be seen, the
physical properties of water, such as melting point and boiling point, change significantly with
the change of pressure. Also, the crystal form of ice is different in various parts of the diagram.
There are more than 10 different crystal structures of ice at different temperatures and
pressures. All ice crystal structures include one water molecule that has hydrogen bonds with
four other water molecules. Among the various forms of ice, hexagonal ice, and cubic ice are
the most common. Hexagonal ice is the most common natural state for ice and snow on Earth.
Cubic ice is generally formed in the Earth's atmosphere and extraterrestrial environments. Also,
it can be the preferred phase for ice formation, resulting from tiny water droplets at a very low
temperature. In addition, cubic ice can be an intermediate phase in the path of ice nucleation in
heterogeneous conditions.*’


https://doi.org/10.1002/pc.29305

This is the accepted manuscript (postprint) of the following article:

Nazari, A., & Eslami-Farsani, R. (2025). A review of photothermal and superhydrophobic polymer
nanocomposites as anti-icing nanocoatings. Polymer Composites, 46(6), 5018-5040.
https://doi.org/10.1002/pc.29305

=] 400

Liquid

-~ 300

Temperature

e !
100 Wt ’ " b !
\ '
B o S RN !
P

..... ' ' ~{ 100

0.1 1.0 o 100

Pressure (GPa)

Figure 2. Water phase diagram.*’

2.2. Surface wettability theories

The wetting phenomenon arises from the interactions amongst gas, liquid, and solid phases at
the molecular level. The relationship between adhesive and cohesive forces influences the
amount of wetting. One key parameter in assessing the wettability of solid surfaces is the
contact angle. A larger contact angle indicates a more hydrophobic surface, which reduces the
likelihood of ice formation. The wettability behavior of a solid surface is related to surface
tension and surface topography parameters.*3

According to the surface topography in static conditions, the connection between the contact
angle and interfacial energies is defined by three equations, which vary based on surface
characteristics and the type of interfacial boundary.*->* The first equation is Young's equation,
which is reliable for plain, chemically neutral, and equivalent surfaces (Figure 3-a) and is
calculated from equation (1).%>%¢

cosOy = (Vsa — Vs1)/V1a (1)

In which 8y is the contact angle of the liquid glob in equilibrium with the surface. yg4, v, and
y.a are the surface tension of the solid-gas, solid-liquid, and liquid-gas boundaries,
correspondingly.

The second equation is called Wenzel, which is related to surfaces with roughness and
equivalent conditions where water globs penetrate between the surface roughness. Equation (2)
represents this relation (Figure 3-b).%’

cosOy = 1(Vsa = Vs1)/Via = TCOSby (2)
Here 0y, is Wenzel angle, and 7 is the harshness factor of the surface.

The third correlation is Cassie-Baxter (Figure 3-c), which is related to surfaces with roughness
and heterogeneous conditions. In the Cassie-Baxter model, the water glob remains on top of
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the surface asperities with none entering the spaces within the micro-nano array. Additionally,
air cavities are captured in the gaps of this harsh structure, which decreases the touch domain
between the water and the solid surface. The Cassie-Baxter angle can be computed using
equation (3).>8

cosOcp = ficos0, + f,cos0, 3)

Here 6.5 is the Cassie-Baxter apparent contact angle. f; and f, are fractions of the contact
surface in phases 1 and 2, and 6, and 6, are the contact angles with phases 1 and 2, respectively.
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Figure 3. Illustration of methodical wetting formats, a) Young state, b) Wenzel state, c)
Cassie-Baxter state.”!

So far, the mentioned laws have been related to static conditions, for dynamic conditions
(Figure 4), the Furmidge equation (4) is used.”

mgsina = wy'*(cosB, — cosb,) 4)

In which mg is the weight of the drop, w is the diameter of the wetted surface. y '@ is the liquid-
air interfacial free energy, and « is the rolling angle (at least the angle at which the drop starts
to roll on the slope surface). 8, is the advancing contact angle, 6,. is the receding contact angle,
and the disagreement between 8, and 68, angles are defined as the contact angle hysteresis
(CAH).

Figure 4. Illustration of rolling angle and contact angle in dynamic state.>


https://doi.org/10.1002/pc.29305

This is the accepted manuscript (postprint) of the following article:

Nazari, A., & Eslami-Farsani, R. (2025). A review of photothermal and superhydrophobic polymer
nanocomposites as anti-icing nanocoatings. Polymer Composites, 46(6), 5018-5040.
https://doi.org/10.1002/pc.29305

According to equation (4), low CAH is an indication of the simple movement of the water glob
over the surface and increasing the superhydrophobicity.*

Yang, Wenzel, and Cassie-Baxter investigated the wettability based on surface topography
conditions. But in fact, the most efficient method to predict and determine the amount of
wettability is to check the amount of Gibbs free energy (GFE), so that by reducing it, wettability
decreases. Two interfaces are important in wettability and contact angle. The first is the solid-
liquid interface and the second is the liquid-vapor interface. In many articles, the liquid-vapor
interface is assumed to be a smooth surface without curvature to simplify calculations. To more
accurately calculate the amount of wettability, the value of the curvature of the liquid-vapor
1.9 Marmur,®! provided a more accurate formula for the
wettability of the solid surface by considering the curvature of the liquid-vapor interface. To
check the value of the water contact angle (WCA), Marmur assumed that water droplets have
a constant volume and also that the size of the water droplet is much bigger than the size of the
surface roughness (Figure 3). The equilibrium shape of the drop is a spherical cap, so to derive
the relationships, the equations of the sphere have been used. GFE can be calculated from
equation (5).

interface should be taken into accoun

G = YiaALa+ VsiAsy + Vsadsa (5)
Here A is the interfacial area and G is Gibbs free energy.

According to the spherical cap shape of the drop, the solid-liquid area can be calculated from
equation (6).

As, = 1pfmR%. sin*0 (6)

Here R is the radius of the spherical cap of a droplet, 6 is the apparent contact angle, 77 is the

roughness ratio of the wetted area, and f is the fraction of the projected area of the solid-liquid
interface.

The liquid-gas interface consists of two parts. The first part is outside the spherical cap interface
(between gas and liquid) and the second part is the liquid-gas interface inside the surface
roughness, which can be calculated through equation (7) (Figure 5).

Ap4 = 2mR*(1 —cos @) + r'pmR?. sin*6 (7)

where 7,1 is the roughness ratio of the interface between the liquid and gas phases, and f' is
the liquid-gas interface projected area fraction.
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Figure 5. Illustration of a water droplet on a rough solid film.®

The solid-gas interface also includes two parts, the solid-gas interface inside the surface
roughness and the interface outside the drop, which is obtained from equation (8).

Asg = Atotar — As )
Here A;,tq; 1s the total area of the solid surface.

By inserting equations 6, 7, and 8 in equation 5, the relationship for determining the amount of
G is obtained (equation 9).

G = ypa [2mR? (1 = cos )] + [ypar'p f' + (Vs — Vsa)TsfITR? ©)

Here A;ytq; 1s constant and does not affect the GFE reduction. Equation (9) can be used for all
types of solid surfaces with any material or surface topography.

2.3. Icing mechanism

Ice is a crystalline solid, and is created by converting the phases of liquid water or water vapor
into a solid phase. Freezing begins with the germination of ice nuclei and continues with the
development of resistant nuclei until the freezing process is complete. During this process, as
outlined by the second law of thermodynamics, disordered water vapor or liquid water
molecules, which possess high entropy, are converted into more ordered molecules that exhibit
lower entropy (crystalline solid ice). In this scenario, an energy barrier needs to be surpassed,
which can be achieved through supersaturation or by lowering the temperature significantly.
This free energy barrier (AG) for ice nucleation is calculated by equation (10).62-%4

AG = mop,15%(2 — 3cos8 + cosh?)/3 (10)

Here oy, refers to the liquid-vapor surface energy, while 1y represents the critical radius, as
defined by Kelvin’s classical equation (11).%

In (p%) = 20y, /n,kTry (11)
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In equation (11), p is the gas pressure, and p,, is the equilibrium gas pressure of the condensed
phase at temperature T. k is the Boltzmann constant, and n; is the number of molecules per
unit volume of the liquid phase.

If the radius of the initial ice seed surpasses the critical radius, a stable ice core is created, and
its sudden growth happens.®® Ice grows by water molecules on the ice crystal surface and is
controlled by heat conveyance from the water-ice boundary.%” In actual conditions, because of
the presence of pollutants in the air and their deposition on the solid surface, heterogeneous
germination is generally created. In this condition, ice core germination is easier.®®®
Schematics of the ice formation mechanism and ice crystal growth process are illustrated in

Figure 6.7
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Figure 6. Schematic illustrations of, a) mechanism of ice formation, b) the process of ice
crystal growth.”

Ice nucleation inside a water glob is called homogeneous ice nucleation, whereas
heterogeneous ice nucleation happens at the solid-liquid interface. Heterogeneous nucleation
is more beneficial on hydrophilic surfaces than on superhydrophobic surfaces because of the
greater contact area between the water glob and the hydrophilic solid surface.”! Homogeneous
nucleation can be improved by introducing surface harshness with nanoparticle radii less than
ten times the size of the critical ice nuclei.”>”® As a result, icephobic surfaces can be engineered
by facilitating homogeneous nucleation, which accounts for the -25 °C ice nucleation
temperature of water on a surface, while utilizing high nucleation energy.”*7°

In particular, the icing phenomenon on a solid surface is a complex physical process involving
simultaneous phase transition and heat transfer. When using a superhydrophobic anti-icing
material, the unique surface structure causes droplets to maintain a spherical shape upon
contact. This allows the droplets to easily roll off the material's surface. As a result, the water
droplets rapidly escape before they can freeze, effectively preventing ice formation and

10
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achieving anti-icing before it occurs. During the icing process, the low wettability of water
droplets combined with the superhydrophobic surface results in a minimal contact area between
the droplets and the interface. This prevents the droplets from penetrating the micro-nano
structure, allowing some air with low thermal conductivity to remain trapped between them.
This gas layer reduces heat transfer, raises the energy barrier for ice nucleation, and slows down
the rate at which ice crystals form, effectively controlling the icing speed. Furthermore, as
previously mentioned, ice formation can occur through homogeneous or heterogeneous
nucleation. When supercooled water droplets land on regular surfaces like glass, they tend to
spread out, leading to homogeneous nucleation and the formation of a solid ice layer that
adheres strongly. In contrast, ice nucleation on superhydrophobic surfaces is heterogeneous,
starting from the bottom of the spherical droplets and progressing upward to create a spherical
ice mass. Although superhydrophobic surfaces significantly delay the freezing time of static
droplets, fast-moving droplets can still lead to noticeable ice formation. When water droplets
freeze on these surfaces, the limited contact area between the ice and the superhydrophobic
material results in weak adhesion. Consequently, the ice layer can easily detach due to its
weight, wind, mechanical forces, or external airflow, facilitating de-icing and effectively
minimizing large areas of ice accumulation.*®7

3. Methods of ice formation prevention
3.1. Make superhydrophobic surface

The first approach to create anti-icing conditions is to create superhydrophobic surfaces to
postpone ice creation and decrease the amount of ice adherence to the surface. Both Wenzel's
and Cassie—Baxter's laws emphasize that a coarse surface is crucial for increasing
hydrophobicity.”” In actuality, methods for providing superhydrophobic surfaces can primarily
be divided into top-down and bottom-up techniques. Top-down methods comprise lithographic
and template-based processes,’® and plasma action as a surface modification technique.”®’
From the other point of view Bottom-up techniques include self-assembly and self-formation,
which are techniques for surface modification.”®*%8 Instances of bottom-up methods embrace
chemical vapor deposition (CVD),”®1% layer-by-layer (LBL) deposition technique,®®-%!:9>-98:100
hydrogen grafting,! and colloidal aggregations.”®?7:196:197-199 There are likewise techniques
based on combining both bottom-up and top-down attitudes, for instance, the foundry of
polymer dilution and phase segregation,'!” and electrospinning.!%!:111-113

3.1.1. Top-down procedures

The top-down system is a familiar epithet in microelectronics that describes the process of
creating substances and apparatuses by shaping, molding, or machining larger substances using
implements and lasers. To create superhydrophobic surfaces, a variety of techniques are
utilized, including templating,!'*!!> lithographic methods,!!¢!7-118-121 micromachining,'?? and
plasma treatments. Templating, for instance, generally involves a series of steps that include

11
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molding and replication. After that, the template can be removed by ablation,!?%1%7

dissolutions,'?® or even sublimation.'?*!?> Lithographic methods, on the other hand, involve
using light or electron beams to define patterns on a substrate. This technique is highly precise
and can produce nanoscale features that contribute to the superhydrophobic virtues of the
surface. The desired patterned surfaces are achieved through subsequent etching processes.
These surfaces are rendered hydrophobic through a silanization treatment.!'!6!17:118-121
Micromachining techniques, which include both mechanical and chemical processes, enable
the fabrication of complex geometries at a microscale. These methods can be particularly
effective in creating surfaces with tailored roughness, which is essential for achieving
superhydrophobicity.!?? Lastly, plasma treatments can etch the surface anisotropically and
enhance hydrophobic characteristics by rough surface generating. Examples of this include the
plasma treatment of polyethylene terephthalate (PET),*”*® polytetrafluoroethylene (PTFE),!?
and polyethylene (PE).®? Additionally, pulse-laser behaviors of polydimethylsiloxane (PDMS)
have been employed to create superhydrophobic surfaces.'?”-12

3.1.2. Bottom-up procedures

Bottom-up systems focus on creating larger and more intricate objects by combining smaller
components or building blocks. In nanofabrication, this approach frequently utilizes self-
assembly and self-organization. Self-assembly refers to a process where components naturally
come together in a dilution or gas phase, forming a constant structure that minimizes energy.
Bottom-up techniques used to make superhydrophobic surfaces encompass variant chemical
deposition modes that facilitate the formation of intricate nanostructures. Among these
methods, chemical bath deposition (CBD) and CVD stand out for their ability to produce
uniform coatings with controlled thickness and composition. CBD involves immersing
substrates in a solution containing metal ions, allowing for the gradual deposition of materials
through chemical reactions,3*101:192104 while CVD utilizes gaseous precursors to deposit thin
films on substrates, enabling precise control over the material properties.'®""'%? In addition to
these methods, electrochemical deposition is another prominent technique that leverages
electrochemical reactions to deposit materials onto conductive substrates. This method is
particularly advantageous for creating complex geometries and achieving high deposition
rates.”®10%193 Fyrthermore, LBL deposition techniques, such as electrostatic assembly and
colloidal assembly, offer additional avenues for constructing superhydrophobic surfaces.
Electrostatic assembly relies on the attraction between oppositely charged materials to build
multilayer structures,”” while colloidal assembly utilizes the self-organization of colloidal
particles to form ordered arrays.””"!°1% Sol-gel processes, which involve the transition of a
solution into a solid gel phase,?>196:10%129-140 and hydrogen bonding techniques, which exploit
intermolecular forces to assemble materials, also contribute to the versatility of LBL
deposition.!®® Chemical synthesis methods further expand the toolkit for creating
superhydrophobic surfaces by enabling the design of specific chemical functionalities that
enhance water repellency.'*!
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3.1.3. Combination of bottom-up and top-down procedures

Integrating bottom-up and top-down attitudes can leverage the benefits of both orders. This
combination is advantageous for developing architectures with dual-scale harshness, similar to
that of a lotus leaf. Typically, these combined methods involve two stages: the first stage
employs a top-down approach to create a coarse surface, while the second stage utilizes a
bottom-up procedure to achieve finer asperity.!#*!% Although, some combination methods
may not exhibit a distinct two-stage process. 4147

3.2. Polymer nanocomposite coatings
3.2.1. Anti-icing superhydrophobic polymer nanocomposites

Superhydrophobicity has the property that can neglect to ice or delay icing on the surface.
Superhydrophobicity can also contain a slipping phenomenon alternative to anti-icing, which
reduces ice adherence strength with the surface. The superhydrophobic surface, which has an
anti-icing property, is called icephobic. Surfaces, which have high water repellency can prevent
ice formation.'*® The water droplet gets dropped off from the surface before freezing on it. This
can be said to be the anti-icing property.!* In a study, it found out that if the roughness is in
nano scaling, then there can be a decrease of ice adhesion up to 15 times.!>* Superhydrophobic
polymer nanocomposite coatings, created by integrating polymer composite technology,
nanoscience, and superhydrophobicity, have proven to be an impressive method for enhancing
coating properties.!”! The incorporation of organic and inorganic nanobits, particularly
Si0,,19%153 carbon nanotubes (CNTs),!>#13 graphene,'*%!1%” and carbon nanofibers,'*® displays
a critical role in the development of these superhydrophobic nanocoatings.

In an investigation done by Sutar et al,'>? a self-cleaning superhydrophobic veneer was created

by integrating silica nanoparticles into polymethyl methacrylate (PMMA), achieving a WCA
of 165° and a sliding angle of 4°. The researchers noted that the wettability remained stable
even after exposure to a vicinal water jet, and the sticking strength was maintained after ten
periods of the tape peel experiment. Correspondingly, Ghashghaee et al,'*° developed a stearic
acid-modified cupric oxide (CuO)/PMMA nanocomposite veneer that exhibited a WCA of
161° and a sliding angle of 2°. Furthermore, the resulting superhydrophobic coating
demonstrated remarkable photocatalytic activity. Photographs of the water droplets on the
textile surfaces are illustrated in Figure 7.
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Figure 7. Images of the water glob on, a) the tissue surface coated with the layer of
unmodified CuO nanobits and PMMA, b) the tissue surface coated with the layer of modified
CuO nanobits and PMMA.'*

Janowicz et al,'® developed a superhydrophobic nanocomposite coating that is free from
fluorescent materials, utilizing mesoporous silica nanoparticles functionalized with 3-
aminopropyl triethoxysilane (APTES) and titanium cross-linked polydimethylsiloxane (Figure
8). This coating achieved a WCA of 168° and a transparency of 90%, leading to excellent
adhesion to glass. Researchers utilize a variety of techniques to fabricate superhydrophobic
coatings. The main techniques described in this paper are spin coating and aerosol assisted
chemical vapor deposition (AACVD), which are illustrated in Figure 9.
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1,'! related to the creation of a graphene composite that exhibits both

Wang et a
superhydrophobic and electrothermal properties. This composite effectively prevented ice
formation under "glaze ice" conditions by leveraging its superhydrophobic characteristics
alongside Joule heating, allowing for surface cleaning and drying without the presence of water
droplets. They created a hierarchical arrangement by combining graphene, CNTs, and SiO;

nanobits, which were combined into the matrix through a process of resolution and
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resolidification. Hydrophobic powders made from graphene, CNT, and SiO; were generated
by adding additives to an obscure liquid, followed by sonication, magnetic mixture, and
applying the last veneer to a glass substrate. After drying, the resulting powder was mixed with
ethanol and tetrahydrofuran (THF) and stirred for about two hours. The scanning electron
microscopy (SEM) images of composites are shown in Figure 10. Finally, the suspension was
used to coat a polycarbonate sheet, which was then dried.
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Figure 10. SEM images of the graphene composite at, a) low, b) high magnifications.'®!

In a different study, Wang et al,'®? created a hydrophobic powder and implemented a multi-

fluorination approach to develop a superhydrophobic sample. They began by adding PDMS to
a dilution of carbon nanofiber in THF. After rousing the mixture, it was combined with a
fluorinated curing agent and subjected to ultrasonication, and after that the summation of
perfluoropolyether for multi-fluorination. Once the mixture was cast and semi-cured, they
evenly spattered the hydrophobic powder onto the face and completed the curing process.
Similarly, Peng et al,'®* employed a multi-fluorination strategy to create a veneer using epoxy,
perfluoropolyether, polytetrafluoroethylene nanoparticles, and a fluorinated amine curing
agent. They applied the suspension onto the substrate using either spraying or roll-coating
methods. Furthermore, they chose to conduct the fabrication in aqueous conditions at room
temperature, which made the process quick, safe, and straightforward. Zhang et al,'®* reported
the creation of a flower-like ZnO/epoxy superhydrophobic coating that exhibits improved
durability. They utilized an immersion method for the coating preparation, effectively restoring
the superhydrophobic properties compromised by mechanical damage.

3.2.2. Photothermal polymer nanocomposites

Photothermal composite materials build upon traditional superhydrophobic or lubricated
surfaces by incorporating photothermal materials with high solar absorption capabilities. The
photothermal properties do not alter the original features of the nanocoating. Photothermal
substances can be classified by various carbon-based matters that facilitate photothermal
conversion, as well as metal nanoparticles like Fe3O4 and TiN, along with other semiconductor
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materials.'® Due to the special properties of photothermal materials and the attractiveness of
using them as de-icing and anti-icing coatings, the trend of using them in recent years has been
extremely upward (Figure 11).1%
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Figure 11. The number of published articles per year indexed in the Web of Science by the

title of “photothermal anti-icing/de-icing”.!6®

Liu et al,'®” employed silicone oil as a slicking medium, alongside permeable SiO» aerogel,

CNTs, and a mixture of silicone elastomer and beeswax, to develop a composite self-
lubricating coating with a micro-nano conformation that features photo-thermal anti-icing
capabilities. Schematic of the fabrication process of the coatings is shown in Figure 12. Their
results indicated a WCA of up to 162° and an icing delay of 596 seconds. With just one instance
of solar radiance, the skin temperature increased swiftly to 85 °C, allowing ice prisms to melt
within 150 seconds. Additionally, the wax as a phase change material, provides the cover with
effective self-repairing capabilities. Extreme-black veneers, which are almost fully absorbent,
are commonly used in the aerospace, ocular apparatuses, and sun energy sectors. However, the
high-temperature circumstances required to prepare extreme-black coatings confine their
potential applications.
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Figure 12. Schematic of the fabrication process of the coatings.'®’
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Additionally, Lin et al,'®® employed laser etching to develop a novel technique for creating
CNT/resin composite extreme-black coatings. Using laser etching to omit the absolute resin
layer from the veneer's skin, they altered the minimum contact boundary from air/resin to
air/CNTs, achieving a maximum mean light absorbance of 99.49%. Concurrently, the planar
morphology of the nanocoating transitioned from a plane to a spongy microstructure, resulting
in a significant enhancement of photothermal transformation and amended surface harshness
and hydrophobicity.

In another study, Yu et al,'® synthesized a photothermal superhydrophobic polyurethane

sponge (PSP-Sponge) consisting of Fe3O4 nanoparticles and polydopamine to enable anti-icing
and rapid ice removal in low sun irradiation conditions. SEM images of the sponge at different
preparation stages are illustrated in Figure 13. Due to the isolation characteristics of the
permeable PSP-Sponge, moisture on its surface does not freeze under weak sunlight of 0.3
kW/m? ("0.3 suns") in damp environments at -30 °C. In contrast, subject to "1 sun" disposal,
ice can thoroughly fuse within 18 minutes. Furthermore, the sponge exhibits great self-cleaning
and self-repairing capabilities, making it resilient in variant and changing natural
circumstances, which ensures its durable anti-icing and de-icing effectiveness. In damp outdoor
settings at -30 °C, rime on the PSP-Sponge's face can fuse under sunlight equivalent to "0.5
suns." While photothermal materials may experience a reduction in thermal yielding capacity
owing to particle waste within use, appropriate substances can be selected to improve or
substitute the functionalities of the photothermal bits.

Nano Fes0s
particles
deposition

Figure 13. SEM images of PSP-Sponge with high and low-magnification details at

different preparation stages.'®

Likewise, Lee et al,'”®

introduced carbonyl iron particles into PDMS to create a magnetically
responsive cilia matrix using neodymium magnets. They then applied a top layer of multi-

walled carbon nanotubes (MWCNTs) to develop comprehensive anti-freezing coatings
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featuring magnetically responsive photothermal arrays (MRPAs). The MRPA exhibits prompt
reversible structural movement when subjected to an exterior magnetic field, allowing it to
omit water while maintaining superhydrophobic stability. With over 97.8% absorption, the
coating achieves efficient photothermal conversion, resulting in a freezing time of 105 seconds
in the lightless condition, with no serious freezing perceived under illuminated circumstances.

In a similar study, Liu et al,!”! synthesized brominated CNTs on the skin of a PDMS layer by
grafting 2-perfluoroethyl methacrylate (PFMA). They employed the surface-initiated Cu-
controlled radical polymerization (SI-CuCRP) technique to create PFMA/CNTs composite
PDMS superhydrophobic coating. After 120 rubs with sandpaper, the PDMS coating
maintained a WCA of 170°, demonstrating proper superhydrophobicity and continued
dehydration capability. Additionally, it exhibited strong wear stability and self-repairing
properties, with freezing time retardation and ice adherence strength measured at 872 seconds
and 61.9 kPa, correspondingly, indicating effective anti-freezing capability. Moreover, because
of the photothermal transformation capability of CNTs, the PFMA/CNTs composite PDMS
superhydrophobic coatings demonstrated superior de-icing effects when subjected to near-
infrared irradiation. Deng et al,!”? loaded mesoporous SiO> nano pieces (mSiO,) with a vast
proportion of PDMS to create hydrophobic PDMS/mSiO> accumulations (Figure 14). They
integrated these aggregates into a silicone matrix along with CNTs to develop an adjacent-
infrared reactionary anti-icing/de-icing veneer using a single-stage spraying technique. The
PDMS/mSiO; pieces provided the shield with micro harshness and low surface energy, while
the CNTs contributed to making a micro-nano surface, enhancing moisture repellency and
adding photothermal properties. As a result, the outcoming veneer exhibited superhydrophobic
characteristics with a WCA reaching 154.3°, alongside a freezing delay of 440 seconds at -20
°C, which is almost 73 times longer than that observed on aluminum substrates. Additionally,
the finished veneer demonstrated strong adhesion and durable anti-freezing capabilities in
severe environmental circumstances, making it a promising solution for enhancing the anti-
icing and de-icing performance of rotor wings with durability and resilience.

Figure 14. SEM images of, a) pure mSiO2, b) PDMS/mSiO; particles.'”?
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Liu et al,'” joined a hybrid composite of TiO, nanobits and MWCNTs, referred to as TiO»-
MWCNTs, into an epoxy. This hybrid composite was then spray-coated onto a substratum and
cured, causing a superhydrophobic skin characterized by superior abrasion resistance and de-
icing efficiency. By varying the mass ratio of TiO2 to MWCNTs, they discovered that a 3:1
ratio produced a WCA of 159.8° £ 0.5°. The integration of the TiO-MWCNTs not only
enhanced the mechanical persistence of the veneer's surface but also utilized the exceptional
photothermal transfortmation capabilities of the CNTs, thereby providing superior de-icing
effectiveness to the coated surface. Figure 15 illustrates the Preparation schedule of TiO»-
MWCNTs.

TiO-MWONTS hybrids MTHPA and DMP-30 ® Modified TiO,
et MWONTS-NH,

)
i o B N - gon,
Vo hew, o -O—cn T - ..,\,‘.‘* A/ $——0
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© 1O,
TiO.- MWONTS hybrids TiO, Modificd

Figure 15. Preparation schedule of TiO>-MWCNTSs.!7

Huang et al,!”* explored a newfound anti-icing/de-icing substance utilizing graphene foams
(GF), which provided multiple functionalities, containing electrothermal, photothermal, and
superhydrophobicity properties. The GF layer served as a bottom layer adhered to the substrate,
while a polymer composite veneer loaded with TiN and SiO> nanoparticles was applied on top
(Figure 16-a). This double-layered material, comprising the GF bottom lamella and the
polymer composite veneer, was referred to as a graphene foam polymer composite (GFPC). As
depicted in Figure 16(b), ice droplets could quickly melt and be removed through the combined
effect of electric voltage and sunlight during the day or solely via an electric field at night.
Remarkably, it was found that only a 1 V electric field was required to raise the face
temperature from -10 °C to 1 °C within 400 seconds, which is significantly lower than previous
materials that needed over 10 V to gain the same melting effect. Increasing the applied voltage
slightly to 1.5 V resulted in a dramatic temperature augment from room temperature to over
150 °C within 200 seconds, versus to available electric heating methods that typically reach
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peak temperatures of around 100 °C at much higher voltages. This exceptional performance
allowed the GF-based substance to attain an impressive electrothermal energy transformation
rate exceeding 90%. Moreover, the combination of sun irradiation and electricity not only
reduced the minimum voltage needed to avoid ice formation but also enabled a much faster
and more effective elimination of ice compared to using either electric or light fields alone.
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I
I
. |
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I
/

Figure 16. Schematics of, a) fabrication process of the GFPC, b) co-action of electric voltage
and sunlight to melt and remove ice from GFPC surface.!”

In another study, Chen et al,'” developed a considerably effective photothermal
superhydrophobic PDMS/Ni@Ti3C2Tx nanocomposite shield prepared cost-effectively.
PDMS acted as a hydrophobic agent, sticky, and face preserver in this shield, while
Ni@Ti3CoTx served as an innovative magnetic photothermal additive. The resulting film,
produced through this process, was named m-NMPA. Using a plain spraying technique, the
additive was arranged by a drastic magnetic field to self-assemble into an eyelash-like
microstructure order. This inimitable structure gave the surface superhydrophobic
characteristics and formed an effective "light-capturing" system. Notably, the m-NMPA veneer
exhibited exceptional superhydrophobic passive anti-icing and effective photothermal active
de-icing capabilities. The micro/nano-structure of the veneer created a hollow section,
meaningfully prolonging the icing time of water. Specifically, in extremely cold circumstances
(-30 °C), the icing time was increased by a factor of 7.3 relative to the pristine substratum.
Additionally, beneath sun irradiation, face droplets remained unfrozen. The outstanding
photothermal efficiency was due to the tenacious anchoring of nickel bits on the MXene,
enabling impressive photothermal synergy. The eyelash-like micro arrangement order also
improved light-capturing efficiency, causing a high light absorption rate of 98%.
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Ni@Ti3C,Tx hybrids were synthesized through a mild co-solvothermal method (Figure 17).
Specifically, 1 g of Ti3C2.Tx MXene nanosheets was dispersed in a mixture containing 80 mL
of ethylene glycol (EG). Then, 4.05 g of NiCl,-6H>O was added to the suspension and agitated
for 10 minutes. The pH of the blend was trimmed to approximately 11 using a 1 mol/L NaOH
solution. Following this, 8.8 mL of N>Hs-H>O was introduced and stirred to ensure all
components were fully dissolved. The blend was then heated to 80 °C in an oil bath for 1 hour.
After synthesis, the product was completely rinsed with water and alcohol before evaporating.
Moreover, the microstructure helped retain heat at the surface's uppermost layer, optimizing
heat energy utilization for melting and thawing ice. Beneath sunlight, the m-NMPA veneer
could quickly fuse about a 4 mm thick ice pad in 558 seconds and eject the fused water
immediately, minimizing the hazard of peripheral freezing. Moreover, the ice sticking force on
the m-NMPA veneer's surface was notably low, with an adherence strength of nearly 4.7 kPa
for a 1x1 cm? ice column. After doing extensive longevity trials containing xenon lamp
weathering, pressure persistence, consecutive adhesive tape tests, xenon lamp exposure, water
drop impact tests, and consecutive scrubbing with hydrochloric acid and bits, the layer
maintained exceptional surface structure and superhydrophobic proficiency. The photothermal
superhydrophobic passive anti-icing and active de-icing technologies presented in this research
utilized tolerable solar energy for impressive thermal production. This approach offers a
substantial potential for factual usages, boasting advantages such as plain manufacturing,
environmental kindliness, excellent anti-freezing results, and remarkable persistence.
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Figure 17. Schematic of the synthesis method and formation mechanism of Ni@Ti;C2Tx
hybrids.!”

4. Advantages and disadvantages of anti-icing and de-icing methods
In this research, various methods of dealing with the phenomenon of icing, which include

active and passive de-icing, and active and passive anti-icing, were investigated. Each of these
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methods has advantages and disadvantages. The advantages and disadvantages of the most
commonly used methods are presented in Table 1.!%1434176

Table 1. The advantages and disadvantages of conventional anti-icing and de-icing methods

Anti-Icing and de-icing

technology Advantage Disadvantage
Mechanical de-icing Effective de-icing and easy I;Ilii}ll rg\?vce:};mezscostg ZV;SI:; (;f
technology removal of thick ice power, casy g

surface

The clear de-icing effect,
short de-icing time, the wide
application range
Lower the melting point of
ice and completely remove
the ice layer
Superhydrophobic anti-icing  Resource-saving, low-cost,

High energy consumption,
easy to start a fire

Heating de-icing and anti-
icing Technology

Pollute the environment and
corrode material surfaces

Chemical-based de-icing
and anti-icing technology

Poor mechanical stability

nanocoating and anti-icing effect
. . P hanical stabilit
Photothermal de-icing Resource-saving, low-cost, oot mechanical stabiity
) S and requires the presence of
nanocoating and anti-icing effect

light

5. Perspective and summary

Many efforts and research have been made to deal with the phenomenon of icing. On the one
hand, de-icing methods such as hot air flow, electrical current, and mechanical operations, and
on the other hand, anti-icing methods such as surface super-hydrophobicity and the use of
nanocoating have been performed. Because of the drawbacks and limitations related to de-icing
methods, anti-icing methods are getting more attention nowadays.

Meanwhile, the use of polymer nanocomposites as a nanocoating has achieved very favorable
results in the field of anti-icing procedures. These nanocoatings create anti-icing surfaces by
making harshness on the surface and making the surface super-hydrophobic. The trend diagram
with the topic of “polymer nanocomposite for anti-icing coatings” on Web of Science is shown
in Figure 18.
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Figure 18. The number of published articles per year indexed in the Web of Science on the
topic of “polymer nanocomposite for anti-icing coatings”.

On the other hand, it should be noted that different procedures should be used to reach a
complete anti-icing surface. Therefore, photothermal nanocomposites can be a suitable option
in this regard. Because, at the same time that this group of polymer nanocomposites have
superhydrophobic properties, they also generate heat when they are exposed to sunlight, which
causes the ice to disappear and reduce its adhesion to the surface. The best nanoparticles to use
in photothermal polymer nanocomposites are carbon nanoparticles and MXenes. This selection
is due to the unique thermal and electrical properties of this group of nanoparticles. The trend
diagram with the topic of “superhydrophobic and photothermal anti-icing nanocoating” on the
Google Trends site is shown in Figure 19. As it is clear in the graph, in 2019 and 2022 a total
of 182 articles with titles related to “superhydrophobic and photothermal anti-icing
nanocoating” topics have been published, which shows the special characteristics of these
nanocomposites as anti-icing nanocoatings.

On the other hand, polymer materials used in polymer nanocomposites can have unique
properties, such as self-healing, apart from having hydrophobic properties. This issue increases
the durability of this type of nanocoating. Silicone and PDMS polymer materials can be suitable
options considering their characteristics in this regard.
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Figure 19. The number of published articles per year indexed in the Google Trends site on the
topic of “superhydrophobe and photothermal anti-icing nanocoating”.

6. Conclusion

In this research, types of ice have been explored in terms of their appearance and how they are
formed. Also, various theories of wetting and icing mechanisms have been analyzed. At last,
the types of methods to counteract icing, such as surface superhydrophobicity and anti-icing
nanocoatings, have been investigated. Organic and inorganic nanomaterials, mainly SiO»,
CNTs, graphene, carbon nanofibers, CuO, Fe304, TiO2, TiN, and MXenes can be incorporated
to develop anti-icing polymer nanocomposites. Polymer matrixes, especially PMMA, PDMS,
PTFE, silicone, and polyurethane can be incorporated to develop anti-icing polymer
nanocomposites. Superhydrophobic polymer nanocomposite veneers developed by joining the
area of polymer composite technology, nanoscience, and superhydrophobicity have emerged
as an impressive way to ameliorate anti-icing veneer characteristics. Photothermal polymer
nanocomposites are established on conventional superhydrophobic surfaces to add
photothermal substances for amendment, which photothermal substances have a high sunlight
absorption level, and do not affect the primary properties of the veneer.
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