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ABSTRACT

Solar energy-based renewable energy conversion and storage technologies offer a great promise of combating energy shortage and transi-
tioning to a sustainable society. Efficient collection and transformation play decisive roles in optimizing the harvest of solar energy.
Photothermal conversion has emerged as the most efficient solar energy conversion technology, particularly, photothermal coatings
could convert light into heat and has triggered a surge of interest in ice removal related applications. Here, we present a comprehensive
review of popular documented photothermal conversion materials and the mechanisms of photothermal conversion technologies.
Additionally, we pay attention to efficient light-trapping structures for outperformed solar-driven photothermal materials. After that, we
investigate the mechanisms of the deicing process. Finally, we discuss the progress of photothermal deicing systems and summarize
future challenges in improving their performance. This review serves as a reasonable reference for the classification of photothermal
materials and the construction of light-trapping structures, providing valuable insight into the design of photothermal materials for anti-
icing applications.
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I. INTRODUCTION

Unexpected icing may pose a serious threat to critical infrastruc-
tures, such as power lines, wind turbines, and communication towers,
as well as daily vehicles such as airplanes and cars, which can lead to
catastrophic accidents.' * At present, methods such as electrothermal
deicing, hot air deicing, and mechanical deicing are utilized to remove
ice.” However, these techniques are typically energy-intensive.
Chemical-based deicing methods, such as spraying salt solutions, can
lower the freezing point of water and diminish ice accumulation, while
the strategies would cause environmental pollution and also accom-
pany unavoidable corrosion of metallic equipment.” As an abundant
renewable energy source, solar energy offers many benefits in solving
the global energy shortage issue, including its broad spectrum and
wide availability.”” With the phasing-out of fossil fuels due to environ-
mental concerns, solar energy is increasingly prevalent in our daily
lives."” Photovoltaic conversion'' and photothermal conversion'” are
two main ways to utilize solar energy. In this review, we focus on pho-
tothermal conversion, which refers to absorbing sunlight and convert-
ing it into thermal energy.” In general, the mechanisms of
photothermal conversion can be classified into three categories: plas-
monic heating," electron-hole generation and relaxation, ~ and ther-
mal vibration of molecules.'®

The efficiency of solar energy collection primarily depends on
the selection of photothermal materials and the design of light-
trapping surface structures.'””'® Photothermal materials used for
deicing require adequate optical absorption across the spectrum of
sunlight (295-2500 nm)."” This review covers various photother-
mal materials, including carbon materials,”’ two-dimensional (2D)
non-carbonaceous materials (e.g., MXene),”' polymer materials,””
and metal matrix materials.”” The sunlight absorption rate deter-
mines the photothermal conversion,”* which could be improved
by the design of light-trapping structures.”” The structures manipu-
late the direction of light propagation, resulting in increased optical
reflection inside the material and reduced optical reflection on the
surface.”® There are three typical optical trap structures, array struc-
tures,”””® porous structures,”” and random particle structures.”’

A solar anti-icing/deicing (SADI) surface is a cost-effective means
of decreasing the formation of ice/frost or directly melting ice by
focusing solar energy as heat.”"”” There are essential prerequisites,
including broadband sunlight absorption, effective solar conversion
excellent ice removal performance, scalable production, low cost, and
long-term stability, to achieve the widespread implementation of
SADI materials. However, photothermal anti-icing has practical
limitations due to restricted light absorption under zero-light or
weak-light conditions. Thus, a “photothermal+” strategy that com-
bines photothermal deicing with other deicing methods is necessary to
achieve satisfactory performance. The strategy is mainly employed to
compensate for the lack of sunlight during the nighttime. For instance,
Fig. 1 shows the combination of photothermal anti-icing and phase
change energy storage techniques that can effectively deice during the
day and night.”” The photothermal material releases heat in the pres-
ence of sunlight, while phase change energy regulates the ambient
temperature in the absence of light. The combination of photothermal
and electrothermal anti-icing strategies can also provide uninterrupted
ice-free performance throughout the day by electrothermally provid-
ing heat during nighttime.”* The two techniques complement each
other. In addition, the combination of the photothermal and
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superhydrophobic strategies can quickly remove ice from the sur-
face.” This is achieved by melting the accumulated ice through the
photothermal effect and allowing the melted water to slide off from
the superhydrophobic surface (SHS) layer. This approach reduces the
adhesion strength of ice on the photothermal material surface and
offers a promising prospect for anti-icing applications in extreme
environments.”®

In this review, recent works on photothermal deicing coating
strategies are spotlighted. Here, we begin with a discussion of multiple
photothermal mechanisms. After that, photothermal materials with
different photothermal conversion mechanisms are overviewed and
classified. In the third part, we introduce three types of light-trapping
structures that have been witnessed to improve sunlight absorption.
Fourth, different deicing mechanisms are investigated. Fifth, the
research progress of photothermal deicing coatings is presented.
Finally, we conclude the review by outlining potential challenges and
future research directions of photothermal coatings for anti-icing/deic-
ing applications. We hope this review can facilitate the understanding
and development of photothermal deicing.

Il. PHOTOTHERMAL MECHANISMS

The process of photothermal conversion is a complicated and
interconnected series of stages. It involves several steps, including the
absorption of light, conversion of photon energy to heat energy
through phonons, transferring heat through bulk phase and interface
of materials, and causing phase transformations in substances. When
photons interact with electrons in the material, the electrons absorb
photon energy through energy level transition or plasmon resonance,
resulting in high-energy electrons in the excited state, also known as
hot electrons.”” * These hot electrons tend to return to a state of ther-
mal equilibrium by transferring and redistributing some of their
energy through secondary radiation or vibrational relaxation. This
transition of electrons to excited states and the restoration of thermal
equilibrium result in the production and diffusion of heat energy, often
leading to an increase in temperature.” In general, the mechanisms of
photothermal conversion can be classified into three categories: plas-
monic heating,* electron-hole generations and relaxation, ” and ther-
mal vibration of molecules.'®

A. Plasmonic heating

Compared to other materials, metals typically have a high concen-
tration of free electrons. When a metal’s surface is exposed to a photon
of a particular wavelength, the electrons can collectively oscillate in
response to the photon’s electric field, which leads to a phenomenon
known as the local surface plasmon resonance effect (LSPR). This effect
enhances the scattering and absorption of incoming photons [as shown
in Fig. 2(a;)],” resulting in the release of heat through a process called
the plasma photothermal effect. Within a short period (1-100 fs), the
generated hot carriers undergo electron—electron relaxation, electron-
phonon relaxation, and phonon-phonon relaxation,” ultimately con-
verting light energy into heat energy [as depicted in Fig. 2(a,)].

B. Electron-hole generation and relaxation

As solar photons come to interact with semiconductors that have
a narrow bandgap, the electrons in the valence band (VB) get stimu-
lated to move up to the conduction band (CB) since the solar energy
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surpassed the bandgap of the materials, producing excited electrons
and holes in the CB and VB, respectively. The excess energy is then
transformed into heat via non-radiative mechanisms as the excited
electrons and holes relax to the corresponding CB and VB edges [Fig.
2(b)].**" However, for direct bandgap materials, the radiative recom-
bination of electrons and holes leads to the loss of photothermal per-
formance through the release of photons. Generally, the optical
absorption of a semiconductor can be enhanced by introducing in-
band energy states, reducing the bandgap, and creating LSPR through
heteroatom doping, as shown in Fig. 2(b,)."*

C. Thermal vibration of molecules

Materials with abundant conjugated 7 bonds can absorb photon
energy, causing their electrons to become excited and then move from
the ground state 7 orbital to the higher excited n* orbital, as shown in
Fig. 2(c,).”” The heat is released when the excited electron relaxes back
to its ground state. By incorporating additional components into the
conjugated polymer, as depicted in Fig. 2(c,), not only the range of
light absorption can be broadened, but the photoluminescence (PL)
emission of the conjugated polymer can also be inhibited. As a result,
the photothermal conversion efficiency of the resulting photothermal
composite is improved.*’

h-G foam
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FIG. 1. Schematic diagram of the scope
of the review.

The photothermal conversion efficiency (p) is an important
parameter for the evaluation of the performance of photothermal
material, which refers to the material’s ability to absorb external radia-
tion and produce phonons. The efficiency () can be determined using
the following formula:

hS(Tmax - Tsm’r) - Qdis
I(1—-10"%) '

0= 1)
where T,,,, and T, represent the highest temperature of the solute
and ambient temperature, respectively. The thermal conductivity, the
area of the sample, and heat dissipation caused by the absorption of
light by the sample are denoted as h, S, and Q;,, respectively. I refers
to the intensity of the incident light, 4 is the wavelength, and a is the
absorbance of the sample.

lll. PHOTOTHERMAL MATERIALS

In general, a good material candidate for photothermal conver-
sion should absorb sunlight with negligible transmittance and reflec-
tance across the full solar spectrum range (295-2500nm) while
converting the solar energy to heat energy efficiently without undergo-
ing any energy transformation or reradiation. Ultra-black or super-
black materials induced by small conductors are surfaces that can
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FIG. 2. Photothermal mechanisms: (a;) plasmonic heating;* (a,) dynamics of plasmon decay and time evolution of charge carriers; "’ (b4) electron-hole generation and relaxa-
tion;”® (b,) band structure of doped semiconductors; " (c;) thermal vibration of molecules;* (c,) photothermal generation from an original conjugated polymer and conjugated
polymer matrix composites.** Panel (a;) reproduced with permission from Chen et al., Joule 3, 683-718 (2019). Copyright 2019 Elsevier Ltd. Panel (az) reproduced with per-
mission from Ahlawat et al., Commun. Mater. 2, 114 (2021). Copyright 2021 Author(s), licensed under a Creative Commons Attribution. Panel (b4) reproduced with permission
from Chen et al., Joule 3, 683-718 (2019). Copyright 2019 Elsevier Ltd. Panel (b,) reproduced with permission from Liu et al., Environ. Sci.: Nano 9, 2264-2296 (2022).
Copyright 2022 Royal Society of Chemistry. Panel (c4) reproduced with permission from Chen et al., Joule 3, 683-718 (2019). Copyright 2019 Elsevier Ltd. Panel (c,) repro-
duced with permission from Xiao et al., ACS Appl. Polym. Mater. 2, 4273-4288 (2020). Copyright 2020 American Chemical Society.

absorb nearly all incoming light, including visible and infrared light,
resulting in an extremely dark or black appearance.”* These materials
are fabricated by constructing a surface composed of densely packed,
subwavelength-sized conductive structures, commonly made from
metals or carbon nanotubes (CNTs), which are designed to trap and
absorb incident light across all angles and wavelengths.*”** We catego-
rize ultra-black materials into four distinct groups: carbon-based mate-
rials, two-dimensional transition metal carbides (MXenes), organic
polymer materials, and metal-based materials.

A. Carbon-based materials

Carbon-based materials can absorb sunlight in the full solar spec-
tral range (295-2500 nm) with a high solar absorption rate, excellent
structural tunability, and processability, showing competitive advan-
tages in the field of photothermal conversion. These properties are
mainly attributed to their conjugated structures, which allow for
strong absorption of infrared radiation. When these materials absorb
light energy, the 7 electrons in their bonding molecular orbital transi-
tion to the ©" orbital. As the excited electrons decay to the ground
state, they release part of the absorbed energy in the form of heat,
resulting in the photothermal effect.”” Commonly used artificial car-
bon materials include the graphene family [graphite, graphene, carbon

nanotubes (CNTs)], and carbon-based composites.47 To enhance sun-
light collection, various nanostructures in which the incident light can
be trapped have been developed, such as vertically aligned, porous,
and layered nanostructures [Fig. 3(a)].

B. Two-dimensional transition metal carbides
(MXenes)

Recently, 2D materials MXenes have demonstrated a unique and
appealing photothermal conversion performance, as shown in Fig.
3(b)."" Specifically, the photothermal conversion efficiency of TizC, Ty
is estimated to be about 100%."” Such a high conversion efficiency is
benefited tremendously from its electromagnetic interference shielding
effect”” and LSPR effect,”’ which can effectively absorb solar energy
and convert it into heat energy for storage and utilization. To tackle
the intrinsically high conversion efficiency, studies of photothermal
MXenes are still in their infancy, and further investigation is required
to unravel the mechanism responsible for its high conversion
efficiency.”

C. Organic polymer materials

At present, the organic photothermal materials mainly include
conjugated polymers (polypyrrole, polydopamine, polyaniline, etc.)
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and small molecular dyes such as diketopyrrolopyrrole (DPP), indoc-
yanine green (ICG), and IR780, as shown in Fig. 3(c). Most polymeric
photothermal conversion materials have conjugated chemical struc-
tures. When photoexcited, the excited electrons can migrate freely
along the conjugated 7 skeleton in the polymer backbone and can be
captured by energy receptors at any site, resulting in efficient energy
transfer. Polymeric photothermal conversion materials are character-
ized by excellent photothermal performance, diverse structures, and

ease of surface modification, all of which make them potential candi-
dates for practical applications."”

D. Metal-based materials

Metal-based photothermal materials mainly include metal nano-
materials (:Au, Ag, Pt, Pd, etc.) and their compounds (Fe;O,4, CusS,
TiN, etc.).”” Metallic materials have a unique LSPR effect. When

Appl. Phys. Rev. 10, 021317 (2023); doi: 10.1063/5.0148288
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precious metal nanoparticles (NPs) are exposed to light with a fre-
quency that matches the overall vibration frequency of the metal’s
electrons, they absorb the photons and generate heat. However, the
plasma resonance effects of precious metal particles are limited to a
specific wavelength range, restricting their utility in solar energy con-
version.'” To improve the photothermal conversion efficiency of
LSPR-based materials, various approaches can be employed. For
instance, modifying the shape of the metal nanoparticles can adjust
the absorption bandwidth, as illustrated in Fig. 3(d). Additionally, gen-
erating plasma coupling by using resonance modes of metal NPs, as
depicted in Fig. 3(e), can lead to remarkable photothermal effects in
the gap between two metal nanoparticles positioned in proximity to
each other with spacings smaller than their diameter.

IV. PHOTOTHERMAL CONVERSION PARAMETERS

A. Light absorption—Construction of the light-trapping
structures

Light absorption has an important effect on photothermal con-
version. In addition to the inherent absorption properties of the mate-
rials, design and preparation of a light-trapping structure, which
changes the light propagation direction, can achieve frustrated total
internal reflection and thus effectively improve light absorption.”” The
incident light would be trapped inside the structure, and the energy
loss of internally reflected light can be reduced by extending the optical
path length.”"** Moreover, the light-trapping structures lead to a
reduction in transmittance,” ultimately maximizing light absorption
by fully reducing surface reflection and transmission.”” Common
light-trapping structures include array structures, porous structures,
and random particle structures.

The array structure is among the most studied light-trapping
structure for boosting sunlight absorption. Xie et al. fabricated a
ST@CA/CC surface that utilizes an array structure to increase sunlight
absorption, resulting in a ~99% absorption rate across the entire solar
spectrum. The surface features a dense and uniformly distributed array
of carbon nanowires on a carbon fiber substrate, which enhances light
absorption through the light-trapping effect, as shown in Fig. 4(a,).”*
Figure 4(a,) shows a multifunctional magneto-responsive photother-
mal composite cilia array (MRPA) that also utilizes a light-trapping
array to remove ice accretion.”” The photothermal multiwalled carbon
nanotubes (CNTs) coating layer in the MRPA contains micro/nano-
scale hierarchical structures and magnetic composites, allowing it to
generate enough heat by converting absorbed sunlight.

The porous structure offers an enhanced light absorption ability
through the effects of light trapping and multiple scattering events, as
shown in Fig. 4(b;). There are two common ways to construct porous
structures. The ice template method represents an important one due
to its widespread availability, environmental friendliness, and simple
control process of the pore structure. Using oriented ice crystals as
templates, one can design the pore structure of porous materials by
controlling the nucleation and growth of ice crystals.”” The process is
illustrated in Fig. 4(b,), where precursor monomers/polymers are
squeezed together as ice crystals grow from the bottom up in the pres-
ence of a surrounding temperature gradient, leading to dense poly-
meric pore walls at the grain boundaries of the growing ice crystals.
Porous channels with distinct orientations have also been observed in
Photothermal Macroporous Xerogels (PMX) due to the oriented
growth of ice crystals along the temperature gradients.”” In addition,
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commercial white sugar particles could also be employed as pore tem-
plates.”® Figure 4(bs;) shows a porous paraffin/polydimethylsiloxane
(PDMS)/reduced graphene oxide (rGO) material prepared with a
sugar template. The PDMS/rGO coating is capable of using solar illu-
mination for in situ deicing. The size of the pores can be tailored by
selecting sugar particles with different sizes.

In terms of the random particle structure, the particles can be the
same or of different sizes. Zhang et al. prepared virus-like graded
micro-nano structures that are uniform in size. The particles in this
structure resemble virus on a micrometer scale, with a diameter of
approximately 1 um and nanoscale protrusions measuring 30 nm in
diameter.”” These particles are loosely stacked on the top of each other,
leaving microscale voids left on the surface [Fig. 4(c)].%” The virus-
like nanoparticles can significantly reduce outward reflections and har-
vest near-infrared radiation through multiple internal reflections
between the nanoscale protrusion and microscale particles. Another
example of a random granular structure is shown in Fig. 4(c,), which
is composed of interconnected soot particles with a typical diameter of
100 nm.”® The candle soot particles provide hierarchical nano/micro-
structures, which release heat via the photothermal effect to melt accu-
mulated ice when illuminated by sunlight, as shown in Fig. 4(c,).

B. Heat transfer loss

In addition to enhancing light absorption, it is also important to
reduce the heat transfer losses. The primary sources of energy loss dur-
ing the photothermal conversion process are thermal conduction, con-
vection, and radiation loss.””

Heat conduction is the process where heat is transferred from
hotter to colder regions within an object due to molecular collisions.””
The following formula describes the heat transferred per unit time
during the heat conduction process through solid materials and can be
utilized to calculate the heat conduction loss for materials or structures
at a specific temperature difference:

Q=ka T @)
where k stands for heat conduction coefficient; A represents heat
transfer area; T; and T, represent the temperature on both sides,
respectively; and d is the heat transfer distance.

To mitigate heat conduction losses, possible solutions include:
utilizing materials with low thermal conductivity; increasing the mate-
rial’s thickness; and decreasing the heat conduction area.””

Heat convection involves the transfer of heat via fluid motion.”
During the photothermal conversion process, heat convection typically
results from energy loss due to convective circulation created by the
rising of hot air and the sinking of cold air. The subsequent formula
can be used to calculate the heat convection loss:

Q = hA(Ts — Tiyp), 3)

where Q is heat convection loss; h is convective heat transfer coeffi-
cient; A is the heated surface area; Ty is the surface temperature; and
Tint is the ambient temperature.

To decrease heat convection loss, certain steps can be imple-
mented, including constructing insulation around the system and reg-
ulating the air flow speed.”*””
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from Xie et al., ACS Appl. Mater. Interfaces 13, 48308-48321 (2021). Copyright 2021 American Chemical Society. Panel (a,) reproduced with permission from Lee et al.,
Compos. Sci. Technol. 217, 109086 (2022). Copyright 2021 Elsevier Ltd. Panel (b;) reproduced with permission from Gu et al., Nano Energy 74, 104857 (2020). Copyright
2020 Elsevier Ltd. Panel (by) reproduced with permission from Yu et al., ACS Appl. Mater. Interfaces 13, 37609-37616 (2021). Copyright 2021 American Chemical Society.
Panel (c4) reproduced with permission from Zhang et al., Adv. Funct. Mater. 32, 2201795 (2022). Copyright 2022 Wiley-VCH.

Thermal radiation is the process of heat transfer via electromag-
netic waves, which does not necessitate a medium. When an object’s
temperature is above absolute zero, it emits heat energy into its sur-
roundings.”” As per the Stefan-Boltzmann law illustrated in formula
(4), the energy of thermal radiation is proportional to the tempera-
ture’s fourth power, implying that an object with a higher temperature
releases more energy,

j'=eaT (4)

The proportionality coefficient ¢ is called the Stefan constant; € is
the radiation coefficient of black body; if absolute bold, € =1;

T stands for absolute temperature. To minimize thermal radiation
loss, certain strategies can be employed to enhance photothermal
conversion efficiency. For instance, choosing materials with lower
absorptivity and higher reflectivity can reduce the amount of light
energy absorbed.”® By employing these methods in combination, the
energy conversion efficiency of the photothermal conversion system
can be enhanced.

V. MECHANISMS OF DEICING

So far, based on different stages of icing, three main approaches
have been reported to achieve anti-icing on material surfaces: (1) prior
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to icing, preventing the surface from coming into contact with water
droplets by directly eliminating water from the surface, (2) during
icing, slowing down the nucleation of ice in water droplets to extend
the icing time, and (3) after icing, minimizing the adhesion between
the formed ice and the surface of the material.

A. Preventing water adhesion

There are three different methods for removing water droplets
from surfaces: direct rolling, self-jumping, and rolling off a liquid
lubricating layer. Each method has its unique mechanism and applica-
tion. Direct rolling is most effective for water droplets at the macro
scale or flowing water. Due to the low contact angle hysteresis
(CAH < 5°) of the surface, moving water droplets are forced to
rebound or roll-off the surface prior to freezing. Self-jumping refers to
the self-migration of tiny water droplets formed by micro-water vapor
condensation in the condensing environment.”” Surfaces with super-
hydrophobic properties can cause these droplets to merge and release
surface energy, which allows them to self-migrate and jump off the

REVIEW pubs.aip.org/aip/are

surface. Alternatively, water droplets can also jump off the surface due
to the small critical rolling radius on the superlubricated surface.

B. Inhibiting ice nucleation

For water to transition into a more thermodynamically stable
state by freezing, ice nuclei must initially form in the water that pos-
sesses a molecular structure similar to that of ice. However, the growth
of these ice nuclei leads to an increase in interfacial energy between the
ice and water, thereby reducing the thermodynamic favorability of fur-
ther growth. This rise in interfacial energy opposes the natural ten-
dency of water to freeze, creating a specific energy barrier for ice
nucleation.”” Once an ice nucleus grows to a critical size, the favorabil-
ity of ice growth surpasses the increase in interfacial energy, and the
energy barrier is eliminated, leading to complete freezing.”'
Nucleation can be generally divided into homogeneous nucleation and
heterogeneous nucleation [Fig. 5(a)].% Homogeneous nucleation
occurs spontaneously through the random arrangement of molecules,
while heterogeneous nucleation involves the formation of critical ice
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FIG. 5. Interface control ice nucleation: (a) ice nucleation can be formed through both homogeneous and heterogeneous nucleation;*” (b) the relation between the contact
area and the contact time of a droplet hitting a supercooled surface;™ (c) graphene oxide with a size smaller than the critical ice core can inhibit the nucleation of graphene
oxide;®” (d) study on the effect of charge on ice nucleation by graftlng stretched supercharged unfolded polypeptides onto a solid surface;® and () polyelectrolyte brush with
different resistance to anion and cation for regulating ice nucleation.” Panel (a) reproduced with permission from Schutzius et al., Langmuir 31, 4807-4821 (2015). Copyright
2015 American Chemical Society. Panel (b) reproduced with permission from M|shchenko et al., ACS Nano 4, 7699-7707 (2010). Copyright 2010 American Chemical Society.
Panel (c) reproduced with permission from Bai et al., Nature 576, 437-441 (2019). Copyright 2019 Nature. Panel (d) reproduced with permission from Yang et al., Adv. Mater.
28, 5008-5012 (2016). Copyright 2016 Wiley-VCH.
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nuclei on external surfaces. Homogeneous nucleation has a higher
nucleation barrier than heterogeneous nucleation when there is no
external interference.

Heterogeneous nucleation can be described by classical nucle-
ation theory, and the nucleation rate can be expressed by the following
formula:

fAG(T)> 7 5)

J(T) = K(T) Aexp (T

where K(T) is the dynamic preschool factor, A represents the contact
area between the droplet and the substrate, AG(T) represents the
Gibbs free energy barrier, kg represents the Boltzmann constant, and
T represents the substrate temperature.

According to classical nucleation theory, it is possible to prevent
heterogeneous nucleation by reducing the contact area between a
droplet and a substrate and increasing the nucleation energy barrier.
As shown in Fig. 5(b), when supercooled water drops are disturbed by
external stimuli, they quickly freeze and adhere to most surfaces,”
making it important to minimize their contact time with surfaces to
prevent ice nucleation.”*** By altering the material’s surface rough-
ness, ice-water interfacial tension, and volume Gibbs free energy dif-
ference, the heterogeneous nucleation energy barrier can be raised.*
Bai et al. used graphene oxide as a substrate to control ice nuclei
behavior”” and found that a size around 11 nm was effective in pro-
moting heterogeneous nucleation [Fig. 5(c)]. As shown in Fig. 5(d),
Yang et al. grafted supercharged unfolded polypeptides on solid surfa-
ces to study their charge effect on ice nucleation and found that

(a) -
Intrinsic

adhesion
&

P

Wenzel mode

Qﬁacroscopic adhesicy

© _ @y

Cassie ice
200

100

Yo R770040)
«quasi-liquid laye
el x\.LL_\! ol X \"4

Ice adhesion strength [kPa

10

180° 150°

FIG. 6. Ice adhesion mechanics: (a) intrinsic ice adhesion and macroscopic ice adhesion;’

REVIEW pubs.aip.org/aip/are

positively charged polypeptides stimulated ice nucleation, while nega-
tively charged polypeptides prevented it.** According to the classical
nucleation theory, supercharged polypeptides can not only change the
electrostatic energy density between ice nuclei and water of the same
volume through the action of an electric field but also change the sur-
face tension between ice nuclei and water through the substrate.”’
Therefore, the presence of overcharged peptides can change the nucle-
ation barrier of ice. A significant issue in realistic applications is the
impact of ions on the heterogeneous nucleation and ice formation of
supercooled water. He et al. discovered the Hofmeister effect, which
involves adjusting counterions on polyelectrolyte surfaces to control
nucleation and ice formation of supercooled water by affecting the
dynamic behavior and static structure of interfacial water during the
production of ice and supercooled water [Fig. 5(¢)].”

C. Reducing ice adhesion

Figure 6(a) depicts two types of ice adhesion, namely, intrinsic
adhesion and macroscopic adhesion.”" Icephobic coatings have been
developed to reduce the adhesion between the ice sheet and the sur-
face. Strategies for lowering the ice surface adhesion strength include
employing smooth, textured, slippery, and interfacial crack source
surfaces.””

(1) Smooth surfaces usually refer to uniform surfaces composed of
polymers with a low elastic modulus and low surface energy.
When an interface between ice and a substrate slides, dynamic
stick-slip movement of the ice under the action of tangential
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! (b) schematic diagram of rough substrate wetting in different modes;™ (c) a quasi-

liquid layer that forms at the interface serves as a lubricant to create effective low-ice adhesion;” (d) macro crack initiator (MACI) design for extremely low ice adhesion.”’

Panel (a) reproduced with permission from Zhuo et al., Chem. Eng. J. 405, 127088
Emelyanenko et al., Coatings 10, 648 (2020). Copyright 2020 Author(s), licensed under

(2021). Copyright 2021 Elsevier Ltd. Panel (b) reproduced with permission from
a Creative Commons Aftribution. Panel (c) reproduced with permission from Chen

et al., ACS Appl. Mater. Interfaces 9, 4202-4214 (2017). Copyright 2017 American Chemical Society. Panel (d) reproduced with permission from Zhuo et al., Chem. Eng. J.

405, 127088 (2021). Copyright 2021 Elsevier Ltd.
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force leads to debonding, thus forming an air cavity at the inter-
face. The propagation of this air cavity leads to further stick-
slip movement, reducing ice adhesion strength.”” The formula
used to estimate ice adhesion strength on these surfaces is as
follows:

Tice X M: (6)
t
where W4, is the adhesive strength work between ice and
material, u is the shear modulus of the material, and ¢ is the
thickness of the film.The formula indicates that materials with
low surface energy and low shear modulus can be used to create
surfaces with low ice adhesion strength.

(2) Layered structures, such as superhydrophobic surfaces (SHSs)
and hydrophobic surfaces, are typically present in textured sur-
faces with ice repellency. In the case of hydrophobic surfaces,
the molecular interaction leads to significantly low ice adhesion.
The adhesion work (W,) of liquid and solid in contact corre-
lates with the contact angle, as shown in the formula:

Wﬂ = ylv(l + cos 96)7 (7)

where y,, is the liquid—-vapor surface tension, and 0, is the equi-
librium contact angle. Wa of liquid water is often directly
related to the ice adhesion strength to the surface. The premise
of SHSs with reduced ice adhesion is the presence of a Cassie
wetting state, as shown in Fig. 6(b).”*

(3) The effectiveness of reducing ice adhesion through lubrication
primarily relies on the material’s capacity to accommodate ice
with a smooth interface. The existence of a liquid layer can
serve as a lubricant when ice forms on such a smooth surface,
reducing the contact between the ice and the underlying sub-
strate [Fig. 6(c)].”” The resist icing ability of the device/system
can be impacted by both the substrate and the interfacial lubri-
cating layer.

(4) According to the classical fracture mechanics theory, ice adhe-
sion strength can be expressed as

7= \/EG/(naA), (®)

where G is the surface energy, E is the apparent Young’s modu-
lus, a is the total crack length, and A is a dimensionless
constant.

Generating cracks at the interface between ice and substrate
shows promise as an effective method for achieving low ice adhesion.
Based on the principle of fracture mechanics, a surface containing
crack initiators was prepared at the ice-substrate interface, which
enhanced the generation of cracks and effectively reduced the adhe-
sion of ice [Fig. 6(d)].>°

VI. CHALLENGES OF PHOTOTHERMAL DEICING
COATINGS

Ice accumulating on exposed surfaces is common in cold weather
and compromises the normal operations of devices and facilities. To
overcome this issue, photothermal anti-icing surfaces are a preferred
solution due to their cost-effectiveness, excellent energy-saving bene-
fits, and eco-friendliness. However, it is still challenging to improve

pubs.aip.org/aip/are

the conversion efficiency of photothermal coatings, overcome the limi-
tation of solar radiation intermittence, and achieve high visible light
transmittance in photothermal systems.

A. Transparent photothermal deicing coatings

One critical issue that plagued the development of photothermal
anti-icing/deicing surfaces for long-time employment is poor transpar-
ency. Photothermal deicing coatings should be opaque and/or black
since transparent objects barely absorb light.”””* However, it is highly
desirable to have good transparency for deicing/defrosting surfaces
used in telescope lenses, windows, windshields, electronic displays,
and solar cells.””'"’ Over the past five years, some inspiring works
have reported transparent photothermal coatings, which are summa-
rized in Fig. 4.

Au nanoparticles embedded in TiO, were used to create metasur-
faces that strike a balance between optical transparency and light
absorption. By employing a subwavelength-thick LSPR material with
broadband visible light absorption, the metasurfaces are able to main-
tain some level of transparency even under freezing conditions. One
study found that concentrating solar energy on the surface causes a
notable increase in temperature, exceeding 10 °C, enabling rapid deic-
ing within 30s.""" Similarly, Walker et al. also designed a metasurface
using Au nanoparticles and TiO, which exhibits outstanding defog-
ging and antifogging properties through a comparable process.'””

The technique of layer-by-layer (LBL) assembly offers a new pos-
sibility for forming coatings that balance the photothermal effect and
transparency. It involves stacking alternating layers of two materials
that possess opposite charges through electrostatic attraction.'”” This
allows for easy adjustment of the coating’s thickness and structure,
which provides a convenient method to balance both the photother-
mal effect and light transmittance. Researchers have used this tech-
nique to create transparent photothermal icephobic surfaces by
assembling poly (acrylic acid) with a negative charge and polypyrrole
nanoparticles with a positive charge.'” In addition, the multilayer
structure consisting of negatively charged Ti;C,Tx MXene and posi-
tively charged poly(diallyldimethylammonium) also shows excellent
photothermal properties and transparency.'””

The majority of the existing photothermal materials utilize a
broad spectrum of solar energy. Unfortunately, ideal transparent pho-
tothermal coatings require a high degree of spectral selectivity, specifi-
cally high infrared band absorption (0.75-2.5um) and high visible
band transmittance (0.38-0.75 um). By incorporating cesium-doped
tungsten trioxide and benzotriazole NPs into thin resin films, Li ef al.
constructed a highly transparent photothermal coating. The coating
provides up to 82% visible light transmittance and high UV and near-
infrared light absorption (90%), resulting in significant photothermal
and defogging capabilities.'”” Recently, Dimos et al. synthesized a
transparent photothermal coating that selectively absorbs light to
inhibit fogging, which refers to placing a gold nanofilm between two
dielectric TiO, nanolayers (Fig. 7).""”

B. Effective combination of photothermal and other
deicing strategies (photothermal-+- strategy)
Although photothermal deicing offers obvious benefits, there are

drawbacks to consider. One significant issue is that the melted water
stays on the surface and can refreeze when the lighting is not constant.
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tion technology.'”” Li et al. developed a highly transparent, photothermally selective coating.'” Transparent, photothermal, and icephobic surfaces via layer-by-layer assem-
bly.'®* LBL-constructed ultrathin MXene multilayers can have a solid (i.e., liquid-free) omniphobic slippery (SOPS) coating put on top of them to create a highly transparent,
scaleable solar anti-/deicing surface.'”” An ultrathin passive metamaterial coating was constructed by sandwiching gold nanofilm between two dielectric TiO, nanolayers.'”’
Reproduced with permission from Mitridis et al., ACS Nano 12, 7009-7017 (2018). Copyright 2018 American Chemical Society. Reproduced with permission from Walker
et al., Nano Lett. 19, 1595-1604 (2019). Copyright 2019 American Chemical Society. Reproduced with permission from Li et al., Cell Rep. Phys. Sci. 2, 100435 (2021).
Copyright 2021 Author(s), licensed under a Creative Commons Attribution license. Reproduced with permission from Wu et al., Adv. Sci. 9, 2105986 (2022). Copyright 2022
Author(s), licensed under a Creative Commons Atftribution license. Reproduced with permission from Niu et al., Adv. Mater. 34, 2108232 (2022). Copyright 2022 Wiley-VCH
GmbH. Reproduced with permission from Haechler et al., Nat. Nanotechnol. 18, 137 (2022). Copyright 2022 Nature.

The remaining melted water has a high specific heat capacity and
reflects sunlight, which can significantly reduce photothermal effi-
ciency.”” Therefore, it is necessary to remove the melted water in order
to obtain a clean and dry surface. To address this issue, a combination
of photothermal deicing with other methods is proposed. In the fol-
lowing part, we present several combined strategies that can comple-
ment the drawbacks of sole photothermal deicing.

1. Combination of photothermal and slippery strategies

A liquid layer that separates the ice and substrate surface could
provide an anti-icing self-lubricating surface and limits ice adhesion to
the substrate.'”'”” The liquid layer can be either an oil lubrication
layer or a water lubrication layer.'’ Simulations have demonstrated
that the anisotropic motion of dangling hydroxyl groups on the sur-
face of ice can cause the hexagonal surface ice structure to melt and

break apart, forming a water lubrication layer at temperatures below
0°C [Fig. 8(2)].""" Therefore, newly formed ice can be easily removed
by wind due to the lower friction provided by the lubricant layer. It is
important to note that the effectiveness of the water lubricant layer is
limited by its temperature range, and below a certain temperature, the
layer may freeze, causing an increase in ice adhesion strength.' "
Slippery liquid-infused porous surfaces (SLIPS) use an organic
lubricant that is trapped within a microstructure, polymer, or porous
matrix material to create a smooth liquid surface with ultra-low ice
adhesion strength, as shown in Fig, 8(b).'"*""” Figure 8(c) shows the
fabrication process of a SLIPS system.'"* By combining photothermal
and slippery strategies, both active and passive anti-icing materials
work together to effectively melt frost/ice and prevent ice from stick-
ing, respectively [as shown in Fig. 8(d)].""” For instance, Zhang et al.
developed a smooth porous surface that consists of amino-
functionalized Fe;O, nanoparticles in a cross-linked network of
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and (e) to quickly defrost ice buildup and decrease frost accumulation, a sturdy lubricant-infused surface with photothermal responsiveness and reversible solid/

liquid transformation was created.”"” Panel (a) reproduced with permission from Ikeda-Fukazawa et al., J. Chem. Phys. 120, 1395-1401 (2004). Copyright 2004 AIP
Publishing LLC. Panel (b) reproduced with permission from Rykaczewski et al., Langmuir 29, 5230-5238 (2013). Copyright 2013 American Chemical Society. Panel (c) repro-
duced with permission from Wong et al., Nature 477, 443-447 (2011). Panel (d) reproduced with permission from Zhang et al., Langmuir 34, 4052-4058 (2018). Copyright
2018 American Chemical Society. Panel (e) reproduced with permission from Wu et al., Mater. Des. 185, 108236 (2020). Copyright 2020 Elsevier Ltd.

poly(ethylene glycol methyl ether methacrylate-co-glycidyl methacry-
late). The surface was infused with polyols and showed excellent active
photothermal deicing performance. The adhesion strength of ice on
the surface permeated by polyols is dramatically reduced, reaching an
ultra-low value of 0.1 kPa [Fig. 8(d)].""® The lubricant can occasionally
move from the wetting ridge and substrate structure to the frozen
droplet surface, driven by capillary forces [Fig. 8(b), right], which
could result in the lubricant being consumed during deicing or
defrosting cycles. However, lubricant depletion would reduce the coat-
ing’s durability and long-term ice resistance. Moreover, the environ-
mental pollution associated with organic lubricant depletion cannot be
ignored.''” The superior water-repellent and deicing qualities of
lubricant-infused surfaces are due in part to the high mobility and low
surface energy of liquid lubricants, but these same characteristics also
cause the lubricant to deplete in the presence of external shocks. To
improve the long-term stability of the liquid-infused surface, Wu et al.
proposed a concept of a solid-liquid switchable hydrophobic/smooth
lubricant by injecting a low melting point cocoa butter lubricant and
Fe;O, nanoparticles into porous anodized aluminum oxide sub-
strates.''” The Fe;O, nanoparticles release heat through the photother-
mal effect, melting the solid lubricant into a smooth liquid surface

with high hydrophobicity. The self-healing property of the lubricant
and the durability in the solid state synergistically diminish the loss of
lubricant and enhance the long-term stability of lubricant-infused sur-
faces, as shown in Fig. 8(e).

2. Combination of photothermal and superhydrophobic
strategies

Superhydrophobic surfaces (SHSs) with nano/microstructures
can remove water droplets during the condensation phase by delaying
ice nucleation and reducing ice accumulation.''”'*’ However, during
some deicing processes, the freezing water can damage the substrate
surface texture by partially penetrating the ice sheets and the substrate
surface structures, as shown in Fig. 9(;1).12 " In contrast, photothermal
superhydrophobic surfaces (PSHSs) employ a synergistic effect of pho-
tothermal conversion and superhydrophobicity.'*>'** These surfaces
can effectively absorb and convert sunlight into heat energy during the
day, increasing the surface temperature to melt the ice.'**'*” Again,
the remaining melted water that stays at the surface would decrease
the efficiency of photothermal conversion, as developed PSHSs can
immediately remove the melted water, thus demonstrating self-
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FIG. 9. (a) The presence of ice on superhydrophobic surfaces (left). The micro-nano structure will be destroyed in the repeated icing and deicing cycles due to the tip penetra-

tion (right).”*" (b) Schematic of the photothermal superhydrophobic icephobic surface.””

(c) Schematic of the superhydrophobic selective solar absorber (SHSSA). " (d) A low

emissivity photothermal superhydrophobic coating compatible with flat surfaces and complex surfaces.'*’ (e) Photothermal icephobic surfaces with self-removal of condensa-
tion due to self-propelling droplet transitions in extreme environments.”® Panel (a) reproduced with permission from Lv et al., ACS Nano 8, 3152-3169 (2014). Copyright 2014
American Chemical Society. Panel (c) reproduced with permission from Ma et al., Cell Rep. Phys. Sci. 2, 100384 (2021). Copyright 2021 Author(s), licensed under a Creative
Commons Attribution. Panel (d) reproduced with permission from Li et al., Adv. Funct. Mater. 32, 2113297 (2022). Copyright 2022 Wiley-VCH.

cleaning properties. Moreover, rain or molten water can wash away
dust and other pollutants to prevent blocking and scattering
[Fig. 9(b)].70,]26,127

To date, most of the reported PSHSs used nearly black materials.
While such materials are effective at absorbing sunlight, they tend to
lose a lot of thermal radiation in the mid-infrared range, which reduces
overall efficiency in converting solar energy into usable heat. As shown
in Fig. 9(c), Ma et al. fabricated a low-cost selectively absorbing photo-
thermal surface that is superhydrophobic by embedding titanium
nitride (TiN) photothermal nanoparticles onto etched aluminum
surfaces with micro/nanostructures. They obtained a high solar
absorption rate (90%) and low infrared emissivity (42%) through a
low surface energy treatment, which greatly reduced radiant heat loss
and led to highly efficient solar-thermal energy conversion.'** The ice-
phobicity of such PSHSs has only been demonstrated on flat planes,
leaving an open question on whether PSHSs could be applied to other
complex curved surfaces, ie., overhead lines."*’ Recently, Li et al.
presented a solar-assisted superhydrophobic nano-coating with low
emissivity that is compatible with both flat and complex curved surfa-
ces. The work demonstrated the accumulated ice could be successtully

removed from the coated power line cables at —15°C, as shown in
Fig. 9(d).!*°

Under extreme conditions such as very low temperatures and
high humidity, the loss of superhydrophobicity during deicing causes
the ice to seep into the surface roughness, increasing the adhesion
strength of the ice.”® This leads to a reduced photothermal conversion
efficiency. Zhang et al. created an efficient condensate self-removing
solar anti-icing/frosting surface (CR-SAS) inspired by wheat leaves
using ultrafine pulsed laser deposition. Through mutual water droplet
coalescence, the condensate self-removal ensures a continuous dry
area for light absorption and light-to-heat conversion, making CR-
SAS an excellent solar anti-icing material under cold and humid con-
ditions, as demonstrated in Fig. 9(e).”?

3. Combination of photothermal and phase-change
strategies

Icephobic systems that completely rely on solar energy are inter-
rupted during the night. This challenge has motivated the investigation
of the incorporation of phase change materials (PCMs) into
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photothermal materials, which offers a promising method for continu-
ous anti-icing and deicing. The incorporation of encapsulated PCM
(EPCM) can form surface protrusions that increase the surface rough-
ness, endowing the surface with hydrophobicity or even superhydro-
phobicity for anti-icing. Furthermore, the phase transition of the
EPCM during icing can cause a volume change, leading to the release
of latent heat and generating local shear stress on the surface. This can
result in a decrease in ice adhesion strength, as illustrated in Fig.
10(a).”*!

An effective combination of PCMs and photoresponsive materi-
als can integrate photothermal conversion, energy storage, and heat
release."”” In the presence of sunlight, photothermal materials initiate
the light-to-heat conversion, raising the temperature to a higher value
than the transition temperature of the PCM. Then, the PCM absorbs
significant heat energy through its phase change and stores it as latent
heat. In the absence of sunlight, the temperature drops considerably
below the transition temperature of the PCM, the stored heat energy
gradually releasing for zero-light deicing purposes. This cycle of energy

Shear stress by EPCM’s
volume change

Latent heat by Air pockets by
EP(‘M 's phase change surface protrusions

Air pockets by
surface protrusions  EPCM’s phase change

REVIEW pubs.aip.org/aip/are

conversion, storage, and release is repeated each time sunlight is pre-
sent or absent [Fig. 10(b)]."** Continued researches are looking for an
appropriate composite PCM since their applications are severely
restricted by intrinsic characteristics such as low thermal conductivity.

Porous PCMs show excellent temperature control performance,
good thermal conductivity, and high energy storage density, therefore
effectively achieving thermal management [Fig. 10(c)]."** For example,
Sheng et al. reported a solar phase change material (SPCM) composed
of expanded graphite (EG) and PDMS."”” The EG is treated at high
temperatures to create porous structures and a large surface area, and
then the PCM (tetracethane) is infiltrated into it using the vacuum
adsorption method to form a composite material. This is then intro-
duced into a PDMS matrix to produce the SPCM, which can remain
ice-free for 6 h after sunset [Fig. 10(d)]. Phase change material micro-
capsule is another form of PCM [Fig. 10(e)]."** The integration of a
phase change microcapsule layer with a superhydrophobic photother-
mal layer (SPT) has been successfully developed to provide whole-day
anti-icing performance [Fig. 10(f)]. Specifically, the energy stored by
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FIG. 10. (a) Mechanism diagram of phase change materials for anti- |cmg applications;*’ (b) schematic diagram of the concept of light-to-heat conversion and storage of
PCM;'** (c) preparation scheme of porous-based composite PCMs using a two-step method; ** (d) sustainable photothermal anti-icing material prepared by porous material
filled with phase change agent;'** (e) morphology of different types of microcapsules; *° and (f) photothermal phase change microcapsules for deicing.'*” Panel (a) reproduced
with permission from Ma et al., J. Energy Storage 31, 101638 (2020). Copyright 2020 Author(s), licensed under a Creative Commons Attribution. Copyright 2020 Elsevier.
Panel (b) reproduced with permission from Lin et al., Sol. Energy Mater. Sol. Cells 206, 110229 (2020). Copyright 2020 Elsevier. Panel (c) reproduced with permission from
Chen et al., Energy Environ. Sci. 13, 4498-4535 (2020). Copyright 2020 Elsevier. Panel (e) reproduced with permission from Jurkowska et al., Appl. Therm. Eng. 98, 365-373
(2016). Copyright 2016 Elsevier Ltd.
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PCM is released at night, effectively preventing ice accumulation, while
the SPT layer can subsequently remove water droplets promptly,
delaying the formation of an ice layer."”’

4. Combination of photothermal and electrothermal
strategies

Although the combination of photothermal material and PCMs
can provide deicing performance at night, the low energy storage capac-
ity of PCMs makes it difficult to maintain high efficiency throughout
the period."” Electrothermal deicing is the most commonly used strat-
egy for ice removal despite its high energy consumption and cost.
Combining the photothermal and electrothermal strategies can largely
mitigate these limitations, as shown in Figs. 11(a;) and 11(b,). Zhou’s
group reported the fabrication of a Ti;C, MXene/Nanocellulose com-
posite film [Fig. 11(a,)] which is capable of electrothermal and photo-
thermal heating.'” It has good performance in low-pressure driven
joule heating and photoresponsive heating, proving the feasibility of effi-
cient thermal deicing under practical conditions. In Fig. 11(b,), the elec-
trothermal anti-icing mode is turned on at night, while the
photothermal anti-icing mode is switched on during the day, resulting
in an ice-free film throughout the whole day.13 ? Figure 11(b,) shows a
porous photo-electro-thermal PDMS/polypyrrole (PPy) membrane that
can be used for all-day anti-icing/deicing applications. The unique hier-
archical structure provides more traps for incoming light and thus yields
outstanding broadband solar absorption, causing the membrane to
remain ice-free all day long due to the combined photothermal and elec-
trothermal effects."*” Adding solar panels to the system enables the elec-
trothermal anti-icing model to be powered in the absence of an external
power source and consume less power, making the combined strategy
more practical in the long run."*’

L
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5. Combination of photothermal and other strategies

The most effective anti-icing strategies in the future should ide-
ally demonstrate optimal performance in various conditions. To
achieve this, in addition to the aforementioned common photo-
thermal+- strategies, several other combination strategies are reviewed
as well. For instance, Dash ef al. reported a photothermal trap applied
on a substrate as a laminate, which consists of three mutually comple-
mentary layers, ie., a selective absorber of solar radiation, a thermal
spreader that disperses heat laterally, and an insulating layer that
reduces lateral heat loss [Fig. 12(2)].”° Another notable anti-icing coat-
ing developed recently utilizes patterned hydrogel encapsulated ice
nucleating proteins (PHINPs) to localize the ice nucleation on top of
the gel, as shown in Fig. 12(b). These PHINPs were patterned on a
photothermal polypyrrole surface, and the composite coating has
shown high anti-icing performance during the whole day.'**

Amphiphilic materials have bifunctional properties: hydrophobic
groups reduce the contact area between water and substrate, while
hydrophilic groups lower the freezing point of water. Consequently,
amphiphilic materials have potential use in deicing applications, as
shown in Fig. 12(c;)."* A coating with extremely low ice shear stress
has been designed by combining photoresponsive carbon nanofibers
and an amphiphilic material integrated with hydrophobic PDMS and
hydrophilic PVP [Fig. 12(c,)]."** To conclude, using the photothermal
effect alone is insufficient to prevent freezing in complex circumstan-
ces, and combining photothermal effects with other deicing methods
is highly desired for practical and flexible applications.

VIl. CONCLUSIONS AND PROSPECTS

In summary, we have given an overview of the progress of vari-
ous coatings that are massively employed in photothermal deicing and
survey design strategies for photothermal materials and structures.
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142 (1) amphiphilic organic gel shows great potential in anti-icing
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Photothermal heating is advantageous compared to traditional deicing
methods due to its low cost, environmental friendliness, and sustain-
ability. Choosing the appropriate photothermal conversion materials
is crucial to the effectiveness of photothermal deicers. Light-trapping
structures can improve solar energy absorption but may compromise
transparency to some extent. Selective solar absorption coatings are a
promising solution to balance visual transparency and photothermal
performance, requiring high absorption in the solar infrared spectrum
(0.75-2.5um) and high transmittance in the visible band
(0.38-0.75 um). To address the limitations of photothermal deicing in
complex environments, photothermal+ strategies have been devel-
oped to enhance deicing efficiency and create the next generation of
photothermal materials.

Although great gratifying progress has been made in laboratory
photothermal deicing, challenges remain, and there are key points
ahead for future research. First, while current techniques focus on the
integration of various photothermal materials with high photothermal
absorption and photothermal efficiency, the risk of overheating tem-
perature poses a significant danger. Therefore, the design of photother-
mal coatings that can automatically dissipate heat along with ambient
environments variation is encouraged. Second, practical photothermal
effects are subject to constantly varying sunlight intensity and position,
which laboratory measurements often fail to account for, as they typi-
cally only consider a fixed position (perpendicular to the surface) and

a constant intensity (1 kW m™?). Therefore, it is imperative to investi-
gate the photothermal icephobic surface under weaker light intensity.
These explorations in the future will speed up the development of pho-
tothermal deicing in practical applications.
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