REVIEW

W) Check for updates

ADVANCED
MATERIALS

www.advmat.de

Superhydrophobic Solar-to-Thermal Materials Toward

Cutting-Edge Applications

Shan Li, Peng Xiao,* and Tao Chen*

Dedicated to the 20th anniversary of the Ningbo Institute of Materials Technology and Engineering

Solar-to-thermal conversion is a direct and effective way to absorb sunlight for
heat via the rational design and control of photothermal materials. However,
when exposed to water-existed conditions, the conventional solar-to-thermal
performance may experience severe degradation owing to the high specific
heat capacity of water. To tackle with the challenge, the water-repellent
function is introduced to construct superhydrophobic solar-to-thermal
materials (SSTMs) for achieving stable heating, and even, for creating new
application possibilities under water droplets, sweat, seawater, and ice
environments. An in-depth review of cutting-edge research of SSTMs is given,

and application potentials are severely lim-
ited. A typical example of wearable ther-
mal management devices wetted by wa-
ter molecules can experience a sharp de-
crease of the surface temperature and can-
not generate enough thermal energy for
radiative heating. Another example shows
that when applied on water surface for
specific applications such as solar evapo-
rators or light-driven actuators, almost all
the thermal energy can be absorbed by the

focusing on synergetic functions, typical construction methods, and
cutting-edge potentials based on water medium. Moreover, the current
challenges and future prospects based on SSTMs are also carefully discussed.

1. Introduction

Solar energy is a green, renewable, and inexhaustible resource
that can be easily captured to realize diverse photovoltaic
and photothermal conversion.[!! As a direct and efficient tech-
nology, solar-to-thermal conversion can convert incident sun-
light into considerable thermal energy by the introduction of
well-designed light-absorbing materials.?) Among them, car-
bon nanomaterials,}] conjugated polymers,[*) and plasmon res-
onance nanoparticles’®! are widely applied owing to their high
photothermal conversion efficiency,®! showing a variety of poten-
tials in functional surfaces, thermal management devices, and
SO O1.

As conventional photothermal materials with hydrophilic or
hydrophobic wettability show considerable thermal losses to
water due to the high specific heat capacity, their efficiencies
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bulk water. Although water can seriously
weaken the solar-to-thermal performance,
the photothermal materials applied under
water conditions are inevitable. In addition,
a series of new and meaningful applica-
tions can be created based on the water en-
vironment. Therefore, the development of
water-repellent photothermal materials is highly desired for
exploiting the water-based solar-to-thermal applications.

Specifically, the introduction of superhydrophobic structure
into the solar-to-thermal materials system is expected to be con-
ducive to the implementation of continuous and stable thermal
supply.”) Superhydrophobic solar-to-thermal materials (SSTMs)
featured with hierarchical micro-nano structures can demon-
strate the capabilities of enhanced light capture and water re-
pellency to tackle with the unfavorable water disturbance. As il-
lustrated in Figure 1, multilevel micro-nano structural surface
can remarkably trap sunlight into the hierarchical structure, en-
hance sunlight absorption with multiple light reflections, and
further achieve remarkably enhanced solar-to-thermal efficiency.
On the other hand, the micro-nano structures can effectively
form air layers to prevent the water infiltration, allowing falling
water droplets on SSTMs to be quickly bounced away. Benefit-
ting from the synergetic effect of the two functions, SSTMs show
the capabilities of thoroughly repelling water and further main-
taining stable solar heating under diverse water conditions. The
well-designed SSTMs are expected to present the typical advan-
tages on the water-related environments (e.g., water droplets, wa-
ter surfaces, and even ice surfaces) and applications, such as anti-
icing and deicing,[®! seawater desalination,!®! soft actuators,[1% ef-
ficient energy utilization,"!l and biomedicine.[?]

Although there have been many reviews of the individual
superhydrophobic surfaces!'®*! or solar-to-thermal materials,!*]
the systematic introduction of SSTMs with synergetic functions,
typical design strategies, and cutting-edge applications has not
been summarized. As a member of photothermal materials,
the SSTMs demonstrate typical feature of water-repellent solar
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Figure 1. Schematic illustration of SSTMs with multilevel micro-nano
structural surface for enhanced solar-to-thermal conversion and water re-
pellency properties.

heating function, which can remarkably broaden the water-
related application field. Our research group has been dedi-
cated to exploiting solar-to-thermal materials, and especially, to
focusing on the construction of a series of SSTMs for sea-
water desalination, thermal management, and light-driven soft
actuators.['V1°] This review provides a tutorial overview that sum-
marizes the recent progress in SSTMs, focusing on the construc-
tion methods for superhydrophobic solar-to-thermal surface and
their cutting-edge applications under diverse water condition. A
systemic framework of SSTMs with construction methods and
potential applications is schematically depicted in Figure 2, in
which SSTMs can effectively absorb sunlight to generate consid-
erable thermal energy and further prevent the wetting of water
droplets. In addition, the construction strategies of SSTMs are
introduced in detail, including laser-etching, spraying, salt tem-
plate, chemical deposition, dip-coating, and layer-by-layer assem-
bly. Owing to the synergetic functions of SSTMs, a series of water-
related applications is comprehensively described to achieve sta-
ble and high-efficient utilization of solar energy, aiming to work
in cutting-edge fields of anti-icing and deicing, seawater desali-
nation, crude oil collection, light-driven actuators, wearable de-
vices, indoor thermal management, and sterilization. This review
is ended by summarizing the ongoing challenges of SSTMs along
with a perspective in future research. With this review, we hope
that the typical characteristic of SSTMs inspires new ideas and
efforts and attracts more like-minded researchers.

2. Basic Compositions of SSTMs

2.1. Solar-to-Thermal Conversion Materials

The sun emits photons with different vibratory frequencies to
supply energy for the Earth, including ultraviolet (UV), visible
light (Vis), and infrared (IR).['®) Solar-to-thermal conversion ma-
terials can absorb solar photons and convert them to thermal en-
ergy for reutilizing, and their photothermal performance is pri-
marily determined by the sunlight-collecting ability and the pho-
tothermal conversion efficiency.l'”] Optical properties of the ma-
terials can be regulated via the absorption coefficient, reflectivity,
and transmittance. Therefore, to improve solar-to-thermal con-
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version efficiency, materials with photothermal property should
meet the characteristics of high broadband (300-2500 nm) solar
absorption and low transmission/reflectivity (Figure 3a), and its
solar-collecting ability can be further enhanced by constructing
multistage micro-nano structures.*! For instance, Xiao et al.
developed a hierarchical polypyrrole nanospheres structure that
possessed higher than 96% sunlight absorption and less than 4%
reflection due to the enhanced sunlight capture via multiple in-
terstitials inside (Figure 3b).['8]

The most commonly used photothermal conversion mecha-
nisms include plasma local heating (metallic materials), non-
radiative relaxation (semiconductors), and molecular thermal
vibration (carbon and organic polymer materials) (Figure 3c).
Specifically, when the vibration frequency of the incident sun-
light matches with the resonance frequency of the free electrons
in the metal conduction band, the free electrons will oscillate
coherently or undergo the surface plasmon resonance (SPR) to
produce hot electrons. The vibrating hot electrons radiate elec-
tromagnetic waves, thereby resulting in a rapid increase in the
temperature of the local surface.’] Semiconductor materials re-
lease heat in the form of electron—phonon coupling through non-
radiative relaxation of electron-hole pairs in the band gap.['?! As
for conjugated carbon and organic polymer materials, the excited
electrons by sunlight tend to release the absorbed energy; and
thus, experience a non-radiative transition from the excited state
to the ground state. This transition is accompanied by the release
of heat energy.?"l The above three photothermal mechanisms are
based on the optics of specific materials.

2.2. Superhydrophobic Surface

When a droplet falls on a solid surface, the angle between the
liquid-gas interface and the liquid-solid interface is defined as
the contact angle (CA). The surfaces with a contact angle of
more than 150° and a rolling angle of less than 10° are known
as a superhydrophobic surfaces, which cannot be wetted by a
liquid.1"32<] The mechanism of superhydrophobic material is sys-
tematically summarized in Figure 4. First, Young researched
the surface wettability and further summarized the relationship
among the contact angle of solid, liquid, and gas and the interfa-
cial tension in 1805,/2!l which can be expressed as

cos§ = LV It (1)

v

where 6 is the contact angle and y; is the interfacial tension be-
tween solid and liquid. y 4 is the interfacial tension between solid
and gas, and y,y is the liquid—gas interfacial tension. However,
the Young’s equation is only suitable for surfaces with uniform
and smooth chemical composition, which are difficult to apply
for rough surfaces in practical applications. Therefore, Wenzel
modified Young’s equation by introducing a term: roughness fac-
tor r (ratio of actual solid-liquid contact area to apparent solid—
liquid contact area),!??! which is shown as follows

cos 0" =rcosf (2)
where 6% is the apparent contact angle of the rough surface. The

Wenzel equation is consistent with the Young’s equation when
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Figure 2. Overview of fabrication strategies and cutting-edge applications of SSTMs, including top—down methods (laser etching, spraying, and template
method) and bottom—up methods (chemical deposition, dip-coating, and layer-by-layer assembly), that can be utilized for anti-icing and deicing, seawater
desalination, crude oil collection, light-driven actuators, wearable devices, indoor thermal management, and sterilization.

the solid surface is ideally smooth (r = 1). From the Equation (2),
it can be easily obtained that, with the surface roughness increas-
ing, the hydrophilic surface tends to be super-hydrophilic and the
hydrophobic surface tends to be super-hydrophobic. However,
many other wetting phenomena in nature cannot be explained
by the Wenzel equation, such as the lotus effect.

Owing to the limitations of Wenzel equation, Cassie and
Baxter!?®! further generalized the Wenzel equation. Due to the
sufficient micro and nano structures on the surface, the droplets
only contact the top of the trench and the air layer trapped at the
bottom, which forms the solid-liquid-gas three-phase compos-
ite interface. Therefore, Cassie and Baxter introduced the solid—
liquid contact area fraction (f;) and gas-liquid contact area frac-
tion (f,, fi+ f, = 1). The Cassie—Baxter equation is as follows

cos 0" = f; cos 6, +f, cos 0, (3)
where 0, and 0, are the contact angles of solid-liquid and liquid—
gas. Currently, Cassie-Baxter’s theory is widely applied theoret-

ical framework for understanding the superhydrophobic struc-
ture and mechanism. Owing to the tiny contact area and air-
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film between the droplet and the solid, the droplet can easily
bounce and roll away from the superhydrophobic surface, show-
ing potential applications in self-cleaning,?*! anti-icing, 1322
biomedicine, ] and so on. Based on the above equations, in our
review, we work on constructing photothermal surfaces with su-
perhydrophobic properties. The preparation methods for achiev-
ing SSTMs are discussed in the following section.

3. Design and Construction of SSTMs

The key factors for fabricating SSTMs are the construction
of multilevel micro-nano structures as well as low surface
energy.l?’] Currently, the methods for fabricating photothermal
superhydrophobic surfaces are divided into two categories, in-
cluding the construction of appropriate micro—nano rough struc-
tures on the surface of low surface energy materials (top—down
methods) and the modification of low surface energy materials
on the rough surface (bottom-up methods). Top—down methods
include laser etching, spraying and template methods, and
bottom-up approaches have chemical deposition, dip-coating,
and layer-by-layer assembly. Further, the constructed rough
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Figure 3. Solar-to-thermal conversion materials and their working mechanisms. a) Basic characteristics of photothermal materials. b) Optical properties
of photothermal materials with multistage micro—nano structure. Reproduced with permission.l'8] Copyright 2022, American Chemical Society. c) Three
common mechanisms of solar-to-thermal conversion materials. Reproduced with permission.#d] Copyright 2019, Royal Society of Chemistry.

structure can enhance the ability of photothermal materials to
capture sunlight in a certain extent, which proves the functional
enhancement and coordination of the superhydrophobic surface
and solar-to-thermal conversion materials. The preparation
strategies of SSTMs are summarized and analyzed, along with
their pros and cons, according to the recent progress in this area.

3.1. Top—-Down Methods
3.1.1. Laser-Etching

The most common method for preparing SSTMs is laser etch-
ing, which can construct micro-nano structures by direct laser

Yv
sy i Ysi Liquid

Young's equation

radiation on the substrate surface. Due to the high energy
and high density of the laser, the superhydrophobic solar-to-
thermal surfaces can be effectively obtained via laser ablation
and melting.[?®! By adjusting the energy density, scanning rate,
scanning distance, and spot size of the laser beam, multilevel
micro—nano structural surface can be easily realized. Rigid met-
als (e.g., titanium and copper) and flexible polymers (e.g., PDMS,
PTFE, and PI) are typical substrate materials, which can be car-
bonized by laser ablation to obtain the photothermal micro—nano
structures.?”?! In the following, the preparation schematic for
constructing SSTMs on flexible and rigid substrates by laser etch-
ing will be illustrated and complemented.]

As shown in Figure 5a, a one-step laser processing was
reported to etch the polytetrafluoroethylene (PTFE) surface

Surface Liquid
roughness gt Gas

Liquid / \ /

Wenzel state

Cassie—Baxter state

Figure 4. Solid surface wetting principles, including Young’s equation, Wenzel state, and Cassie—Baxter state. The superhydrophobic surface belongs to
the Cassie—Baxter state, which can be achieved by the construction of multistage micro and nano structures and low surface energy materials.
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Figure 5. Preparation diagrams of SSTMs by laser etching method, including based on the flexible and rigid substrates. a) Design and construction
principles of flexible superhydrophobic solar-to-thermal PTFE membrane via laser-etching. Reproduced with permission.[>"] Copyright 2022, Elsevier. b)
Schematic illustration of MAHC with robust honeycomb structures via multistage laser etching and chemical oxidation. Adapted with permission.[32]

Copyright 2023, John Wiley and Sons.

covered with stainless steel mesh, thereby realizing a porous
superhydrophobic PTFE membrane with a mesh pattern.3!l
The micro-nano structured metal particles by laser treatment
were alternatively deposited on the PTFE surface, which en-
dowed PTFE membrane with enhanced light absorption. When
the nanoparticles were embedded into the micro-scale porous
structure, the PTFE membrane could demonstrate both water
repellency and air permeability. The well-designed mask over-
came the problem from low laser accuracy and infertile patterns,
which was suitable for flexible substrates with low melting
point and thin thickness. However, exposed nanoparticles of
flexible superhydrophobic surfaces exposed usually exhibit weak
bonding forces and robustness; thus, the introduction of rigid
structures is usually an effective solution to this problem.

The rigid substrates exhibit superior resistance to friction,
bending and durability, providing a convenient mode and low
laser power to create superhydrophobic solar-to-thermal struc-
tures. As displayed in Figure 5D, inspired by the honeycomb
hexagons and superhydrophobic micro-spine on cactus thorn, a
robust photothermal icephobic surface with mechanical durabil-
ity (MAHC) was developed via a laser-layered microfabrication
strategy.*?) Under the protection of hard bionic copper honey-
comb structure, the micro-spine array maintained its original
structure and the superior water repellency property even after
200 linear abrasion cycles, providing a new method for design-
ing durable SSTMs.

Laser etching presents an appealing choice for superhydropho-
bic solar-to-thermal surfaces due to its convenient, efficient,
environmentally-friendly properties, and so on. Further, the con-
struction strategy of SSTMs can be applied in diverse substrates.
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It is worth noting that the mechanical stability of the superhy-
drophobic micro-nano structures should be further improved.

3.1.2. Spraying

The superhydrophobic surface can be achieved by spraying a
solution with micro—nano particles onto the targeted substrates.
To obtain high photothermal conversion efficiency, the raw
materials with solar-to-thermal conversion, such as CNTs,**
graphene oxide,!®!] carbon fiber powder (CFP),** and Mxene,*]
are adopted to construct SSTMs on arbitrary substrates via spray-
ing technology. One strategy is constructing solar-to-thermal
coating with solar-to-thermal raw materials, and then, spraying
nanoparticles to achieve multilevel micro-nano structures. As
shown in Figure 6a, melanin nanoparticles with a wide range
of light absorption capacity dispersed in PDMS were sprayed
onto the substrate surface to achieve the stable solar-to-thermal
coating.*] Moreover, the hydrophobic silica nanoparticles were
further sprayed to obtain the superhydrophobic solar-to-thermal
surface structures. Among them, melanin particles endowed
the coating with micro-scale structures and solar-to-thermal
ability, and silica nanoparticles contributed to the roughness
and low surface energy for SSTMs. In another strategy, a su-
perhydrophobic solar-to-thermal coating could be prepared by
spraying a mixture of beeswax, multi-walled carbon nanotubes
(MCNTs), and polydimethylsiloxane (PDMS) on various sub-
strates (e.g., glass, plastic, and wood) (Figure 6b).’”] With the
solvent volatilization, the formed coating with micro-nano
structures possessed solar-to-thermal conversion efficiency
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Figure 6. Strategy for preparing SSTMs based on spraying. a) Schematic illustration of superhydrophobic solar-to-thermal coatings by two-step spraying
method. Reproduced with permission.[3] Copyright 2021, Elsevier. b) The fabrication process of self-healing superhydrophobic solar-to-thermal coating
by one-step spraying. Reproduced with permission.[3”] Copyright 2012, Royal Society of Chemistry.

of 88.2% and self-cleaning ability. Importantly, the prepared
coating showed self-healing superhydrophobic ability, which
could spontaneously repair superhydrophobic damage through
the migration of beeswax when the surface was damaged.

Currently, spraying is a conventional technology for fabricat-
ing SSTMs on flat surfaces due to its advantages of convenient
operation, low-cost, repairability, large-scale production, and so
on. Achieving the uniformity of spraying coatings on complex
curved surfaces poses a significant challenge that requires fur-
ther exploration and research. In addition, the parameters (e.g.,
pressure, distance, and angle) of spraying play a crucial role in
determining the adhesion of the coating to the substrate, which
may result in unavoidable waste of raw materials.

Another top-down approach of salt templating is adopted to
construct porous microstructures of SSTMs by filling the pores
with filler, and then, removing the salt template. For example,
the carbon-based SSTMs with surface microporous array struc-
ture and thermal insulation can be obtained by the nano carbon
powder (CNP) with remarkable sunlight absorption rate as the
solar-to-thermal material and PDMS as the binder to fill the gap
in the template.®®] Note that owing to the high solubility of NaCl,
the salt template method is simple and convenient to remove the
template. Nevertheless, there are limited studies to meet the re-
quirements of SSTMs.

3.2. Bottom-Up Methods
3.2.1. Chemical Deposition

Three main categories of chemical deposition include chemical
vapor deposition (CVD), electrochemical deposition, and liquid
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phase deposition, which can be further combined with hydropho-
bic agents to reduce the surface energy and improve the stabil-
ity of coatings. As displayed in Figure 7a, He’s group fabricated
a superhydrophobic solar thermal coating with high photother-
mal efficiency via CVD and surface grafting strategies.**] The
tetraethoxysilane (TEOS) was introduced to the candle soot with
hierarchical micro-nano structures to enhance the stability of the
CS layer. The hierarchical structures of superhydrophobic candle
soot could remarkably improve light absorption efficiency, and
the grafted PDMS onto the surface endowed the coating with
low surface energy and superhydrophobicity. A recent study via
electrochemical deposition reported a superhydrophobic solar-to-
thermal fabric with growing carbon nanowire arrays (CA) on car-
bon cloth (CC) to achieve micro—nano structures and low surface
energy through silanization treatment (Figure 7b).[**) The hierar-
chical structures, composed of black carbon-based materials with
extensive light absorption properties, could effectively enhance
light harvesting and readily demonstrate achievement of carbon-
based SSTMs with favorable anti-icing and solar-to-thermal de-
icing properties. Moreover, a superhydrophobic solar-to-thermal
polyurethane sponge was prepared by liquid phase depositing
Fe, 0, nanoparticles and polydopamine (PDA) (Figure 7¢).*!l The
combination of nanoparticles and polydopamine not only pro-
vided the nanostructures but also enhanced the photothermal
conversion capability of the sponge.

Recently, inspired by the tightly packed melanosome structure
of black fish, our research group developed a super-hydrophobic
solar-to-thermal fabric with the hierarchical structure of polypyr-
role (Ppy) nanospheres.!"! The nanoscale gaps within the syn-
thetic melanosome layer allowed highly scattered incident light
and enhanced absorption of up to 96%. Further, the biomimetic
hierarchical textile exhibited good superhydrophobicity and
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Figure 7. Schematic diagram for the preparation of SSTMs via chemical deposition. a) Fabrication and structure schematic diagrams of superhy-
drophobic solar-to-thermal coating by chemical vapor deposition. Reproduced with permission.[3®] Copyright 2020, National Academy of Sciences.

b) The fabrication process of the superhydrophobic solar-to-thermal fabric using electrochemical deposition method. Reproduced with permission.

[40]

Copyright 2021, American Chemical Society. c) Schematic illustrations showing preparation and microstructures of superhydrophobic solar-to-thermal
polyurethane sponge via liquid phase deposition. Reproduced with permission.[#1l Copyright 2023, American Chemical Society.

enhanced photothermal and electrothermal properties, demon-
strating significant potential in wearable thermal management
in water conditions. However, the deposited nanostructures
through the one-step solution reaction showed the brittleness
and tendency to detach easily. Therefore, the improvement of
the mechanical stability of SSTMs with robust performance is of
significance.

Taken together, chemical deposition has been widely utilized
to realize multilevel nano—micro structures due to its easy op-
eration, good repeatability, and widespread applications. Among
them, SSTMs via vapor deposition method, show the character-
istics of uniform structure, corrosion resistance, and high purity,
which can be employed to prepare alloy, ceramic, and polymer
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films. SSTMs via electrochemical deposition show significant po-
tentials in magnetic and wear-resistant materials as well as in en-
ergy saving materials owing to the advantages of low-cost, safety,
sustainability, material efficiency, and scalability. Liquid phase
deposition is widely adopted to construct SSTMs with high-
efficiency, low-cost, and compatibility, which shows broad appli-
cations in seawater desalination, anti-ice coatings, and more.

3.2.2. Dip-Coating
For sponges and fabrics with high BET or abundant end groups,

dip-coating proves to be a practical approach. By immersing the
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Figure 8. Schematic illustration for fabricating SSTMs by dip-coating. a) Preparation process of superhydrophobic solar-to-thermal sponge using dip-
coating method. Reproduced with permission.[*?] Copyright 2021, American Chemical Society. b) Schematic illustration of the fabrication of superhy-
drophobic solar-to-thermal textile using liquid-phase deposition and dip-coating. Reproduced with permission.l*3] Copyright 2023, American Chemical

Society.

raw materials into functional micro and nano particles disper-
sion, SSTMs can be obtained to allow functional particles to
further permeate into the interior and surface through capil-
lary forces or weak interactions (e.g., hydrogen bonding, ionic
bonding, and hydrophobic forces). A typical example was re-
ported to fabricate a superhydrophobic solar thermal sponge via
dip-coating. As shown in Figure 8a, it can be clearly observed
that the highly hydrophobic MXene-based sponge was obtained
by dipping a melamine sponge (MS) into a dispersion solu-
tion of Ti;C,T, nanoparticles.*?l Owing to the abundant func-
tional groups (—OH, —O, and —F) of MXene nanosheets, hydro-
gen bond interactions between the amino groups on the sponge
skeleton and the polar groups on the surface of the Ti;C,T,
nanosheets resulted in a rapid transition from hydrophilic to su-
perhydrophobic of MS. Benefitting from high solar-to-thermal
conversion efficiency of Ti,C,T,, the modified sponge was en-
dowed with superhydrophobicity and high solar-to-thermal effi-
ciency. Moreover, hydrophilic fabrics may experience wettability
transition and be loaded with solar-to-thermal functional compo-
nents via dip-coating. For example, the superhydrophobic solar-
to-thermal fabric could be realized via liquid phase depositing
the PDA with high photothermal conversion efficiency and dip-
ping in a PDMS@SiO, dispersion with a low surface energy
(Figure 8b).[**] The adsorbed SiO, nano particles provided the hi-
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erarchical micro—nano structures to the fabric and endowed the
fabric with superhydrophobic property. Due to the capacity for
maximal raw material utilization, maneuverable equipment and
sustainable production, dip-coating proves to be extensively em-
ployed for crude oil collection, seawater desalination, and indi-
vidual thermal regulation.

3.2.3. Layer-by-Layer Assembly

Layer-by-layer assembly shows the capability of controlling the
structure and properties of the assembly system at the molecular
level, and it is not restricted by substrate and environment. By
means of pressure and weak interactions (e.g., electrostatic force
and hydrogen bonding), a disordered system can be converted
into an ordered lamellar structure onto the substrate surface, re-
sulting in a stable hierarchical system with superhydrophobic
solar-to-thermal properties.

One example reported the method through -electrostatic
interactions between carboxyl groups and amino groups to
deposit carboxylated and aminated multi-walled carbon nan-
otubes (MWCNT-COOH/MWCNT-NH,) on the filter paper.[*
Then, the prepared MWCNT membrane was transferred to
the EVA substrate to obtain multilevel micro—nano structures
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85U8017 SUOWIWIOD BRI [dedlidde aup Aq pauienob ae Sapie YO ‘8sN JO Sa|NJ 10} ARig1T8UlIUO A8 |IAN UO (SUORIPUOD-PUR-SLLIBILICD" AB 1M A0 1|BUUO//:SANY) SUORIPUOD Pue S | 841 885 *[202/S0/ST] U0 AriqiTaulluO AB(IM ‘SELRRIN JO 8Imnsul ogbuIN Aq ESYTTEZ0Z BUWIPe/Z00T 0T/I0pA0D A8 | 1M ARelq1jeuluo//:Sdiy Wwoj papeojumoq ‘0 ‘S60vTZST


http://www.advancedsciencenews.com
http://www.advmat.de

ADVANCED
SCIENCE NEWS

ADVANCED
MATERIALS

www.advancedsciencenews.com

www.advmat.de

MWCNTs-NH, MWCNTs-COOH
i<l
(=]
Filtering

o

Modiﬁcation>

Heat treatment

J«cHyNH, Y .coon

Filter paper

é -CO-NH-(CH,),

Transferring

Substrate

; -CO-NH-(CH,),-CH,

Figure 9. Fabrication illustration of SSTMs via layer-by-layer assembly. Schematic illustration for fabricating vacuum-assisted layer-by-layer superhy-
drophobic MWCNT films based on electrostatic interactions. Reproduced with permission.[*4] Copyright 2012, Royal Society of Chemistry.

and exhibit the super-hydrophobicity with water contact angel
of 165° (Figure 9). Thanks to the intrinsic solar-to-thermal
conversion properties of MWCNT, the membrane could be used
as a flexible actuator to move on water surface with Marangoni
effect. Another example proposed layer-by-layer self-assembly
with vacuum assisted filtration through hydrogen bonding
between superhydrophobic MXene nanosheets by PFOTS graft-
ing (MXene-F) and oxidized cellulose nanofibers (TOCNF),
achieving photothermal superhydrophobic films with sandwich
structure.[1%] Layer-by-layer assembly was considered to be a
good alternative for preparing multifunctional films with char-
acteristics of simple operation, low-cost, spontaneous processes,
and controllable thickness. Therefore, layer-by-layer assembly
showed great potential applications in seawater desalination,
oil-water separation, and actuators.

Overall, the substrate category plays a crucial role in determin-
ing the appropriate approaches for SSTMs and defining their po-
tential applications. The performance of materials obtained from
the above preparation methods is compared and summarized
in Table 1, which helps to establish an intuitive understanding
about the differences between these strategies and provide a guid-
ance for the design of superhydrophobic solar-to-thermal mate-
rials. Considering the fragility of the superhydrophobic micro—
nano structures, the greatest obstacle posed by the aforemen-
tioned strategies is durability and mechanical stability. The intro-
duction of polymer bonding layer to enhance the bonding force
between superhydrophobic micro/nano structures and substrate
is a mainstream solution, but it still depends on the stability
of the top nanostructure. Deng et al. designed a protective mi-
crostructural “armor” featured with excellent mechanical proper-
ties and an interconnected frame, which successfully prevented
the internal nanostructures from abrasion.*¢ This microstruc-
tural “armor” applies to various substrates and shows the effec-
tive water-repellency after abrasion by a sharp steel blade, provid-
ing a promising solution for constructing robust SSTMs.
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4. Cutting-Edge Applications of SSTMs

SSTMs featured with solar-to-thermal property and water repel-
lency can endow the material systems with a variety of functions
and applications, such as anti-icing and deicing, seawater desali-
nation, crude oil collection, light-driven actuators, and intelligent
thermal management. Further, SSTMs are expected to provide a
solution to global pathology problems such as antiseptic masks.
In these applications, the role of the photothermal materials is
to convert sunlight into considerable thermal energy and fur-
ther heat ice, water, air, oil, and objects via a non-contact thermal
radiation.[**] The superhydrophobic structures with hierarchical
micro—nano structures and low surface energy exhibit many char-
acteristics, such as water repellency, self-cleaning, enhanced sun-
light absorption, reduced resistance, lipophilicity and reduced
adhesion,['*2] which can further cooperate with photothermal
conversion to achieve the performance improvement and appli-
cation expansion of SSTMs.

4.1. Anti-Icing and Deicing

Icing is a common and inevitable phenomenon in nature.
Undesirable ice accumulation will prevent from the normal
performance of power lines, wind turbine blades, aircraft wings
and roads, resulting in significant inconveniences to human
life and even causing serious disasters or economic losses.[*!
Consequently, developing effective anti-icing strategies for
resisting the ice formation and accumulation is an urgent
work.[*’] Conventional hydrophilic surface tends to induce ice
formation due to the adhesion of water, which makes it difficult
to achieve anti-icing and deicing. In contrast, solar-to-thermal
materials with superhydrophobic surface can effectively reduce
droplets adhesion and make them roll away the surface before
ice nucleation to anti-icing.*¥! Moreover, the presence of an
air layer between the micro—nano superhydrophobic structures
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Figure 10. The anti-icing and deicing mechanism of SSTMs. a) Schematic
diagram of anti-icing and deicing process of SSTMs. Reproduced with
permission.[3%] Copyright 2020, National Academy of Sciences. The c) anti-
icing and b) deicing mechanism diagrams of SSTMs. Reproduced with
permission.l># Copyright 2022, American Chemical Society.

and droplets hinders heat transfer and delays icing.*”) The
photothermal property functions to heat and melt ice, allowing
the resulting water droplets to roll away from the targeted
surfaces.[?>0] Both functions cooperate together to achieve high
efficiency and continuous anti-ice/de-icing.

As illustrated in Figure 10a, a superhydrophobic solar-to-
thermal ice-phobic coating was reported, which was composed
of three components including candle soot, silicone shell, and
polydimethylsiloxane (PDMS) brush. The multilevel micro—nano
structures and intrinsic solar-to-thermal capacity of candle soot
could trap sunlight in the layered structure and enhance light
absorption. At the same time, the silicon dioxide shell and the
grafted low surface energy PDMS brush further provided robust
superhydrophobic properties. As a result, based on the construc-
tion of the robust structures and the synergistic functions, the
obtained coatings could accelerate the melting of ice under sun-
light, and the melted water droplets tended to spontaneously roll
away from the superhydrophobic surface.*!

The mechanism diagrams of anti-icing and deicing of SSTMs
are shown in Figure 10b,c. Under the effect of gravity and wind,
small overcooled droplets in the air are easy to fall on the sur-
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face of SSTMs and some with initial velocities can bounce away
from the superhydrophobic surface;l°!! while, others will further
aggregate in the growth process. The aggregated large droplets
hang on top of the multilevel structures in the Cassie state,
and triggered by coalescence, they can gain sufficient kinetic en-
ergy to spontaneously depart from the surface in the format of
self-propelled jumping.52! As the bounce and self-jumping be-
haviours occur before the heterogeneous ice-nucleation, these
can reduce the residence time of droplets and will contribute to
anti-icing. On the other hand, the air layer with low thermal con-
ductivity is formed between the overcooled large droplets and
hierarchical structures, which weakens the heat transfer from
the hotter water droplets to the colder superhydrophobic sur-
face and delays the freezing time of droplets at the SSTMs in-
terface (Figure 10b).[°3] In addition, the micro-nano structures
of the superhydrophobic surface decrease the contact area be-
tween the formed ice and the surface, resulting in reduced ice
adhesion and improved deicing efficiency. When the sun shines
continuously on the surface of SSTMs, the temperature grad-
ually rises due to the solar-to-thermal conversion, resulting in
heat absorption and melting of ice. Owing to the limited contact
area and adhesion between the ice and the surface, the melted
droplets are easy to roll off the inclined superhydrophobic surface
(Figure 10c).l>*

Based on the above mechanisms, SSTMs featured with solar-
to-thermal properties and water repellency are committed to ap-
ply to anti-icing and de-icing. One example developed a carbon-
based superhydrophobic solar-to-thermal fabric (ST@CA/CC)
utilizing carbon materials with black micro-nano hierarchy
structures and photothermal properties.[**! The solar-to-thermal
temperature could reach up to 90 °C under one sun, and the su-
perhydrophobic micro-nano structures enhanced the anti-icing
performance. Through the dynamic solar-to-thermal deicing ex-
periment on the inclined surface (6 = 20°), it could be clearly ob-
served that after 67 s on solar irradiation, the completely melted
frozen droplet rolled away the ST@CA/CC surface, showing the
remarkable anti-icing and deicing performance of the obtained
fabric (Figure 11a). More recently, another example developed
a new superhydrophobic solar-to-thermal array with honeycomb
wear-resistant structure, which showed a stable melting time of
frozen droplets on the surface before and after 200 linear wear
cycles. The specific structural design was highly preferred in
complex and varied outdoor anti-icing and deicing applications
(Figure 11D).13%

In addition to the good mechanical stability of SSTMs, the
challenge of melting ice outdoors cannot be overlooked due
to the limited solar irradiation in winter. To address the prob-
lem in outdoor applications, a superhydrophobic coating with
both solar-to-thermal and electrothermal properties (PESC) is re-
ported, which can achieve anti-icing and deicing at extremely
low temperatures throughout the day.®>! On a sunny day, so-
lar energy can be converted into chemical energy stored in the
battery, and the coated surface is heated by sunlight to pre-
vent freezing. The power provided by the battery ensures that
the deicing coating can work well even on cloudy days or at
night (Figure 11c). The efficient all-weather anti-icing and de-
icing devices show a broad application prospect in the power
industry.
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Figure 11. The anti-icing and deicing applications of SSTMs. a) Photothermal deicing process of a freezing droplet on ST@CA/CC. Reproduced with
permission.[*0] Copyright 2021, American Chemical Society. b) Melting process of a frozen droplet on the robust surfaces b-i) before and b-ii) after
200 linear abrasion cycles under one sun illumination. Adapted with permission.[32] Copyright 2023, John Wiley and Sons. c) Schematic diagrams and
anti-icing photographs of self-powered PESC system on the sunny day, cloudy day, and at nighttime outdoor, respectively. Adapted with permission.[>’]

Copyright 2021, John Wiley and Sons.

4.2. Seawater Desalination

Solar evaporation is an effective strategy of seawater desalina-
tion that converts solar energy into thermal energy, which heats
at the water—air interface and produces fresh water in designed
devices.l®) Photothermal materials with superhydrophilicity can
directly transfer the converted thermal energy to the water for
evaporation. However, the high salt concentrations and algae pol-
lutants in seawater will block water channels and cover the pho-
tothermal surfaces, resulting in low efficiency and discontinuous
seawater evaporation.*’! To achieve long-term anti-salt seawater
evaporation, SSTMs with water-repellency and self-cleaning are
necessary, which can efficiently prevent seawater infiltration and
salt blockage and reduce pollutants cover.[***8 Further, the super-
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hydrophobic micro-nano structures can enhance the sunlight ab-
sorption of photothermal materials, thereby improving the pho-
tothermal conversion efficiency.

Based on the aforementioned advantages, a commercial
polyimide film was first reported by one-step laser treat-
ment, enabling the mass production of carbon-based Janus
superhydrophobic/super-hydrophilic porous films.*®! As dis-
played in Figure 12a, compared with other state-of-the-art so-
lar steam generators (e.g., 3D artificial umbrella structured), the
graphene film transported water on the super-hydrophilic side
and achieved the floating and heating on water surface in the su-
perhydrophobic side, showing the high evaporation efficiency of
the 2D film. The principle of anti-salt and pollution resistance of
superhydrophobic film is illustrated in Figure 12b. Owing to the
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Figure 12. The mechanism and functions of SSTMs for seawater desalination. a) A floating graphene membrane for evaporating seawater using solar
energy. Reproduced with permission.[>®] Copyright 2018, Royal Society of Chemistry. b) Schematic diagram of the principle of stable heating evaporation
and salt resistance of superhydrophobic solar-to-thermal film. c) The infrared images of distillation evaporation between superhydrophobic membrane
and conventional membrane under one sun. Reproduced with permission.[%%] Copyright 2022, Springer Science and Business Media LLC and Nature
Publishing Group. d) Salt resistance and e) superhydrophobic heating principle of the confined-heating system. f) Schematic diagrams of seawater

evaporation outdoor in confined-heating system. Reproduced with permission.!'5Kl Copyright 2022, Elsevier.

solar-to-thermal effect, the local surface is heated with solar ir-
radiation, which ensures the great cross-membrane temperature
gradient to heating seawater. As the superhydrophobic polymer
particles prevent seawater and salt particles outside, the super-
hydrophobic solar-to-thermal films show a constant temperature
gradient to continuously and stably heat seawater evaporation
and salt resistance. As shown in Figure 12¢, Wang’s group devel-
oped a Ti;C,T, MXene-engineered membrane, which improved
the local photothermal conversion efficiency and water repellency
via alternative spraying of polymer nanospheres and superhy-
drophobic MXene nanosheets. Superior to conventional infiltrat-
ing film, the superhydrophobic solar-to-thermal membrane rep-
resented the capability of resisting moisture and further achiev-
ing energy-efficient and hypersaline-stable performance in the
evaporation process for fresh water yield.[?]

To achieve high efficiency and stable salt-repellent evaporation,
our group proposed a solar confined-heating strategy to effec-
tively purify seawater, which could achieve effective salt resis-
tance within 12 h (Figure 12d). The prepared solar-to-thermal
and superhydrophobic fabric (PSHF) further integrated onto the
top of the additional closed heating device for water circulation
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through an external pipe.!'>*! Compared with the traditional evap-
oration strategy, the restricted seawater effectively reduced more
of the heat loss (7.1%) and achieved better salt resistance, en-
abling efficient thermal management (Figure 12e). The surface
temperature of the PSHF containment strategy could reach up
to 59.7 °C, and the evaporation efficiency could reach 91.68% in
outdoor experiment (under one sun) (Figure 12f). Although the
confined-heating method exhibits high evaporation efficiency,
how to design convenient equipment and large-scale seawater
desalination on the sea is still a pondered problem for further
research.

4.3. Crude Oil Collection

With the sustainable development of the economy and industry,
the exploitation and transportation of crude oil leads to frequent
oil leakage accidents, which severely impacts the marine envi-
ronment and ecosystem.[®!l Compared to light crude oil, heavy
crude oil is difficult to be collected due to its higher viscosity (10
to 10° mPa at room temperature) and slower diffusion kinetics.
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Copyright 2021, American Chemical Society.

Yu’s group first introduced a graphene-coated sponge with gen-
erated joule heat to improve the adsorption rate of high viscosity
crude oil, and further inspired the exploration and research of
solar-assisted crude oil technology.l®?l As shown in Figure 13a,
traditional wettability-based adsorption sponges (hydropho-
bic/lipophilic) fail to capture high viscous leakage oil efficiently
due to the low adsorption efficiency and recovery difficulty;
while, endowing adsorbent with super-hydrophobicity and solar-
to-thermal property is proved to be an effective way to recycle the
leaked high viscosity crude 0il.[®] Oil-water separation can rely
on the water-repellent and lipophilic properties of the superhy-
drophobic structures to achieve oil absorption, and the photother-
mal performance of SSTMs converts sunlight into heat to acceler-
ate oil collection and facilitate purification of the absorbed 0il.!%]

The crude oil viscosity dramatically decreases with the in-
creased temperature, which is an important inspiration for
solving crude oil leakage. An example in Figure 13b indicated
that when the temperature of the oil rose from 20 °C to 90 °C,
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the viscosity of crude oil significantly reduced from 6.1 x 10*
to 3.6 X 10> mPa-s. The absorption capacity of crude oil by the
superhydrophobic solar-to-thermal sponge increased from 0.84
to 6.14 kg m~2, demonstrating the rapid thermal production
on the surface and the fast absorption of crude oil as the tem-
perature of the crude oil rose.®] The experiments with crude
oil adsorption behaviors without or with solar irradiation are
shown in Figure 13c. As a control sample, a crude oil droplet was
absorbed after 12 h under the dark condition. Once the sunlight
was applied, the excellent photothermal effect could accelerate
the process within 19 s.[°®) Moreover, the superhydrophobic
solar-to-thermal sponge was designed as a crude oil collection
device, and continuously in situ collected the adsorbed crude
oil and pumped under solar irradiation (Figure 13d). It can
be clearly observed that the heated crude oil on water surface
(red area) was gradually collected by the superhydrophobic
solar-to-thermal sponge and pumped to the empty cup nearby.
Note that the ingenious design of this device solves the issue of
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adsorption saturation and recovery of superhydrophobic solar-
to-thermal sponge, showing potential for remediating crude oil
leakage.(*7]

4.4. Light-Driven Actuators

Autonomous feedback and effective movement strategies al-
low the water strider to glide effortlessly across the water
surface, enabling it to better adapt to a complex and chang-
ing living environment.[*®] Inspired by this, diverse intelligent
multi-response actuators (e.g., heat,!®] light,>>7] electricity,”!]
magnetic,l’?! and moisture!”?!) have been developed, which can
directly convert various environmental stimuli into mechanical
work. Among them, the light-driven strategy for actuators dis-
plays broad prospects in environmental protection, micro-robots,
and biomedicine due to its advantages of being wireless, remote
control enabled, eco-friendly, and controllable.l”*]
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Surface tension mediated solar-to-thermal superhydrophobic
actuator pioneered by Okawa’ group, which can directly converse
light to work, provides a solution for surface remote controlled
actuators.!”] The photothermal performance of SSTMs heats the
water through thermal radiation, resulting in a reduction of sur-
face tension. The resulting surface tension gradient promotes the
water surface movement of actuators (Figure 14a).7%! The super-
hydrophobic structures and low surface energy of SSTMs can re-
duce the fluid resistance and enhance solar absorption, causing
an increased motion rate of the light-driven actuators.l”’] The col-
laboration of superhydrophobic surface and photothermal con-
version enables efficient movement of the actuators.

To demonstrate the advantages of superhydrophobic light-
driven actuators, different motion modes are discussed including
linear, curve, rotation, and jump. One example of synthetic su-
perhydrophobic surface was reported that introduced hydropho-
bic multilayers of MXenes on both flexible (e.g., fabric and

© 2024 Wiley-VCH GmbH

85U8017 SUOWIWIOD BRI [dedlidde aup Aq pauienob ae Sapie YO ‘8sN JO Sa|NJ 10} ARig1T8UlIUO A8 |IAN UO (SUORIPUOD-PUR-SLLIBILICD" AB 1M A0 1|BUUO//:SANY) SUORIPUOD Pue S | 841 885 *[202/S0/ST] U0 AriqiTaulluO AB(IM ‘SELRRIN JO 8Imnsul ogbuIN Aq ESYTTEZ0Z BUWIPe/Z00T 0T/I0pA0D A8 | 1M ARelq1jeuluo//:Sdiy Wwoj papeojumoq ‘0 ‘S60vTZST


http://www.advancedsciencenews.com
http://www.advmat.de

ADVANCED
SCIENCE NEWS

ADVANCED
MATERIALS

www.advancedsciencenews.com

paper) and rigid (e.g., glass) substrate, demonstrating the prac-
ticability of optical propulsion machines. The prepared 2D MX-
enes superhydrophobic actuators not only displayed strong resis-
tance to various mechanical damage and chemical corrosion but
also realized the linear and bending motions of the triangular ac-
tuators on the water surface by adjusting the position of the laser
irradiation (Figure 14b).3°] Moreover, a light-driven flotation de-
vice featured with light absorption and drag reduction functions
via direct laser writing was first fabricated, which could allow
for the design of arbitrary patterns and surface modification.
The designed asymmetric structure could enable the actuator
to achieve self-rotational motion and directional transport object
(Figure 14c).[7®! This superhydrophobic solar-to-thermal actuator
provided a simple, green, and economical preparation method.

Except for light-driven induction, the addition of magnetism
can endow the actuator with diverse motion strategies. For in-
stance, the developed graphene/PDMS composite materials can
not only achieve a variety of motions such as linear, rotational,
and oscillation under infrared light but also realize 180° flip
jump (magnetic control) by loading NdFeB magnets on the water
strider robot (Figure 14d),!%] which inspires more remote works
on water to be achieved, including water environment monitor-
ing and materials transportation.

4.5. Smart Thermal Management

Excessive energy consumption directly leads to global warming
and extreme weather.”! Recently, a variety of thermal manage-
ment materials has been developed to provide comfortable living
conditions for the human body and space, including photother-
mal films,® fabrics,® coatings,!®?) and hydrogels.[®*) However,
the conventional solar-to-thermal systems are inevitably exposed
to water environment, which will experience a sharp temper-
ature decrease and discontinuous heating performance due to
the water’s wettability. Benefiting from the capacities of the en-
hanced light absorption and water repellency, SSTMs with super-
hydrophobic performance can improve the photothermal conver-
sion efficiency and maintain continuous heating. The photother-
mal property of SSTMs plays a role in converting sunlight into
thermal energy, and further, heating space or human body via
thermal radiation. This section predominantly focuses on per-
sonal thermal management and indoor thermal management.

Owing to the flexible, comfortable, and washable character-
istics, wearable smart textiles have been widely employed for
human movement monitoring,®* medical electronics,!®! elec-
tromagnetic interference,!®! personal thermal management,!°’!
and other fields. As displayed in Figure 15a, a superhydropho-
bic solar-to-thermal garment that provided thermal energy to the
human body under near-infrared irradiation was developed. The
functional coating could prevent the fabric wetting by water and
maintain the sustaining heating performance.®”] The obtained
smart textile exhibited superior solar-to-thermal conversion prop-
erty (59 °C within 300 s) and water repellency (Figure 15b). Fur-
ther, the smart textile displayed the property of strain sensing and
temperature sensing, which can be further used for integrated
wearable devices.[®]

Recently, our group reported a bionic ultra-black textile with
ultra-high absorptivity (*96%) and superhydrophobic capabili-
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ties. This textile was demonstrated to the suitable materials used
as rescue vests, helping people in danger to float upward from
the water and recharge heat for them. From the infrared images
in Figure 15c, it was easily observed that the superhydrophobic
solar-to-thermal fabric could maintain a continuous and stable
surface temperature even in water, showing great potential in
multifunctional solar-to-thermal wearable devices.'f) In another
instance, by PDA deposition (solar-to-thermal layer) and spray-
ing PDMS@SiO, suspension (low surface energy), a superhy-
drophobic solar-to-thermal coating with hierarchical micro-nano
structures was prepared, which could be quickly heated up to
100 °C under 100 mW cm 2 solar irradiation.*}] Compared to the
traditional black fabric, the PDMS@SiO,/PDA fabric displayed
better superhydrophobic properties (WCA = 163°) and higher
solar-to-thermal conversion efficiency under low solar irradiation
(35 mW cm™?) (Figure 15d).

As for indoor thermal management, our group also developed
a Janus composite membrane (SPCM), which could achieve the
robust interlocked structure by embedding the candle soot com-
ponent in a transparent elastomer matrix (PDMS).'!] The ob-
tained film showed an efficient sunlight absorption on the PDMS
side and significantly enhanced thermal radiation on the carbon
side (Figure 16a). The good solar-to-thermal property (=68 °C)
and water repellency (~159.7°) ensured the Janus film further
continuously heating indoor space and maintaining temperature
stabilization (Figure 16b,c). Further, the Janus film with inter-
locked structure could be used as a self-sufficient agricultural
membrane to effectively promote the growth of bean sprouts, in-
dicating important potential in urban agriculture (Figure 16d).
Nevertheless, the trade-off between solar-to-thermal materials
and transparency poses a significant challenge for large-scale ap-
plications.

4.6. Other Applications

In the past few years, the global economy and human health
have been severely affected by the emergence of COVID-19.3
Disposable medical masks have been identified as an effective
measure to control the spread of droplets and ultimately reduce
the risk of infection. However, there are certain limitations in ex-
isting surgical masks, such as the difficulty to filter bacteria and
viruses, the residue of droplets carrying with viruses, and poor
sustainability.[**) SSTMs with photothermal and superhydropho-
bic properties can resolve the above challenges. By the water
repellency and self-cleaning of superhydrophobic structures,
SSTMs prevent the droplets with virus-carrying from staying on
surface and further achieve sterilization through thermal radia-
tion heating of photothermal property (Figure 172).°! As shown
in Figure 17D, the prepared superhydrophobic solar-to-thermal
mask can be worn easily owing to the secondary processing on
the traditional mask.[°?) Further, the SWCNTs superhydrophobic
layer (CA =~ 156.2°) on a melt-blown polypropylene (PP) surgical
mask is fabricated by spray-coating technique, which allows
the virus-carrying droplets to roll off the mask (Figure 17c).*%]
The CNTs-coated mask can also achieve a high temperature of
91.4 °C under one sun which can kill bacteria and virus on mask
(Figure 17d). As demonstrated in Figure 17e, Escherichia coli
ATCC 25922 on CNTs-coated masks shows obvious antibacterial
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performances. Reproduced with permission.[*}] Copyright 2023, American Chemical Society.

activity under the mode of solar irradiation (one sun within 1
min); while, the number of E. coli in traditional masks does
not change. The high-resolution confocal fluorescence images
present the additional proof that the coated CNTs mask can erad-
icate a number of bacteria due to the photothermal conversion
(the red area). As the spray-coating method is easily scalable,
the CNTs-coated masks are expected to provide solutions for the
treatment and prevention of major epidemic.

Last but not the least, based on our previous work, the su-
perhydrophobic solar-to-thermal strategy can be easily incorpo-
rated into self-supported sensors to resist the impact of water
and sweat. To realize multifunctional sensors, we proposed a
method of self-assembly at water/air interface combined with
spraying to achieve a superhydrophobic PDMS/CNTs/PDMS
sensing membrane (PCPM) with solar-to-thermal conversion.!*
The PCPM could be further designed to construct a smart um-
brella with water repellency for monitoring sunlight intensity
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and weather conditions throughout the day (sunny or rainy)
(Figure 171).

5. Conclusion and Perspective

Based on extensive advances on SSTMs, the structural combi-
nation of superhydrophobic and solar-to-thermal surfaces with
synergistic functions has been manufactured and applied in
emerging fields of icing/melting resistance, solar evaporation,
light-driven actuation, crude oil collection, antibacterial surfaces,
and wearable/outdoor thermal management. The alternative
introduction of superhydrophobic micro—nano structures and
functions into the photothermal materials has been proved to re-
markably promote the efficiency and stability of solar-to-thermal
conversion. In this review, we first introduce the construction
mechanism and functions of SSTMs. Further, a series of typical
construction strategies of laser-etching, spraying, dip-coating,
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Figure 16. SSTMs thermal management for urban agriculture. a) Working mechanism and optical property diagrams of SPCM. b) Superhydrophobic
characteristics and c) thermal management capability under different sunlight intensities of SPCM. d) Potential application of SPCM in urban agriculture.

Adapted with permission.[""] Copyright 2023, John Wiley and Sons.

chemical deposition, layer-by-layer assembly, and also their
pros and cons are described in detail. Finally, the cutting-edge
and blooming applications of SSTM are sufficiently discussed,
which aim to realize high-efficiency and stable conversion and
utilization of solar energy.

Despite significant progress in SSTMs, several pressing chal-
lenges still remain to be addressed in practical applications. First,
the mechanical stability and environmental durability of SSTMs
should be further improved. The conventional micro—nano struc-
tures of superhydrophobic surfaces are easily destroyed by me-
chanical abrasion. Some typical examples of the rain erosion, fab-
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ric friction, and joint tension have proposed high requirements
for the mechanical stability of SSTMs. Once the superhydropho-
bic micro-nano surface is destructed, macroscopic water droplets
with high specific heat capacity and heat dissipation can quickly
form a wetted interface with the destroyed surface, resulting in
severe degradation of photothermal efficiency. In addition, the
size of micro—nanostructures can remarkably affect the wetta-
bility of superhydrophobic surface, especially under extreme en-
vironments (e.g., low temperature and high humidity), which
needs further theoretical research and structural design to en-
hance extreme environment tolerance. In addition, SSTMs that
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dark conditions. Reproduced with permission.[®3] Copyright 2021, American Chemical Society. f) Infrared images of the smart umbrella under different
solar intensity and the intelligent monitoring of weather conditions throughout the day. Reproduced with permission.[®*] Copyright 2021, The Author(s).

are applicable to diverse nonplanar surfaces should be further
developed. Commonly, the current construction approaches of
SSTMs are based on flat substrates. For typical applications on
macroscopically rough and even 3D curved surfaces, it is diffi-
cult to adapt for SSTMs. Moreover, conventional superhydropho-
bic photothermal materials featured with high light absorptivity
and rough micro—nano structured surfaces are generally opaque
or black, which severely limits their further application fields, es-
pecially in automotive windshields, solar panel and optics, smart
windows, and related energy-saving building systems. Consider-
ing the environmental and biological toxicity, the widely used flu-
orophobic agents that can remarkably reduce the surface energy
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should also be replaced by other environmentally friendly alter-
native materials (e.g., paraffin, fatty acids, and proteins) or hy-
drophobic chemical groups of alkyls. Finally, some simple, high-
efficient, and cost-effective fabrication strategies with the capa-
bility of scalable production should be considered for practical
applications, ensuring the achievement of large-scale and highly
uniform SSTMs.

Nowadays, the development and exploration of SSTMs are still
in the infancy. However, the blooming SSTMs system with syner-
getic functions show unique performance and significant poten-
tials in widespread fields of anti-icing functional surfaces, sus-
tainable water purification, crude oil collection, solar-driven soft
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actuation, wearable/outdoor thermal management, and so on.
We believe that many research fields, especially some crossing
ones, can benefit a lot from this review, which will also inspire
new structural design of SSTMs system and extendable novel ap-
plications.
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