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Abstract: With the development of material engineering and coating industries, superhydrophobic
coatings with exceptional water repellence have increasingly come into researchers’ horizons. The
superhydrophobic coatings with corrosion resistance, self-cleaning, anti-fogging, drag-reduction, anti-
icing properties, etc., meet the featured requirements from different application fields. In addition,
endowing superhydrophobic coatings with essential performance conformities, such as transparency,
UV resistance, anti-reflection, water-penetration resistance, thermal insulation, flame retardancy, etc.
plays a remarkable role in broadening their application scope. Various superhydrophobic coatings
were fabricated by diverse technologies resulting from the fundamental demands of different fields.
Most past reviews, however, provided only limited information, and lacked detailed classification
and presentation on the application of superhydrophobic coatings in different sectors. In the current
review, we will highlight the recent progresses on superhydrophobic coatings in automobile, marine,
aircraft, solar energy and architecture-buildings fields, and discuss the requirement of prominent
functionalities and performance conformities in these vital fields. Poor durability of superhydropho-
bic coating remains a practical challenge that needs to be addressed through real-world application.
This review serves as a good reference source and provides insight into the design and optimization
of superhydrophobic coatings for different applications.

Keywords: superhydrophobic coating; multifunctional; performance conformity; field; application

1. Introduction

The wettability of surfaces is one of the most important characteristics of solid sur-
faces [1]. Generally, a superhydrophobic surface is defined as a surface with a high water
contact angle (WCA) of greater than 150◦, and a low contact angle hysteresis (CAH) or
a low sliding angle (SA) (also referred to as roll-off angle and tilt angles) of less than 10◦.
The surface wetting behavior can be explained by the theoretical models of Young, Wenzel,
and Cassie-Baxter (Figure 1). Young’s model describes the thermodynamic equilibrium
conditions between the solid, liquid and vapor phases on an ideal smooth and homogenous
solid surface. For practical applications, the surface roughness and chemical heterogeneity
dramatically affect the non-wettability of the solid surface [2]. To explain the effect, Wen-
zel’s and Cassie–Baxter principles are used to evaluate WCA o144f the substrates [3]. In
Wenzel’s model [4], liquid is allowed to completely penetrate into the grooves, as shown in
Figure 1b, while in Cassie–Baxter’s model [5], liquid is prevented from penetrating into
the pores and the trapped air enhances the non-wetting properties. A water droplet on
superhydrophobic surfaces is typically in the Cassie-Baxter state.
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Figure 1. A liquid droplet on different surfaces: (a) Young state; (b) Wenzel state; (c) Cassie-Baxter state (modified from [6]). 
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In nature, lotus leaves with a high WCA of 161◦ ± 2◦ and low SA of 2◦ have one
of the most typically natural superhydrophobic surfaces. This excellent self-cleaning
property keeps the leaves clean by causing liquid droplets and contaminants to roll and
bounce off the surface [7]. The naturally attained superhydrophobic and self-cleaning
performances depend on the combination of hierarchical micro/nano rough structure and
an epicuticular wax-like material with 26 mJ/m2 of low surface energy. Inspired by the lotus
leaf, artificial superhydrophobic surfaces have been developed by constructing micro/nano
rough textures and low surface energy materials. These superhydrophobic surfaces have a
broad range of potential application in industries due to multifunctional properties, such as
water-repellency [8], self-cleaning [9,10], anti-icing [11], anti-corrosion [12], drag reduction
properties [13], etc.

The fabrication of superhydrophobic surfaces usually involve construction of the hi-
erarchical structures followed by modification with low surface energy substances [3].
Many methods can be used to achieve such hierarchical structures, such as templat-
ing [14], etching [15,16], anodization [17], electrodeposition [18], self-assembling [19,20],
dip-coating [21,22] and spray coating [23,24].

With the recent progress in coating technology, superhydrophobic coatings such as
smart coatings have become multifunctional, efficient and versatile and have also gained
great interest among researchers worldwide [25]. Such coatings can be applied in all walks
of life due to their unique performance. The demands of application in different fields for
superhydrophobic coatings are diverse, such as the windshield in the automobile industry
and the solar photovoltaic (PV) panels in the solar power sector for self-cleaning purposes,
the maritime infrastructures and vessels in the marine field for corrosion resistance, airfoil
and empennage in aircraft field for anti-icing, etc.

The reports on superhydrophobic coatings about its preparation, properties, and ap-
plications are proliferating every year. However, existing literature lacks related reports on
the topic of the application of superhydrophobic coatings based in different fields. In light
of the significance of superhydrophobic coatings to key applications with required promi-
nent functionalities and performance conformities, the development of superhydrophobic
coatings and their demands in several application fields, including automobile, marine,
aircraft, solar energy and architecture buildings are summarized in this paper. The review
also discusses the existing bottlenecks that limit industrial application and future trends in
the preparation and application of these materials.

2. Application Fields

The prominent functional requirements and performance conformities of superhy-
drophobic coatings in different application fields are shown in Figure 2. The superhy-
drophobic coatings, fabricated with suitable roughness patterns and low surface energy
materials, possess different functional effects in self-cleaning, anti-fogging, anti-fouling,
drag-reduction, anti-corrosion, etc. Also, ensuring the superhydrophobic coatings have
essential performance conformities by using different fabrication technologies and materi-
als, such as transparency, UV resistance, anti-reflection, anti-water-penetration property,
thermal insulation, flame retardancy, etc. has expanded the application to different fields.

In the practical applications of automobiles, solar energy devices, exterior coatings
of buildings, a superhydrophobic coating provides a self-cleaning effect which largely
decreases maintenance and labor costs, while also prolonging their lifespans. For example,
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solar energy modules are installed at a tilt angle greater than 10◦ [26,27], and this angle
is generally higher than the maximal sliding angle of superhydrophobic coatings. The
resulting rolling water droplets make it possible to realize the self-cleaning feature. There is
less attention on and fewer requirements for the self-cleaning effect for marine and aircraft
fields. Thus, herein, the self-cleaning application in these sectors is not discussed.

Windshield surfaces are prone to fogging under certain conditions, which obstructs
a driver’s vision and causes safety issues due to the refraction, reflection and reduction
in transmittance of light. Hence, the demand for fog resistance in the application of
windshields is essential. A superhydrophobic coating with anti-fogging behavior can
prevent water condensation while also accelerating the vanishing of fog.

Corrosion resistance serves as an essential feature for the auto-bodies as well as the
maritime infrastructures and vessels in the marine field. Particularly, it puts forward
rigorous protection from corrosion in marine applications, where such infrastructures
and vessels are exposed to harsh and aggressive environments. The unique hierarchical
structure of superhydrophobic coatings minimizes the contact area between surfaces and
liquids thanks to the formation of air cushions. As such, the physical isolation of corrosives
from metals significantly alleviates the impact from corrosive liquids.

For marine vessels, the frictional resistance from the water accounts for approximately
80% of the total resistive force consisting of frictional drag and pressure drag [28,29]. The
drag-reduction property of superhydrophobic coatings can reduce the frictional resistance
and thus increase the moving speed, cutting down fuel consumption and CO2 emission.

Furthermore, the adhesion and growth of inorganic scaling, marine micro-organisms,
fouling organisms and their metabolites on maritime infrastructures and vessels accelerates
corrosive damage, and the fouling also increases the hydrodynamic drag of vessels [30,31].
Thus, it is important to focus more efforts on improving the anti-fouling ability of superhy-
drophobic coatings.

Ice formation and accretion in cockpit windshields, wings (airfoil and empennage),
engines, etc., blurs the pilot’s vision, increases flight resistance and causes engine flameout,
thus threatening the operation and security of the aircraft [32,33]. The ice-repellent prop-
erties (anti-icing and icephobic) of superhydrophobic coatings promote the rebound and
shed of impinging droplets, delay freezing of the supercooled liquid water and reduce the
adhesion strength of ice on aircraft surface.

The superhydrophobic coatings with these functionalities mentioned above meet the
featured requirements from different application fields. In addition, the improvements in
performance conformities for superhydrophobic coatings bring about better compliance
with the essential requirements of coating systems and extend the superhydrophobic
coatings to a wider range of actual applications. Importantly, mechanical durability is,
more or less, the essential requirement for all application fields.

It is undeniable that superhydrophobic coatings on automobile, marine, aircrafts, solar
energy harvesting and architecture-buildings fields are subject to long-term UV exposure
under outdoor environments. Thus, UV resistance is a key issue for researchers to take into
consideration in order to develop outdoor high-performance superhydrophobic coatings.

Transparency is an essential property of superhydrophobic coatings for their applica-
tions on optical surfaces, such as car wind shields, solar photovoltaic (PV) panels and solar
collectors. The solar energy modules use sunlight to generate heat and electricity, and thus
require a greater demand for light transmission. Superhydrophobic coatings possess an
anti-reflective property that serves to avoid unwanted solar energy loss caused by sunlight
reflection, thereby improving photoelectric and photothermal conversion efficiency [34,35].

Anti-water-penetration performance is an additional requirement for superhydropho-
bic coatings applied on maritime infrastructures and vessels, which stay in sea water or
a high moisture atmosphere. The water permeation into the hierarchical structure of a
superhydrophobic coating may reduce or even disable the anti-drag and anti-corrosion
functionalities. More studies on this issue need to be conducted.
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By optimizing superhydrophobic coatings with special performance conformities,
such as thermal insulation property and flame retardancy allow a promising development
of architecture-buildings field.

The detailed information was elaborated in the following sections.
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2.1. Automobile

Automobiles serve as the main means for transportation in modern times. Designing
a corrosion resistant car body (which enhances durability), as well as a clean windshield
to ensure clear vision for the driver, are considered increasingly important factors for
enhancing automobile security. Multifunctional superhydrophobic coatings applied to the
surfaces of the two aforementioned parts are important for maximizing safety, lessening
maintenance cost and extending the lifespan of the automobile.

2.1.1. Wind Shields

Superhydrophilic coatings possess the ability to eliminate fogging because of the
formation of continuous scattering-free water film by a spreading effect. However, these
high surface energy materials easily suffer surface contamination. Superhydrophobic
coatings with self-cleaning and anti-fogging properties have gained increasing attention in
their application to automobile wind shields. It is believed that the anti-fogging feature
of the superhydrophobic coatings is caused by the high evaporation rate of tiny fog
droplets formed on superhydrophobic surfaces [36]. Also, researchers point out that
superhydrophobic surfaces use a rolling mechanism to accelerate fog droplets leaving the
surface at a tilt angle [37,38].

In addition, being transparent is the basic consideration of any coatings on top of
wind shields. Generally, surface roughness, optical transmittance and superhydrophobicity
are competitive properties [39]. When the surface roughness increases, hydrophobicity
increases, whereas transparency decreases [40]. The reason for this is that light scattering
decreases the transmittance of light, and it is a function of the feature sizes and refractive
index of the material surfaces, generally affected by the high dimensions of the roughness
features [41]. The combination of micro/nano-structure essential for achieving superhy-
drophobicity would improve the self-cleaning effect but lead to an opaque surface [42,43].
Methods of combining nanoparticles and low surface energy materials have been reported
to construct superhydrophobic coatings without sacrificing transparency of coatings.

Nanoparticles, such as nano-silica (SiO2), nano-titanium dioxide (TiO2) and nano-
calcium carbonate (CaCO3) are widely used as surface roughening materials, and alkyl or
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fluorinated organic silanes, polydimethylsiloxane (PDMS)-based polymers and their combi-
nations act as the main reactive molecules used for low surface energy modification [44,45].

PDMS with low surface energy of about 20 mJ/m2 is used to improve the hydropho-
bicity of coatings and function as a binder to enhance the durability of coatings due to
its characteristics of low surface energy, good chemical stability, high transparency, low
reactivity and low-density. Besides, it is more durable and economical than low molec-
ular weight fluorosilanes and chlorosilanes [45–47]. A. Syafiq et al. [48] synthesized a
self-cleaning transparent coating by using organic PDMS and Sylgard polymers, inorganic
nano-CaCO3 fillers and the aminopropyl triethoxysilane (APTES) binder. PDMS and Syl-
gard polymers in the coating system were used for surface modification to enhance the
hydrophobicity of nano-CaCO3 [49]. The coating system can be cured at room temperature
and possesses high transparency with an average transmittance above 82 %. Also, the
results of the anti-fogging test showed that the large mist droplets appeared on the original
glass substrate after 15 s, which was subsequently fully covered after 1 min, while the glass
coated with coating still did not show any mist droplets after 3 min, displaying an excellent
anti-fog property. Meanwhile, the higher loading of embedded CaCO3 nanoparticles, the
higher capillary pressure and air-pockets, which resulted in the great anti-fogging property
under extended fog exposure. However, the study pointed out that the hardness of coating
decreases with an increase in the loading ratio of nano-CaCO3, thereby producing a surface
with higher crystallinity and more brittleness.

Fluorinated silanes chemicals can remarkably reduce the surface energy of coating due
to the existence of C–F group [50]. Herein, fluoroalkylsilane (1H,1H,2H,2H-perfluorooctyl-
triethoxysilane, PFOTES; 1H,1H,2H,2H-perfluorodecyltriethoxysilane, PFDTES) were dis-
cussed to improve the hydrophobic property of coatings.

Lai et al. [51] presented an one-step electrophoretic deposition (EPD) of functionalized
titanate nanobelts (TNBs) prepared by combining of hydrothermal particle formation and
hydrogen-bond-driven assembly of pre-hydrolysed fluoroalkylsilane (PFOTES) modifica-
tion of the particle surface to fabricate a stable, transparent cross-aligned superhydrophobic
TiO2-based coating on a glass plate. The optimized TNB/FAS coating showed excellent
superhydrophobicity (CA ≈ 160◦), optical transmittance of 80% in the most of visible
light region and possessed chemical resistance and self-cleaning property in adsorbing
contaminants. Moreover, by controlling the deposition time, the work presented a tran-
sition between a “sticky” hydrophobic state (high WCA with strong adhesion strength)
and a “sliding” superhydrophobic state (high WCA with weak adhesion strength). Also, it
is interesting that the superhydrophobic TNB/FAS coating can transform into a porous
TiO2 (B) structure with superhydrophilic character after heat treatment. This property can
prevent water condensation as droplets on glass substrates [52], exhibiting rapid water
spreading ability and anti-fogging ability.

Shang and Zhou [41] reported a transparent superhydrophobic porous-silica coatings on
glass substrate through layer-by-layer (LBL) assembly of raspberry-like polystyrene@silica
(PS@SiO2) microspheres, followed by calcination at a high temperature to remove the PS
core. The hollow-silica coatings realized a transition from superhydrophilic to supher-
hydrophobic state after hydrophobic modification with PFDTES using chemical vapor
deposition (CVD) method. The developed superhydrophobic porous-silica coatings had
self-cleaning ability and high transparency over a broad range of wavelengths. The re-
searchers found that they could improve transparency and superhydrophobicity of porous
silica coatings by tuning the number of assembly cycles to obtain the best state. Under two
assembly cycles, the superhydrophobic silica coating had a WCA of 159◦ ± 2◦ with a SA of
7◦ ± 1.5◦ and achieved a high transmittance of 85%. Tiny fog droplets were formed on the
superhydrophobic coating, and the droplets possessed a large surface area and disappeared
after about 10 s due to the rapid evaporation rate of fog. By contrast, large water droplets
were formed on the ordinary glass surface and did not change significantly after 2 min,
which would affect the transmittance. It was found that the anti-fogging behavior of super-
hydrophobic coatings differed from that of superhydrophilic coatings before modification,
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which spreads condensed water droplets into thin water membrane, i.e., forms film-like
condensation to prevent fogging due to its excellent wettability. Compared with other
anti-fogging superhydrophobic coatings with good anti-fogging performance even in some
extreme and hazardous environments, the fabricated superhydrophobic coating had high
transparency.

These methods of fabricating water-repellent coatings allow both superhydrophobicity
and transparency. Although there exists slight transmittance loss compared to bare glass
with the transmittance above 85%, the visibility for these transparent superhydrophobic
coating is enough to meet the demand for vision and high security of automobiles.

It is noted that superhydrophobic coatings are water repellent rather than just water
vapor repellent [53]. The phenomenon of condensation of water vapor on the surface
is caused by the variation of temperature, which below the dew point can disable the
water-repellent property of superhydrophobic coatings. Hence, the application of superhy-
drophobic surfaces for anti-fogging windshields should be further studied.

2.1.2. Car Body

The corrosion from a car body’s long-term exposure to the outdoors causes a change
in performance and shortens the lifespan of the automobile due to physical and chemical
interactions with the environment. The phenomenon not only affects the appearance of the
automobile, but also engenders damage to related equipment, leading to high maintenance
costs and development into a hazard for personal safety. Meanwhile, the manual clean and
routine maintenance are time-consuming and laborious. Also, the frequent use of cleaning
agent and the impact of water will cause damage to the coating surfaces of the automobile.
The superhydrophobic coating serves as a protection layer against corrosive environments,
and at the same time it enables the self-cleaning ability of automobile surfaces so that the
water droplets can effectively clean the surface because of the high WCA and low SA.

For the corrosion resistance of superhydrophobic coatings, it is generally evaluated by
the polarization curves and electrochemical impedance spectroscopy (EIS) in determining
the instantaneous corrosion rate of a substrate. In a typical polarization curve, a lower
corrosion current density (Icorr) or a higher corrosion potential (Ecorr) denotes lower corro-
sion rate (vcorr) and better anti-corrosion properties [54,55]. Also, it is well known that the
diameter of the capacitive loop in a Nyquist plots demonstrates the polarization resistance
of the working electrode. Higher semicircle diameter represents higher charge transfer
resistance, representing better anti-corrosion character [56].

In practical applications, the materials used for car bodies are mainly steel and other
lightweight materials such as aluminum and magnesium alloys, etc. The formation of
air pockets and reduction of the water contact area of superhydrophobic coatings can
serve as a barrier against the corrosion of metal alloys surfaces and weaker adhesion
strengths between the contaminants and the superhydrophobic surfaces. Thus, this slows
down the corrosion rate and improves the self-cleaning capability of the car body. Hence,
superhydrophobic coatings applied on the metal surfaces are suitable candidates for
enhancing the anti-corrosion and self-cleaning properties of substrates.

Steel is the basic material that constitutes more than 90% of the construction of au-
tomobiles due to its superior physical and mechanical performances, e.g., high hardness,
good castability, high stiffness/weight ratios and high damping capacity, etc. However,
steel corrodes easily due to its high chemical and electrochemical activity [55,57]. A lot of
effort has been spent towards increasing corrosion resistance of steel substrates, especially
in superhydrophobic coatings [6,58].

Qing et al. [55] synthesized a fluorinated polysiloxane (FPDHS)/ZnO nanocomposite
coating with a large WCA of 166◦, and a low SA of 4◦ on the steel substrates using a
spray coating method, as illustrated in Figure 3. The FPDHS emulsion was prepared by
hydrosilylation reactions and dehydro-coupling of poly(dimethylsiloxane) (PDHS), and
dodecafluoroheptyl-propyl-trimethoxysilane (DFTMS). And the FPDHS emulsion was used
as the adhesive layer for hydrophobic ZnO nanoparticles which was modified with stearic
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acid. Additionally, the nanocomposite coating not only had mechanical durability and
self-cleaning properties, but also showed better corrosion resistance than the original steel,
owing to its lower corrosion current density (Icorr = 5.8 × 10−8 A/cm2 Vs 7.9 × 10−6 A/cm2

of bare steel), corrosion rate (vcorr = 6.8 × 10−4 mm/a Vs 9.2 × 10−2 mm/a of bare steel) and
high corrosion potential (Ecorr = −416 mV Vs −890 mV of bare steel). Thus, the as-prepared
superhydrophobic coating provided a strategic and promising industrial application in
steel substrate corrosion protection.
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Aluminum (Al) alloys are common lightweight engineering materials due to excellent
physical properties, machining performance, ductility and cost efficiency, and are univer-
sal automobile materials [59,60]. However, corrosion of aluminum alloys is inevitable
from exposure to complicated atmospheric environments [61]. The fabrication of superhy-
drophobic coatings extends anti-corrosion and self-cleaning application to Al substrates.

Lv et al. [62] fabricated a leaf-like copper oxide (CuO) superhydrophobic coating
on 6061Al alloy substrate by chemical replacement, thermal oxidation and hydrophobic
modification with stearic acid. The developed coatings with WCA of 156.7◦ and SA
of 3.6◦ achieved self-cleaning, mechanical durability proven by validation tests such as
tape-peeling, sandpaper-abrasion and chemical stability in acidic and alkaline solutions.
Furthermore, the superhydrophobic CuO coating possessed a higher corrosion potential
(Ecorr) of −0.66 V and a lower corrosion current density (Icorr) of 0.77 × 10−7 A/cm2

than that of bare 6061Al substrate (Ecorr of −0.55 V, Icorr of 7.18 × 10−7 A/cm2) after the
electrochemical workstation test, which is promising for corrosion protection of Al alloys.

As one of the most competitive green and lightweight engineering materials, magne-
sium (Mg) has a high strength to weight ratio, low specific gravity, good impact resistance,
mechanical workability, high thermal conductivity and recyclability [6]. Thus, Mg alloys
have been widely applied as structural materials for automobiles, aircrafts and electronic
products, etc., due to the demand of lightweight and environmental protection [3,63],
especially the development of new energy automobiles. However, the corrosion resistance
of magnesium alloys is poor, limiting their large-scale application. Thus, using the super-
hydrophobic coatings to promote corrosion resistance and self-cleaning properties of Mg
alloy substrates have developed into a trending topic.
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Qian et al. [3] prepared a silica-based superhydrophobic coating on AZ31B Mg alloy
surfaces using spraying method. In the coating system, nanoscale and microscale silica
particles provided the desired dual-scale hierarchical textures, and PFOTES as a fluorine
silane coupling agent endowed the silica particles with hydrophobicity. The corrosion
current density of the developed superhydrophobic coatings with WCA of 159.4◦ and SA
of 1.2◦ showed a more than four orders of magnitude smaller value and higher corrosion
potential (−1.526 V) than that of bare AZ31B (−1.577 V), displaying improvement in
corrosion resistance. Furthermore, the coating presented mechanical and chemical stability
through the abrasion test, immersion test, salt spray test, etc. Chu et al. [64] reported a
superhydrophobic coating on AM60B magnesium alloy prepared by the electrodeposition
of Zn–Co coating and modification with stearic acid. The fabricated coating with the WCA
of 152◦ promoted anti-corrosion property of magnesium alloy in 0.1 mol/L NaCl solution
with the corrosion current density (Icorr) decreasing more than three orders of magnitude
from 1.23 × 10−5 to 3.16 × 10−8 A/cm2.

Also, to remarkably improve the adhesion strengths between the coating and the
substrate, epoxy resin (EP) and PDMS can be used as adhesives to fabricate robust su-
perhydrophobic coatings. As shown in Figure 4a, Li et al. [24] presented a simple, facile,
fluorine-free approach to fabricate the robust superhydrophobic EP + PDMS@SiO2 coating
(WCA of 159.5◦, SA of 3.8◦) on Mg alloy substrate by spraying an EA-based suspension of
the polymers in combination with the functionalized SiO2 nanoparticles. The fabricated
coating possessed high-low temperature durability and mechanical and chemical stability.
In addition, the coating yielded a value of 1.73 × 10 −6 for Icorr which decreased by approx-
imately two orders of magnitude compared to original Mg alloys (1.65 × 10 −4). Thus, the
durable coating exhibited superior corrosion inhibition efficiency (ηp = 98.9%), which was
the decrease ratio of the Icorr of Mg alloys coated with superhydrophobic coating compared
with bare Mg. Furthermore, the coating in air or oil (dodecane) environments exhibited
self-cleaning behavior and superhydrophobicity, as shown in Figure 4b,c.
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with permission from [24]; Copyright 2019 Elsevier.

2.2. Marine

Through the progress of economic development, high energy consumption and cor-
rosion issues inevitably produced by various marine applications have largely affected
marine transportation or operations, especially in the harsh marine environment. Many
researchers have concentrated on the topic of performance enhancement of marine vessels
and infrastructures, which are important systems to meet the highest-level demands in
practical marine applications. Herein, superhydrophobic coatings as a key technology can
be usefully applied to improve drag-reduction of navigation objects in the water and the
anti-corrosion property of marine vessels and infrastructures.
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2.2.1. Marine Vessels

The drag reduction of underwater vehicles and surface ships can enhance sailing
velocities and effectively save fuel consumption when sailing [65]. Superhydrophobic
coatings with excellent water-repellency and low adhesion force to water can be used for
various marine vessels, including cargo ships, service ships, navy warships, submarines, etc.
Such technology can achieve a drag-reduction effect and improve operating performance
with significant advantages in facile fabrication and low energy consumption [65,66].
It should be noted, however, that the poor mechanical durability of superhydrophobic
coatings, especially in terms of abrasion resistance, limits its practical application in the
drag-reduction of vessels. In response to this, many efforts have been devoted to improve
the mechanical durability in the drag-reduction effect of superhydrophobic coatings.

Incorporating elastic materials such as PDMS into coating systems can protect coatings
from abrasion. Cheng et al. [67] fabricated PDMS/Copper superhydrophobic coatings by
incorporating elastic materials (PDMS) and hydrophobic copper particles on a model ship,
and gold (Au) superhydrophobic coatings through immersion into HAuCl4 solution to
form gold aggregates followed by the modification of n-dodecanethiol on model ships
wrapped within copper foil. The Au and PDMS/Copper superhydrophobic coatings,
respectively, possessed a WCA of 156◦ ± 1◦, with a roll-off angle of 4◦ ± 1◦ and a WCA of
152◦ ± 1◦, a low roll-off angle of 15◦ ± 2◦. Generally, the drag reduction rate was defined
as ((Vsuperhydrophobic − Vnormal)/Vnormal) × 100%. The Vsuperhydrophobic and Vnormal denote
average moving velocity of model ships with and without superhydrophobic coatings.
Compared to bare model ship and PDMS/Copper superhydrophobic coatings, the model
ship coated with Au superhydrophobic coatings had the highest drag reduction rate of
about 32% but such poor durability that the drag-reducing rate dropped remarkably to
almost 3% after abrasion. However, the fabricated PDMS/copper coating had a 26% drag
reduction rate and only decreased to 24% after a similar abrasion condition, showing a
more durable drag-reducing effect. Meanwhile, the average speed for the PDMS/Copper
coating was 0.39 ± 0.01 m/s, which was lower than the Au superhydrophobic model ship
(0.41 ± 0.01 m/s) but much higher than the bare model ship (0.31 ± 0.01 m/s) at similar
sailing experiments.

Dong et al. [65] fabricated a superhydrophobic coating modified by n-dodecanethiol on
a macroscopic model ship with a large and curved surface, which was wrapped in copper
foil tape, using an electroless deposition of gold (Au) aggregates, as shown in Figure 5.
The synthesized coating exhibited a superhydrophobic character with WCA reaching
159.7◦, and the model ship with superhydrophobic coating demonstrated a significant drag
reduction of 38.5% at a velocity of 0.46 m/s. This study provides a new proof-of-principle
that can be applied to the reduction of drag in fluid flow and have potential applications
for surface ships. However, the study also pointed out that the superhydrophobic coating
on practical applications was challenged by its unsatisfactory mechanical durability when
in friction with solid surfaces.

In the work of Hwang et al. [13], a superhydrophobic coating using PFOTES, TiO2
nanoparticles and ethanol was described. The surface energy reduction by the superhy-
drophobic coating weakened the adhesion of water molecules on the sailboat and led to a
water drag reduction while increasing its buoyancy on water. Additionally, the researchers
fabricated a robust superhydrophobic coating using the paint (PFOTES, TiO2 nanoparticles
and ethanol) and adhesive double side tape through layer-by-layer coating. The prepared
superhydrophobic surface still caused enhanced buoyancy, water drag reduction and main-
tained its superhydrophobic property with WCA of >158◦, rolling off an angle and CAH
of <5◦ after 100 cm of sliding friction. Thus, the robust superhydrophobic coating can
overcome the damage to its surface from water-friction and undesirable aquatic residues
or debris in practical aquatic applications. Meanwhile, the superhydrophobic paint is ap-
plicable to various substrates through several common methods, such as dipping, painting
and spraying approaches.
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2.2.2. Maritime Infrastructures and Vessels

Maritime infrastructures, including offshore platforms, undersea construction, pipelines
and cables, are critical to the effective functioning of offshore energy and communications
systems. However, the higher salinity of sea water causes salt corrosion of these mar-
itime infrastructures and various marine vessels facing harsh marine atmosphere, thereby
restricting the service performance and further producing premature failure of metallic
components, leading to financial losses, environmental contamination and even sudden
accidents [6,68,69]. Hence, the proneness to marine corrosion is an important issue and
improving the corrosion resistance of these facility surfaces is critical. Superhydrophobic
coating, acting as a protective barrier, is one of the effective approaches to improve anti-
corrosion performance, and its application depends not only on the substrates but also on
the feasibility of the treatment techniques [70–72].

Compared to the corrosion atmosphere of the car body mentioned above, the corrosive
environments faced by maritime infrastructures and vessels are more aggressive and severe.
There are two serious levels of corrosivity categories for maritime installations: C5-M
(Coastal and offshore areas with high salinity) and Im2 (Immersed in sea water) [73,74].
The marine environment is notoriously one of the most corrosive and hostile working
atmospheres on metal substrates or other materials. Thus, the requirement and demand
for the corrosion resistance of superhydrophobic coatings are much higher than that of the
car body. On top of the polarization curve and EIS tests, the anti-corrosion ability should
also be evaluated by the stability test in which the coated articles are immersed in NaCl
solution for extended periods of time.

Maritime infrastructure and vessel structures are mainly made of steel [75]. For the
protection of various of steel-constructions, many researchers have proposed different
application techniques to achieve the purpose of fabrication of superhydrophobic coatings
with high corrosion resistant quality according to different coating systems.

Aluminum (Al) coatings have been proven to be one of the most economical corrosion
protection systems for the marine environment to protect steel materials from corrosion [76].
A composite superhydrophobic Al coating was proposed by Chen et al. [77]. The synthe-
sized corrosion-resistant superhydrophobic polyurethane (PU)/nano-Al2O3–Al coatings
had a static WCA of approximately 151◦ and a SA of about 6.5◦ through an eco-friendly
process. This involved the Al coatings being initially arc-sprayed onto stainless steel sub-
strate, followed by deposition of PU/nano-Al2O3 layer by a suspension flame spraying
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approach. The coating had self-cleaning and anti-corrosion performance with a lower cor-
rosion current density (1.873 × 10−4 A/cm2) and a higher corrosion potential (−1.207 V),
presenting a lower corrosion rate. In the corrosion protection system, the water-repellent
coating possessed the ability to prevent corrosive damage from the NaCl solutions. And
densification structures of the composite coating due to the deposition of nano-Al2O3
particles and PU layer inhibited the migration and penetration of corrosive ions into the
as-sprayed Al coating.

A dual interfacial enhancement method to improve the mechanical durability and
corrosion resistance of superhydrophobic coatings in the powder coatings processes was
discussed by Zang et al. [23]. They proposed a superhydrophobic EP-PTFE/graphene-
polydopamine (GP)-SiO2-PFOTES coating with a high WCA of 156.3◦ ± 1.5◦ and a low
SA of 3.5◦ ± 0.5◦ on a steel substrate by electrostatic spraying method. The coating had
improved mechanical durability which was attributed to a dual interfacial enhancement,
combining shear flow and pressure flow during the melt extrusion process and the “glue”
action of polydopamine. In the study, the self-polymerization of the dopamine on the
graphene surface formed abundant hydroxyl groups, providing a secondary reaction
platform. Then, SiO2 nanoparticles were grown in situ on the treated graphene via a sol-gel
process to form GP-SiO2 particles with three-dimensional (3D) structure, as illustrated in
Figure 6. The results showed that the nano-SiO2 particles can be uniformly distributed on
both convex and flat coating surfaces due to the effect of the lamellar structure of graphene.
The formed nano-micro-nano structure of EP composite coating created two protection
barriers to prolong the lifespan underwater for hydrophobicity, thereby obtaining a self-
cleaning property to sand contaminants, an anti-fouling ability to slurry solution and
corrosion resistance. Moreover, the prepared coating was able to retain its high water-
repellency even after being scratched or immersed in 3.5 wt % NaCl solution for 60 days,
exhibiting a potential application in marine environments. Meanwhile, the EP-PTFE/GP-
SiO2- PFOTES coating possessed wear resistance that withstood 105 abrasion cycles, with a
weight loss of only 54.4 mg, and anti-fouling properties that repelled the slurry solution
and kept a clean surface even after 20 immersions.
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Aluminum-based materials are also widely used in many marine fields for the con-
struction of ships and maritime infrastructures because of their advantages such as low
density and high specific strength [69]. Al5XXX series of Al alloys have been widely used
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in marine industries such as fast ferries and ship building where Al5083 is the most used
and most promising aluminum alloy in vessels hull and marine systems. Fahim et al. [78]
proposed an economical two-step method to fabricate superhydrophobic coatings on this
Al5083 aluminum alloy surface composed of anodizing and chemical modification with
two classes of silane. The coating provided a high WCA of 170◦ and 160◦ and a low CAH
of about 3◦ and 9◦, respectively, by modification with silane of KH-832 and 1H,2H,2H-
perfluorooctyl-trichlorosilane (PFOTS). The work confirmed that the effect of siloxane
groups on superhydrophobic properties is more than that of CF2 groups.

Electrodeposition (ED) is an effective process for fabricating superhydrophobic coat-
ings due to its low costs, ease of control and versatility. It can control surface morphology
and non-wettability by adjusting the related parameters [79–82]. Zhang et al. [69] reported
a handy and universally feasible fabrication of non-fluorinated Allium giganteum-like
superhydrophobic aluminum coating via a one-step electrodeposition approach, as shown
in Figure 7. The CA value and SA of the ED superhydrophobic coating can reach up to
168.6◦ ± 2.5◦ and lower than 3◦ respectively, under the deposition voltage of 30 V. The
resultant ED superhydrophobic coating exhibited self-cleaning ability and marine corro-
sion resistance. Generally, the higher Rct value and lower Qdl value of superhydrophobic
coating suggests the lower electrochemical charge transfer process and higher corrosion
resistance. The electrochemical results revealed the Rct value (charge transfer resistance) of
the ED superhydrophobic coating (5.49 × 109 Ω·cm2) was five orders of magnitude higher
than that of uncoated Al substrate (3.89 × 104 Ω·cm2), while the Qdl value (the constant
phase elements modeling the capacitance of double-layer) of the ED superhydrophobic
coating was four orders of magnitude lower than that of the Al substrate, manifesting an
enhanced corrosion resistance and high inhibition efficiency of 99.999%. Moreover, the ED
superhydrophobic coating presented good stability for its superhydrophobicity after being
exposed to air for eight months or immersed in 3.5 wt % NaCl solution for 12 days.
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These facile fluorine-free fabrication processes of superhydrophobic coatings can
realize superhydrophobicity and corrosion resistance, while broadening the potential
applications of aluminum-based materials towards maritime infrastructures, vessels, etc.,
exhibiting great superiority.

Worth mentioning is that the superhydrophobic coating has excellent water repellence
but poor water-penetration resistance when being immersed in sea water or a high moisture
environment for an extended time. Most of the evaluations of the drag-reduction and
corrosion resistance of these superhydrophobic coatings were only conducted for a short
time. In this period, the trapped air-pocket serves as a protective barrier to provide
drag-reduction and corrosion resistance. In the actual marine environment, however, high-
salinity sea water will tardily penetrate into the cavitation and the trapped layer of air will
be gradually absorbed by water. The unique hierarchical structure of superhydrophobic
coatings may not contribute to, and even inversely affects the function of drag-reduction
and corrosion resistance.

Although superhydrophobic coatings possess anti-fouling capability because the
entrapped air pockets decrease the contact between fouling and the surface, similarly,
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prolonged immersion of superhydrophobic coatings in the sea water may damage the air
layer and even the fouling can enter such surfaces for adhesion and growth [30,83,84].

2.3. Aircraft

Most aviation accidents caused by icing occur in airfoil and empennage. Typically,
super-cooled liquid water in the clouds that remains liquid below zero and suddenly turns
to ice and the existence of tiny pieces of ice are the main sources of icing during a flight. Ice
formation and aggregation on an aircraft leads to the damage of equipment and hinders
the operation of aircraft, thereby causing aerodynamic stall or even serious hazard [85–87].
For aircraft, the current de-icing and anti-icing systems at cost of huge energy consumption
on the ground and during flight, such as thermal, mechanical, or chemical treatment, etc.,
are not economic and environmentally friendly. They will release chemical substances into
the environment, increase fuel consumption and add complexity and weight to the aircraft
systems, especially the de-icing process, which needs to take more time and energy [85,88].

Anti-icing and icephobic coatings can be potentially employed to prevent ice formation
and reduce ice adhesion strength of aircraft surfaces, respectively. Preventing ice formation
is realized by delaying freezing time and lowering freezing temperature of super-cooled
liquid water so that condensed water can roll off the substrates before it freezes under
external forces including gravity, wind power, centrifugal forces, etc. [89]. The classical
nucleation theory revealed that nucleation rate and macroscopical growth velocity of ice
can be greatly decreased by a superhydrophobic coating because the trapped air in cavities
can cause an extremely low actual contact area and reduce heat transfer between solid
surface and liquid, leading to a delay in the time required for freezing [90,91]. Meanwhile,
it is also reported that the ice adhesion strength is linearly related to 1 + cosθe where θe
represents the estimated equilibrium contact angle. The lower the ice adhesion strength,
the easier it is to remove ice, which is desirable for de-icing. Thus, superhydrophobic
coatings possess a low adhesion strength, showing a good icephobic property [92].

Various fabrication approaches were employed to improve the anti-icing and icephobic
performances of superhydrophobic coatings. Herein, some conventional fabrication meth-
ods such as spin-coating, sol-gel methods, picosecond laser, suspension plasma spraying,
chemical vapor deposition methods and novel fabrication methods such as atom transfer
radical polymerization (ATRP) were presented to discuss the feasibility of fabricating
anti-icing and icephobic coatings.

In 2017, Ruan et al. [93] prepared a superhydrophobic coating with a WCA approach-
ing 163.6◦, using a strategy through spin-coating on aluminum substrate that PTFE was
dispersed in composite coating at the ratio of PDMS:TEOS:DOTL:PTFE = 10:4:1:2. The
prepared coatings decreased the starting temperature of ice nucleation by 3.1 ◦C so that the
ice nucleation starts at −0.5 and −3.6 ◦C, respectively, on untreated and coated aluminum
plates while achieving a delay of around 50 s in water drop freezing during the icing
process. Furthermore, after 34 icing/deicing cycles conducted in a home-made icing moni-
toring system, it was observed that the rough surface structure had just minor changes,
which led to WCA of 140◦. The composite coating simultaneously met the demands of
mechanical properties and durability for practical application.

Also, Xing et al. [94] constructed micro-nano tertiary textures via a picosecond laser
technique on Al alloy surface. This method is able to achieve superhydrophobicity without
any chemical modifications. These surfaces also displayed an anti-icing property. Theo-
retical analysis indicated that the laser-processed superhydrophobic surface reduced the
liquid-solid contact area compared to the original surface. Not only did this reduce the
electrostatic force and van der Waals force, as well as decrease the adhesion energy between
solid surface and liquid, but it also moderated the heat loss, which finally enhanced the
anti-icing performance of the superhydrophobic Al alloy surface.

Recently, the suspension plasma spray (SPS) method has been applied to fabricate
superhydrophobic TiO2-based coatings that possess high water repellency and durabil-
ity [95]. Sharifi and colleagues [96] developed a superhydrophobic coating via the SPS
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approach of a TiO2 feedstock suspension onto grit-blasted substrates. Then, modification
of the coating with stearic acid boosted the superhydrophobic behavior with a WCA of
170◦, an SA of 1◦ and a CAH of 4◦. Compared with two commercial superhydropho-
bic coatings, the relatively thin SPS TiO2 superhydrophobic coating had more excellent
anti-icing performance, especially in decreasing the de-icing time and the electrical power
required to maintain an ice-free surface. Furthermore, the harder and stiffer SPS TiO2
coating demonstrated higher durability, which had better resistance to dry particle erosion,
multiple icing/de-icing cycles and high intensity water erosion. Although it is slightly less
resistant to cloud-sized droplet erosion than one of the commercial coatings—UltraEver
Dry (UED)—and similar to the other commercial coating NeverWet (NW), SPS coating
can quickly recover superhydrophobicity using a retreatment with the stearic acid solu-
tion after suffering from extended water erosion. This is because of its intact and robust
hierarchical micro-texture, unlike commercial polymer coatings, which needs thorough
removing, cleaning and recoating before reapplying if damaged. The approach mitigates
the in-flight icing problem and could be an efficient candidate for anti-icing application on
aircrafts.

Liu et al. [97] reported a nano-SiO2-based superhydrophobic coating with a WCA
of 163◦ ± 7.4◦ modified by self-assembled monolayers of PFOTES from spin coating and
chemical vapor deposition methods. Three parameters affecting icephobicity performance
indicated that the icephobic coating was successfully obtained: the bouncing off of incom-
ing water droplets even if the angle inclination is invisible; the icing delay performance
that the icing formation on coated surface is 289 s in contrast to 24 s for the bare substrates
and 204 s for the commercial icephobic products; and low ice adhesion strength which
is desirable for de-icing. The study, however, also pointed out that it needs further opti-
mization to improve durability of the superhydrophobic/icephobic coatings aiming for
large-scale application on aerospace.

Wu et al. [98] developed an ice/liquid-repellent, transparent and sol-gel-derived
coating with superior performances in transmittance, ice adhesion force, anti-icing accumu-
lation, and self-cleaning performances compared with the well-studied superhydrophobic
coatings. The coating exhibited visible-light transmittance reaching 97.8% and a higher in
mechanical strength and durability than the state-of-the-art slippery liquid-infused porous
surfaces and polymer coatings. The study suggested that sol-gel-derived coatings with
a large percentage of nanoparticles was a good approach for realizing high transparency
when the particles are well stirred and dispersed in the sol preparation stage. Furthermore,
the transparent icephobic coatings demonstrated the resistance to water condensation and
adhesion strength to substrate. The applicability of sol-gel process on substrates with
complex shapes and large structures can also realize large-scale application because of
its low cost and simplicity. The produced coating realizing superhydrophobic and ice-
phobic properties has the potential for anti-icing protection and self-cleaning applications
on aircrafts.

The superhydrophobic coatings fabricated by initiating polymerization from the
surfaces of the silica nanoparticles can achieve good durability due to the formation of
the covalent bond between the surface and the polymer. In the fabrication process, the
fluorinated polymer chains were grafted onto nanoparticles. Atom transfer radical poly-
merization (ATRP) is attractive in the grafting-from approach because of its tolerance of
impurities, mild polymerization conditions and compatibility with various monomers,
whereas on the other hand, the requirement for the inert atmosphere of ATRP is chal-
lenging [99,100]. Therefore, ATRP using activators generated by electron transfer (AGET)
was pursued [89,101]. Zhan et al. [89] proposed an anti-icing hybrid material with a high
static WCA of 170.3◦ and a low CAH of less than 3◦ synthesized by grafting fluorinated
polymer chains to silica nanoparticles via surface-initiated activators generated by electron
transfer atom transfer radical polymerization (SI-AGET ATRP). The schematic illustration
demonstrating this is shown in Figure 8. The coating exhibited anti-icing properties, which
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could not only promote the removal of droplets efficiently but also lower the crystallization
point and delay the freezing time.
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Figure 8. Schematic illustration of the preparation and application of the superhydrophobic anti-icing
surface. Reprinted with permission from [89]; Copyright 2014 Royal Society of Chemistry.

Furthermore, these superhydrophobic coatings with anti-icing and icephobic proper-
ties can also be applied in some powerplants in cold and humid regions.

2.4. Solar Energy

Each year, the quantity (5 × 1024) J of power that hits the earth’s surface deriving from
the sun is 10,000 times higher than the actual annual energy consumption of the whole
world. Thus, solar energy has been regarded as the most important sustainable energy
resource available due to the year-round abundance of sunlight and the technological
advances that exist for capturing the light energy [102]. There are two ways to use solar
energy: photoelectric conversion and photothermal conversion. These two processes
are usually performed by the solar photovoltaic (PV) panel and solar flat-plate collector,
respectively. In practical applications, the accumulation of dust and contaminants on these
devices’ surfaces largely decrease PV output efficiency and the performance of the solar
thermal system, affecting the solar electric and thermal use [103]. Thus, it is desirable to
endow superhydrophobic coatings with self-cleaning properties and highlight transmission
in solar energy use.

Compared with the visibility requirement for transparency of superhydrophobic
coatings in windshield application, solar PV panels and flat-plate collectors require high
anti-reflection effect because their conversion efficiencies are closely related to the use rate of
sun light. Thus, the researches on these devices mainly focus on the anti-reflective property
of superhydrophobic coatings to prevent light scattering and improve light transmittance.

2.4.1. Solar Photovoltaic (PV) Panel

Solar photovoltaic technology is the main source of using solar energy due to its
safety, pollution-free nature and sustainability [104,105]. Solar PV panels as a photoelectric
conversion device can convert solar radiant energy into electric energy by the photovoltaic
effect, which mainly involves cover glass, ethylene-vinyl acetate copolymer (EVA) adhesive,
solar cells, backboard, frame and junction box, as shown in Figure 9. Generally, the
reflection of the sun’s rays and light scattering by accumulated contaminants (dust, organic
waste and water droplets, etc.) on cover glass are the main factors that decrease the
efficiency of PV panels [106–108]. Antireflection coatings applied on the cover glass are
indispensable to reduce optical losses and thus increase light transmission of PV panel.
In addition, the self-cleaning application removes contaminants from the cover glass
and improves the transmittance of incident light radiation and the output power of PV
panel [107,109,110]. Thus, superhydrophobic coatings with self-cleaning and anti-reflective
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properties were carried out to improve conversion efficiency and the optical quality of
PV panels.
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Figure 9. Structural diagram of solar PV panel. Figure 9. Structural diagram of solar PV panel.

In Figure 10, the research of Zhang et al. [111] indicated that the superhydrophobic
coating is effective, particularly for large tilt angled ones, in reducing the effects of dust
deposition on solar PV performance. In addition, the superhydrophobic coating had the
best performance on dust deposition reduction for the poly-crystalline silicon PV cell,
followed by the amorphous silicon PV cell and mono-crystalline silicon PV cell.
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The realization of high surface roughness for preparing superhydrophobic coatings
results in light scattering which affects the output efficiency of solar PV panels. Thus,
precise tuning of the surface roughness, thickness and control of the refractive index of the
coatings is desirable to prevent light scattering and to fabricate the coating that can meet
the requirements of both high light transmission and superhydrophobicity [41,112].

The study by Chi et al. [113] found that the addition of organic silica adhesive can
attain precise control of the optical transmittance and mechanical strength by adjusting the
refractive index of coatings. They explored a simple dip-coating method that enables the
fabrication of self-cleaning, antireflection and robust coatings without loss of optical prop-
erty through nanoscale binding of hydrophobic silica nanoparticles with an organosilica
adhesive. During the dip-coating process, the control of coating thickness will affect the
light transmission of the functional antireflection coatings, which was achieved by adjust-
ing the withdrawal rates. The developed coating had a WCA of 161◦, high transmittance of
up to 99.9% and hardness of 4.2 GPa. The paper also reported that the coating could retain
the high transmittance under outdoor environments for three months. This was due to
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their excellent self-cleaning property, which made it so that one small water droplet could
pick up a large amount of contaminant by its surface. Such a phenomenon was attributed
to the high water surface tension and low surface energy of the coatings.

Sutha et al. [114] presented an anti-reflective transparent superhydrophobic coating
with a 300 nm thick nanoflake-like interconnected network with 38% of porosity based
on aluminum oxide coatings on glass substrate through a solution-based method. Herein,
aluminum oxide possessed the characteristics of high thermal and mechanical stability, and
it could protect from abrasion by wind-borne particles. In addition, the aluminum oxide
coating was optically transparent in the visible wavelength regions. The superhydrophobic
coating with the gradient porosity profile structure acquired the highest superhydropho-
bicity (WCA of 161◦, TA of less than 10◦) and average transmittance of 95% by increasing
the number of aluminum oxide spin coating layers increased to three (~300 nm thickness).
In contrast with uncoated substrate, the superhydrophobic coating showed 2% improve-
ment in average transmittance with anti-reflective nature. Additionally, the glass substrate
coated with superhydrophobic coating recovered the efficiency of the dust contaminated
solar PV panel by 91% after being cleaned with water, which was higher than the recovery
efficiency of uncoated glass substrate (67%).

Interestingly, Aytug and coworkers [115] suppressed light reflection losses at the
glass–air interface over a wide range of wavelengths and incident angles by the formation
of antireflective coating with low-refractive index, comprised of an interconnected network
of nanoscale pores surrounded by a nanostructured silica framework. The antireflective
coating was accomplished by exploiting vapor deposition and metastable spinodal phase
separation in low-alkali borosilicate glass coatings. The study indicated that the enhanced
optical performance is related to the porosity modulated gradation of the refractive index
through the film thickness. Further, the coating had such high superhydrophobicity that the
WCA was up to as high as 165◦ and TA was less than 5◦, and therefore, water droplets could
effectively clean the surface. The result suggested that the fabricated coating is available
for self-cleaning cover glass of solar PV panel applications. Compared to transmittance of
uncoated borosilicate glass template (~92%), the nanostructured silica coating remained
above 95.2% on average transmittance, and the coating enables lower reflectance over the
entire spectral range.

A superhydrophobic coating with three-dimensional network structure has been
fabricated using the dip-coating method through the double-step sol-gel process to improve
light transmittance of coating surface by Luo et al. [116] in Figure 11. The developed
PU/SiO2 composite superhydrophobic coating by crosslinking reaction had a high WCA
reaching 162.1◦ due to the formation of organic whole from the crosslinking reaction
of isocyanate (−NCO) of PU with hydroxyl (−OH) on the silica surface to form the
carbamate group. Thus, the reduction of hydroxyl (−OH) on the silica surface improved
the hydrophobic property of coating. Moreover, the coating had good abrasion resistance
under the pressure of 5 KPa because PU had good adhesive force and structural stability
to improve anti-abrasion property. Although the rough surface led to the phenomenon of
light scattering, which decreased transmittance, the three-dimensional network structure
of PU/SiO2 coating let the light through, thus having high transparency with a light
transmittance of 94.38% in visible light.

These facile and low-cost methods to fabricate superhydrophobic coatings provide
new insights and ideas for self-cleaning and high light transmittance coatings for a promis-
ing optical industry, including not only cover glasses of solar PV panel applications but
also windshields, window and door glasses, etc.

2.4.2. Flat Plate Solar Collectors

Flat plate solar collector, as one of the two major types of solar collectors, is a device
that absorbs thermal energy from sunlight and converts it into usable heat. A typical solar
collector module mainly consists of cover glass, solar selective absorber (SSA), thermal
insulation board, copper pipe, aluminum alloy frame and backboard [117–120], as shown
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in Figure 12. SSA is the core part of the flat plate solar collector, which should possess the
characteristic of high absorptivity for solar radiation (high solar absorptance) and low emis-
sivity for thermal infrared radiation (low thermal emittance) for high efficiency [120–122].
However, the dust accumulation on cover glass in practical outdoor environment reduces
the transmittance of normally incident light, and thus largely decrease the thermal perfor-
mance [123]. To increase the efficiency of the solar thermal system, many studies have been
concentrated on self-cleaning, antireflective and superhydrophobic coatings on the cover
glass. The above studies on the superhydrophobic coatings with self-cleaning capability
and high light transmittance coated in the cover glass of solar PV panel can also be applied
in the cover glass of flat plate solar collectors.
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Figure 12. Structural diagram of flat plate solar collector.

Although cover glass is desirable in preventing heat convection loss and preserving
heat to obtain high-temperature water in the high-temperature flat plate solar collector,
losses caused by reflection and absorption of the cover glass may be higher than heat con-
vection loss in low-temperature applications [124,125]. It is reported that the absorptance
of SSA was 95.25% while that of SSA with borosilicate cover glass above was decreased to
88.50%. Meanwhile, with the borosilicate cover glass, the thermal emittance increased from
1.9% to 16.7%. These phenomena are attributed to the reflection of incident light on each
air/glass interface and partly absorption of the incident light by borosilicate glass [120].
In the work of Zhu et al. [120] the SSA was directly exposed to the outside environment
getting rid of cover glass. Based on the low-temperature application of flat plate solar
collectors, the study proposed a kind of superhydrophobic coating on SSA without cover
glass by a simple sol-gel method. The researchers presented the sandwich structure of
“substrate + adhesive +coating” by introducing the organosilicon, as shown in Figure 13,
thereby improving adhesion force of coating on SSA and its mechanical strength. The
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coating solved the problems of incident light loss and contaminant accumulation. Mean-
while, the superhydrophobic SSA coating had a WCA of 157◦ and an SA of below 2◦,
and realized a self-cleaning effect via water droplet or tiny wind due to low adhesion
strength between contaminant and superhydrophobic SSA coating. After being coated
with superhydrophobic coating on SSA, the values of absorption and thermal emittance of
SSA became 95.80% and 1.8%, respectively, denoting that the thermal performance of SSA
is nearly unchanged and much better than that of SSA with borosilicate cover glass.
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The above as-prepared coating has corrosion resistance, which is suitable for an
outdoor environment: after 48 h neutral salt spray tests, the solar absorptance of bare
SSA decreased from 95.25% to 80.97%, and the thermal emittance increased from 1.9% to
13.1%. Furthermore, the solar absorptance of SSA coated with superhydrophobic coating
decreased from 95.70% to 89.46% and the thermal emittance increased from 2.1% to 12%,
presenting a higher corrosion resistance of SSA with superhydrophobic coating than that
of bare SSA. Therefore, as suggested by this study, SSA without cover glass and coated
with superhydrophobic coating could be an effective method to improve thermal efficiency
of flat plate solar collectors at low-temperature application.

2.5. Architecture-Buildings

The maintenance of building exterior surfaces is critical to retaining their aesthetic
function and extending their service life in practical applications. Especially compared
to modern buildings, conservation and restoration of historical buildings consisting of
brick, wood and natural stone such as marble, etc. is essential [126–128]. Although
cleaning agents, repainting, reinforcement work, etc. can be used to achieve refurbish-
ment to strengthen performance of buildings, including cultural heritage buildings and
monuments, these methods are time/material-consuming, labor-intensive and not environ-
mentally friendly.

Atmospheric conditions containing carbon, sulphur and nitrogen oxides together with
aerosol particulate matter such as smoke seriously deteriorate building materials [126,128].
Superhydrophobic coatings can be widely applied in the architecture field to aid against pol-
lution due to their excellent self-cleaning properties [129,130]. In addition to air pollution,
the outdoor environment is the real challenge for the exterior coatings of buildings, which
are often affected by temperature change, ultraviolet (UV) radiation, humidity change,
mechanical wear, etc. [131,132]. Thus, excellent long-term durability, such as mechanical
stability and ultraviolet (UV) resistance, is essential for superhydrophobic coatings to be
applied in practical applications of building exterior walls, exterior wall glass, glass ceilings
and other building materials. In addition, some superhydrophobic coatings with other
special properties, such as thermal insulation property and flame retardancy, have also
garnered attention and can broaden the range of applications within the architecture field.

2.5.1. Superhydrophobic Coatings with Durability

With prolonged exposure to the outdoor environment, the superhydrophobic coatings
applied in the architecture-buildings field may be damaged or chipped off upon scraping
by abrasion due to its fragile micro/nano structure [133]. Furthermore, the superhydropho-
bic coatings inevitably need to survive under real-outdoor conditions such as sunlight
(UV) irradiation that may deteriorate the superhydrophobicity of surface layers in ways
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other than mechanical abrasion [134]. Therefore, constructing durable and robust superhy-
drophobic coatings is essential for their application in the architecture-buildings field. A
main fabrication route is that using robust adhesives to improve the adhesion strengths
of coatings to substrates while adding functionalized nanoparticles to design robust mi-
cro/nano hierarchical structures. Also, the self-healing property achieved by regenerating
the surface compositions can improve the mechanical durability and UV resistance of
superhydrophobic coatings [23,135]. The self-healing process is thermodynamically driven
by minimizing the surface free energy, and thus hydrophobic groups migrate onto the
uppermost layer of coating surface, thereby restoring superhydrophobicity.

The flexibility of the coating formulas based on the SiO2 nanoparticles and other
materials not only endowed different substrates with superhydrophobicity, but also other
practical and functional properties, such as excellent UV resistance. The combination of
silica nanoparticles with polyurethane (PU) or epoxy resin can remarkably enhance mechan-
ical durability of superhydrophobic coatings because of their excellent adhesion strength
to substrates. Zhi et al. [133] used a spray process to create a translucent superhydrophobic
coating on hard glass and copper substrates based on a combination of fluorine-free poly-
mers (PU, epoxy resin) with silica nanoparticles functionalized by hexamethyldisilazane
(HDMS). The water-repellent SiO2/PU and SiO2/epoxy resin coatings maintained their
superhydrophobicity after UV radiation for at least 175 h due to the stability of SiO2, PU
and epoxy resin agents upon UV exposure, thereby indicating excellent UV resistance.
Meanwhile, the coatings showed self-cleaning properties even after contamination by oil
in air and mechanical durability suffering knife scraping, hand kneading, tape peeling
and compression and release. SiO2/PU superhydrophobic coating remained above 150◦

of WCA after 35 abrasion cycles while the commercial NeverWet coating became less
than 150◦ after only 20 abrasion cycles under the same abrasive conditions. The study
also pointed out that the SiO2/polymer coatings have heat resistance up to 150 ◦C and
chemical durability in exposure to strong acids and bases. After an ozone attack, the
coatings transformed from superhydrophobic to hydrophilic, and could be healed by heat
treatment with the hydrophobic C–H group diffusing to the uppermost layer of coating.

Zulfiqar et al. [136] sprayed the suspension of hydrophobic silica nanoparticles treated
with trimethylchlorosilane (TMCS) on three commercially available building materials,
brick, marble and glass substrates, using the commercial 3M Super 77 Multipurpose
Spray Adhesive as a binder. This fabricates the durable self-healing superhydrophobic
coatings and the corresponding contact angles can be as high as 168◦ ± 5◦, 166◦ ± 5◦ and
163◦ ± 2◦, respectively. The coating can withstand external damage without a remarkable
reduction in its superhydrophobic property, and can recover its superhydrophobicity via a
simple acetone treatment because it can help the coating to clean up surface bound sand
particles and rearrange the mixture of hydrophobic silica nanoparticles and binder in the
damaged area. The binder was soluble in acetone, which contributed to the healing of
superhydrophobic coatings.

Aslanidou et al. [127] sprayed the mixture of SiO2 nanoparticles and the emulsion of
silane, siloxane and organic polymer onto white marble and grey sandstone to endow both
superoleophobicity and superhydrophobicity on the surfaces to effectively maintain a clean
and aesthetic appearance. The fabricated coating could realize superhydrophobicity with a
WCA in excess of 160◦ and a water TA of less than 10◦, and meanwhile the coating exhibited
superoleophobicity of CA of 157◦ and TA of less than 10 ◦ to oil by tuning the ratio of SiO2
nanoparticles and the hybrid emulsion. Furthermore, the coating possessed self-cleaning
property, mechanical and chemical durability, which can be potentially applied in the
protection of building materials.

Zhang et al. [137] fabricated a translucent durable powder coating on metal and glass
conductive substrates based on the combination of polymethyl methacrylate (PMMA) resin
particles as binder and silica nanoparticles modified by tetraethylorthosilicate (TEOS) and
1H,1H,2H,2H-Peruorodecyltriethoxysilane (FAS-17) as low surface energy materials using
a one-step electrostatic dusting method, as shown in Figure 14. The SiO2/PMMA coating
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demonstrated a superamphiphobic property with a WCA of 156.7◦ ± 4.6◦, a SA of 1.0◦ and
an oil CA of 154.7◦, a SA of 1.0◦ and self-cleaning property when polluted by oil and sludge
powders. Moreover, it also showed mechanical longevity and resistance to acid/alkaline
and UV. And the coating retained its hydrophobic property even after 100 cycles of abrasion
and 1000 cycles of finger wiping. The fabrication strategy of superhydrophobic powder
coating can achieve minimal waste and high efficiency, and meanwhile powder coating
contains no volatile organic solvents which is eco-preferable. Furthermore, the corrosion
resistance of the developed powder coating needs to be further improved on the basis of
this research.
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TiO2 nanoparticles can be used to create the micro/nano rough structure of super-
hydrophobic coatings and to provide superhydrophobic coatings with remarkable UV
resistance due to its excellent chemical, mechanical durability, non-toxicity, ultraviolet-
blocking power and permanent stability under UV exposure [138].

Cappelletti et al. [126] presented a protective polymer coating comprised of a com-
mercial hydrophobic siloxane agent (Alpha®SI30) and TiO2 sol via an airbrush method on
the three natural stones used for monuments construction. The prepared coating could
realize a high WCA of 155◦ in the weight ratio of 3:7 (resin/TiO2 nanoparticles). After UV
ageing test, the TiO2/resin coating exhibited a good stability in color and hydrophobic
property. Exposed to urban polluted air-environment, the prepared superhydrophobic
coating possessed an improvement in reducing the degradation of the natural stones
(main components: calcium carbonate), owing to the weak affinity between coating and
contaminants compared with the pure resin coating.

Wood has been widely used in many novel wood-based buildings, such as in furni-
ture, interior decoration and architectural frameworks due to its economy, recyclability,
reproducibility and mechanical strength. Tu et al. [134] reported an approach to fabricate
mechanically durable, self-healing and superhydrophobic coating on wood substrate by
spraying the perfluoroalkyl methacrylic copolymer (PMC)/TiO2 nanocomposites onto
polydimethylsiloxane (PDMS) precoated substrates, as shown in Figure 15a. The coated
wood surface exhibited an exceptional repellence to water and organic liquid with low
surface tension, and it was durable enough to withstand repetitive abrasion tests while
also exhibiting photocatalytic activity and enhanced photostability under UV exposure.
Additionally, in Figure 15b, it is reported that superhydrophobic character of the dam-
aged surface by UV irradiation could be revamped by a heat treatment. This self-healing
mechanism is shown in Figure 15c. When the surface hydrophobic PMC was decomposed
by UV irradiation with the effect of photocatalytic TiO2 nanoparticles, the exposure of
the encapsulated hydrophilic TiO2 nanoparticles resulted in a sticky surface and thus the
sliding angle remarkably decreased. Upon a further heat treatment, the PDMS layer serves
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as a hydrophobic reservoir, becoming mobile and migrating onto the surface to cover
the exposed hydrophilic TiO2 nanoparticles under thermodynamic drive that minimizes
the surface free energy. On the other hand, PDMS is difficult to decompose under UV
irradiation, which assures continuous renewal of low surface energy materials and restores
the superhydrophobicity of the coating surface.
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healing mechanism of durable superhydrophobic coatings on wood substrates. Reprinted with
permission from [134]; Copyright 2017 Elsevier.

Although the self-healing process enhances the durability of superhydrophobic coat-
ings, the treatment approaches, such as heating and organic solvent treatment, are high-
temperature (generally under 150 ◦C) and not environmentally friendly, respectively.
Regarding the possibility of being applied in the architecture field, it has a long way to go
on long-acting superhydrophobic building coatings.

2.5.2. Superhydrophobic Coatings with Other Special Performances

Buildings with too high a temperature under solar radiation will result in the increase
of building energy consumption, accounting for approximately one-third of total societal
energy consumption [139]. Among them, air-conditioning energy consumption occupies
the highest proportion, especially during the summer. To broaden the application scope
of superhydrophobic coatings in the architecture field, it is necessary to improve the
thermal insulation of buildings coated with superhydrophobic coatings and increase energy
saving efficiency. Recently, the heat reflective superhydrophobic coatings have played an
important role in energy saving for buildings due to their high reflectivity of sunlight, which
can be applied in building facades, roofs, etc. [131,139]. These functions are conducive to
the long-lasting and stable operation for the exterior coating of buildings, thereby reducing
the maintenance cost of the building coatings.

Wang et al. [131] reported a cement-based solar reflective superhydrophobic coating
with simultaneously high robustness and self-cleaning ability, which works against vari-
ous types of damage and pollutants. The coating is based on a mixture of paint solution
including white Portland cement (WPC) powder, TiO2 powders, liquid room tempera-
ture vulcanized silicone rubber (RTV) as hydrophobic modifier and water as dispersing
medium [140]. It was fabricated on diverse substrates via a brush-coating method and the
reflective coating presented a WCA of 153.1◦ and an SA of 7.8◦. In the study, the WPC
was used as the gel material due to the superiorities of low cost, good compatibility with
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building materials and high reflectivity to visible light. In the work, TiO2 powder as a solar
reflective enhancement filler was used to prepared reflective coatings because of its high
reflectivity to both visible and infrared light [141,142]. The existence of WPC and TiO2
powders can largely enhance the roughness of coatings and facilitate the fabrication of
superhydrophobic coating. By the method, the infrared reflectance and solar reflectance of
the coating reached 0.877 and 0.677, respectively. The stability of superhydrophobic coating
was realized, which can retain its superhydrophobicity after 10 cycles of temperature
varying from −40 to 100 ◦C and 100 h of UV exposure. The work provides a reference to
optimize and design a long-lasting cooling coating for a building’s exterior wall.

As can be seen in Figure 16, Zhang et al. [139] proposed a method to fabricate a dark
coating with infrared reflective and superhydrophobic properties by introducing “cool
cold” infrared reflective pigment, SiO2 nano-particles and fluorine silicon sol (perfluo-
rodecyltriethoxysilane) into waterborne epoxy resin emulsion and then coating it onto an
aluminum plate. The SiO2- “cool cold” black coatings possessed superhydrophobicity with
a WCA and SA of 152.6◦ ± 0.6◦ and 2.8◦ ± 0.9◦, respectively, presenting good self-cleaning
property. Also, the coatings had infrared-reflective properties: the average near-infrared
(NIR) reflectivity in a NIR region ranging from 780 to 2600 nm could reach 68%, which
presented much larger reflectivity than that of carbon black coatings (4.5%) and approached
the average reflectivity of SiO2 white coating (73.3%). Experiencing 20 min irradiation
of an infrared lamp, the surface temperature of the coating was 63 ◦C, which was much
lower than that of the carbon black coating (90 ◦C) and slightly higher than that of the
SiO2 white coating (56 ◦C), showing favorable heat reflective performance. Although
dark coatings inherently appear to be inferior in heat reflection by comparison with white
coatings, the heat insulating property of the synthesized SiO2- “cool cold” coating was
much better than that of ordinary black coating, and even close to that of the white coating.
Moreover, the coating can resist water splashing and retain its superhydrophobicity when
suffered a continuous heavy rain process reaching up to six h, and thus possesses excellent
resistance to rain. The prepared superhydrophobic coating with color adjustability, envi-
ronmental compatibility and NIR-reflection has potential applications in the reduction of
building energy consumption and can enhance the self-cleaning property of external walls
of buildings. Also, the work provides a better color choice for meeting the demand of new
building designs and decorations by simply replacing the color of the “cool cold” pigments.
However, compared with general coatings, normally the mechanical performances of the
superhydrophobic coatings appear to be much weaker in practical applications.
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Obtaining superhydrophobic coatings with durability and flame retardancy can
achieve wide and promising application in waterproof, fireproof materials, superhy-
drophobic paints, packaging materials, building materials, etc. As illustrated in Figure 17,
Wang and Guo [143] conducted a UV radiation method to fabricate a multifunctional
superhydrophobic coating with both mechanical durability and flame retardancy on var-
ious substrates (glass, wood, cloth, Cu and Al, etc.) by spraying an all-in-one suspen-
sion of different components containing trimethylolpropane triacrylate (TMPTA), vinyl-
triethoxysilane (VTES), 1H,1H,2H,2H-Perfluorododecanethiol (PFDT), 9,10-Dihydro-9-
Oxa-10-Phosphaphenanthrene-10-Oxide (DOPO), SiO2 nanoparticles, and 2-Hydroxy-2-
methylpropiophenone (HMPP). Among them, the fluorinated polymer chain and SiO2
nanoparticles played an important role in endowing the coating with low surface energy
and surface roughness, and DOPO as a commonly used fire retardant was utilized to en-
hance the flame retardancy of the coating. During the fabrication of the superhydrophobic
PVDT (PFDT-VTES-DOPO-TMPTA) coating, a UV curing process was performed to break
the chemical chains to provoke chemical reactions on the irradiated surface [144]. In a
facile combustion experiment, the combustion process of cloth piece coated with PVDT
coating exposed to fire was much slower (~20 s) compared with that of primary cloth
piece (~6 s) and the cloth piece coated with PVT coating without DOPO (~8 s). Therefore,
the PVDT coatings demonstrated flame retardancy and ignition delay. Furthermore, the
PVDT coatings showed high repellency to water droplets and self-cleaning effect, which
can be controlled by the reactants and the content of nano-SiO2. In addition, their abrasion
experiment, tape adhesion test and corrosive media treatment verified the mechanical
strength and chemical durability of PVDT coatings.
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3. Conclusions and Outlook

Superhydrophobic coatings have high potential for industrial applications and thus,
receive enormous attention. Due to their specific properties, including self-cleaning, anti-
fogging, drag-reduction, corrosion resistance, anti-icing and icephobic properties, the fields
of their application are expected to expand in the future. This paper provides a com-
prehensive review of superhydrophobic coatings in the application fields of automobile,
marine, aircraft, solar energy and architecture-buildings based on the requirement for
prominent functionalities and performance conformities. The review also discusses the



Coatings 2021, 11, 116 25 of 30

existing bottlenecks that limit industrial application and future trends in the improved
performance conformities of superhydrophobic coatings. Firstly, some fundamental the-
ories of the wetting behavior of surfaces were described, then detailed discussions on
preparation methods and prominent and required functionalities and performance con-
formities of superhydrophobic coatings in several key application fields were deployed.
The review provides a reference for and insight into the protection and high performances
of various substrates by endowing their substrates with superhydrophobicity and other
multifunctional properties applied in different fields.

Long-lasting superhydrophobic coatings hold promise for practical applications in
daily life and industries. However, superhydrophobic coatings are difficult to implement
in industries due to poor durability [43], especially weak mechanical property, although
large quantities of articles on fabricating robust and durable superhydrophobic coatings
have been published. Double hierarchical structures are generally considered essential
to fabricate superhydrophobic coatings, but these micro/nano structures are fragile and
easily destroyed. Nevertheless, the research studied by Aytug et al. [115] showed an
interesting outcome. They fabricated a three-dimensionally interconnected nanoporous
coating on glass platforms, which possessed excellent superhydrophobicity, anti-reflectivity,
self-cleanability and mechanical durability. The novel method achieved technological break-
throughs in fabrication of superhydrophobic coatings with only nano-structure roughness.
This proves that new approaches may always be worth exploring and we do not need to
be restricted by an existing mind-set for seeking resolutions to the issues associated with
current superhydrophobic coatings.

In addition, lack of effective evaluation methods also impedes the practical develop-
ment of durable and robust superhydrophobic coatings. Many studies have employed
various approaches to evaluate the mechanical strengths of superhydrophobic coatings,
e.g., sandpaper abrasion, adhesive tape peeling, water-jet impact, knife scratch, finger
abrasion, etc. However, there is a lack of standardized evaluation methods for the durabil-
ity of superhydrophobic coatings. Some operations may even be be misleading, such as
sandpaper abrasion, which removes the top rough surface and exposes new roughness,
thereby maintaining the superhydrophobicity. Future works should focus more on the im-
provement of durability and establishment of better durability assessment methods, which
should simulate the real conditions that the superhydrophobic coatings are exposed to.
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