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Recent Innovations in the Design of Hy- The accumulation of ice on critical infrastructure, which includes elements
drophobic Coatings to Prevent Equipment such as airplanes, automobiles, buildings, power grids, wind turbines, air-
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planes and offshore platforms, poses considerable safety risks as well as signif-
icant economic challenges. This problem can lead to network failures, road

and air accidents, and interruptions in energy production, thus affecting not
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The costs associated with these risks include unforeseen maintenance ex-
penses, material damage and a decrease in the reliability of services, which
Copyright © 2026 by author(s) and underlines the need to develop adapted solutions to manage and prevent these

Scientific Research Publishing Inc. ice accumulations. This review analyzes the hazards associated with surface
This work is licensed under the Creative icing, emphasizing the risks it poses and its impact on various materials. It also
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http://creativecommons.org/licenses/by/4.0/  and the interactions between ice and materials. Among the main points dis-

cussed, we find the coating strategies developed to repel the ice. This includes

an examination of superhydrophobic coatings that prevent ice adhesion

evaluates current de-icing methods, while exploring the mechanisms of icing

through highly hydrophobic surfaces. In addition, the review discusses liquid-
infused slippery surfaces (SLIPS), which utilize layers of liquid to reduce ice
buildup. The effectiveness of these different solutions is highlighted, as well as
their mechanisms of action, thus providing a detailed perspective on advances
in the field of combating surface icing.
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Slippery Surface

1. Introduction

Icing of surfaces is a critical issue for several sectors as well as for the safety of
people [1]-[4]. Traditional de-icing methods, such as mechanical scraping, chem-
ical de-icing, and electrothermal de-icing, have proven effective in reducing the
consequences of ice buildup. However, these techniques are often costly and re-
quire regular maintenance. This underscores the urgent need for research and de-
velopment of new de-icing and anti-icing technologies that are not only more ef-
fective but also environmentally friendly in order to sustainably address the chal-
lenges posed by icing in these industries. Hydrophobic coatings represent a sig-
nificant advancement in surface protection, offering excellent moisture resistance
through high contact angles that reduce wetting [5]. These coatings contribute to
corrosion protection, facilitate self-cleaning, and enhance other functional prop-
erties. The effectiveness of hydrophobic material protection is determined by the
composition and manufacturing methods, which affect surface morphology, ad-
hesion, and durability [5]. Solution immersion, spraying, and dipping are among
the methods commonly used for manufacturing hydrophobic coatings. The de-
sign of low-wettability surfaces is heavily inspired by biomimicry (Figure 1), using
nanometric topography methodologies to achieve Cassie-Baxter wetting states.
These surfaces, mimicking the structures of animals and plants, have generated
increasing interest and led to the development of smart, functional materials char-
acterized by high hydrophobicity and diverse applications [6]. Studies show that
these surfaces offer various properties, such as drag reduction, anti-reflective and
anti-fouling characteristics, oil-water separation capabilities, and corrosion pro-
tection for metals [7]. Modern scientific research has revealed that surfaces with
pronounced superhydrophobic properties are capable of effectively removing wa-
ter droplets before they freeze at sub-zero temperatures [8] [9]. Both hydrophobic
and superhydrophobic coatings exhibit high frost resistance, making them prom-
ising for use in extreme weather conditions. Interest in passive anti-icing strate-
gies based on superhydrophobic surfaces has significantly dominated research in
this area in recent years [10] [11]. These materials, characterized by low surface
energy and a fine micro-nano structure, play a crucial role in preventing ice for-
mation [12] [13]. Their design reduces ice adhesion, which helps slow heat trans-
fer. Thus, the use of superhydrophobic surfaces makes ice formation more diffi-
cult, which may have potential applications in various fields, such as aeronautics,
construction and transport systems, where icing can pose significant problems.
Modern water-repellent surfaces are inspired by lotus leaves, which are natu-
rally hydrophobic. However, materials derived from this inspiration have not yet
achieved the desired performance because, although they repel water, they are not
oil-resistant, cannot withstand physical stress, are not self-healing, and remain

expensive. Slippery liquid-impregnated porous surface (SLIPS) technology, in-
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spired by Nepenthes pitchers, offers a unique coating for industrial and medical
surfaces. It uses a porous material impregnated with a lubricating fluid, creating
smooth, water-repellent, and self-cleaning surfaces. These slippery surfaces repel
a wide variety of contaminants, such as bacteria, ice, oil, and dust. First introduced
in 2011 by Wong et al. [16], SLIPS remains repellent under extreme conditions
and possesses good self-healing properties, thus distinguishing it from superhy-
drophobic surfaces. This method uses surface irregularities to retain a lubricant
by capillary action. If the surface energies are appropriate and the roughness well
chosen, the lubricant fills the irregularities, forming a continuous liquid film that
stabilizes the interface. This allows compressible air pockets to be replaced by a
less compressible liquid, providing a smooth surface capable of withstanding pres-
sure, while also facilitating the removal of any immiscible external liquid resting
on this lubricant layer. Liquid-impregnated surfaces show promise for applica-
tions such as anti-icing, anti-corrosion, and drag reduction [17]. However, chal-
lenges remain, including lubricant loss due to evaporation, displacement, fouling,

or other mechanisms.

Figure 1. Natural superhydrophobic surfaces: (A) lotus leaf [14] and (B) image of an iri-
descent blue butterfly [15].

This review examines recent technological advances in the field of superhydro-
phobic coatings, offering an in-depth analysis of their fundamental principles and
mechanisms of action. It also highlights the crucial role of nanomaterials in the
integration of these coatings. Furthermore, the review addresses the diverse ap-
plications of these coatings in various industries. A focus is also placed on the
development of liquid-impregnated slippery surface coatings, which present an
innovative alternative to superhydrophobic surfaces for anti-icing applications.

2. Concepts, Mechanisms and Applications of
Superhydrophobic Surfaces

Superhydrophobic surfaces have seen significant progress over the past two dec-
ades, driven by strong demand in various industrial sectors. The global market for
superhydrophobic coatings, valued at approximately US$19.5 million in 2021, is
projected to reach approximately US$120 million by 2030, with a compound an-
nual growth rate (CAGR) of 25.6% between 2022 and 2030 [18]. Artificial super-
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hydrophobic surfaces are created using biomimetic techniques inspired by nature,
such as the lotus leaf and butterfly wings. These surfaces, with a static contact
angle greater than 150° and a contact angle hysteresis of less than 10°, exhibit ex-
ceptional properties (hierarchical micro/nanostructures and surface chemistry)
characterized by their ability to effectively repel water [19] [20]. This phenome-
non, known as the superhydrophobicity effect, results in the formation of almost
spherical water droplets when they interact with the surface, minimizing adhesion
and greatly facilitating their removal. These unique properties are due to the in-
teraction between low surface energy materials and multi-level surface roughness
[21]. This dual-scale structure traps air pockets beneath a liquid, reducing solid-
liquid contact and promoting droplet rolling, thus giving the surface hydrophobic
and self-cleaning properties. However, artificial superhydrophobic micro/nanostruc-
tures are brittle under mechanical stress during practical use [22]. Surface mi-
cro/nanostructures and air layers can be permanently damaged, causing irreversi-
ble degradation of the surface’s superhydrophobicity, which is a major obstacle to
the industrial development of these surfaces [23]. Researchers have investigated
methods to enhance the durability of brittle micro-nanostructures, including de-
veloping composite micro-nanostructures that protect the surface against me-
chanical wear [24].

The use of low surface energy materials such as fluorinated compounds or
silanes is also essential to achieve superhydrophobicity and decrease adhesion
with water molecules [14]. Understanding these characteristics is crucial for cre-
ating advanced materials with diverse industrial and environmental applications.
Superhydrophobic surfaces find varied applications in several industrial sectors,
including aerospace, automotive, construction, energy, textiles, architecture, and
medical devices. Their development continues, offering innovative solutions to
reduce maintenance efforts while improving the durability and performance of
the products and infrastructure involved. Interest in self-sustaining hybrid sur-
faces based on TiO, is growing due to their photocatalytic properties, which are
well-suited to harsh environments. Semiconducting metal oxides, such as TiO,
generate photogenerated electron-hole pairs when exposed to high-energy ultra-
violet radiation, giving them excellent photocatalytic properties. However, main-
taining the long-term stability of superhydrophobic TiO,-based coatings is chal-
lenging because the organic SH components degrade under UV exposure, de-
stroying their anti-wetting properties. Polymer materials, such as PDMS, are val-
ued for their durability and mechanical properties thanks to their stable cross-
linked structure. Their hydrophobicity, chemical inertness, high elasticity, ease of
processing, and environmental friendliness make them common choices in many
everyday objects. Superhydrophobic composite materials, composed of hydro-
phobic polypropylene, TiO, nanorods, SiO, nanoparticles, and PDMS, resist wear
while maintaining a self-similar rough structure even after destruction of the sur-
face micro-nanostructure, thus preserving hydrophobicity. Furthermore, super-
hydrophobic surfaces with self-healing properties increase their durability and
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longevity. Wang et al [25] developed a UV -stable superhydrophobic (SH) coating
from polydimethylsiloxane (PDMS) and TiO, nanoparticles, applied by spraying
onto various substrates. Long ef al. [26] achieved the modification of polypropyl-
ene (PP) to increase its hydrophobicity without losing its structural integrity by
creating m-SiO,/PP composites, using modified silica to obtain a 140° water con-
tact angle on a polytetrafluoroethylene (PTFE) substrate. This represents a 44%
increase compared to pure PP. Analysis reveals that the m-SiO, migrates to the
face pressed against the PTFE, due to the substitution of hydrogen atoms by fluo-
rine atoms, forming a protective layer. The self-cleaning properties of the material
make it an ideal candidate for dust and oil protection applications.

The use of superhydrophobic surfaces shows promise for reducing ice for-
mation and facilitating de-icing and anti-icing. These surfaces prevent ice nucle-
ation and adhesion, thus improving safety and operational efficiency in cold en-
vironments. Wang et al [27] developed nanocomposite films of polydime-
thylsiloxane (PDMS) and single-walled carbon nanotubes (SWNTs) with hydro-
phobic properties due to the low surface energy of PDMS and the conductivity of
SWNTs. The films switch between hydrophobic anti-icing and low-voltage elec-
trothermal de-icing. Infrared thermometry showed low droplet contact with the
superhydrophobic nanocomposite surface, confirming its properties. Joule effect
heat distribution analysis demonstrated the nanocomposite’s ability to heat up for
active de-icing, which was confirmed experimentally. Deng et al [28] presented
hydrophobic polydimethylsiloxane (PDMS) aggregates loaded with mesoporous
silica (mSiO,) incorporated into a silicone resin with carbon nanotubes (CNTs)
to create a near-infrared-sensitive anti-icing/de-icing coating. This coating offers
micrometric roughness and low surface energy due to the PDMS@mSiO,, while
the CNTs add a hierarchical micro-nano structure. The coating exhibits superhy-
drophobic character with a contact angle of 154.3° and a delayed freezing time of
440 s at —20°C, representing significantly superior performance compared to alu-
minum plates. Furthermore, it maintains strong adhesion and stable anti-icing
properties, promising robustness and durability for anti-icing modifications of
rotor blades. Jiang et al [29] developed a layered coating combining polyvinyli-
dene fluoride (PVDF) and carbon nanotubes (CNTs) for improved anti-icing
properties. The coating exhibits a contact angle of 163°, a frost-delay time of 584
s, and low ice adhesion (13.2 kPa). Its multilayer structure, formed by PVDF and
CNT particles, ensures robust performance, even after abrasion and chemical ex-
posure. The melting of the PVDF upon heating creates a continuous network, and
the use of CNTs enables efficient photothermal conversion, facilitating de-icing at
low temperatures under illumination.

Understanding the physicochemical characteristics of salt-based freezing and
adhesion solutions in the context of their application to de-icing processes is a
crucial aspect of developing effective and environmentally sound strategies. Yao
et al. [30] analyzed the ice-adhesion strength (IAS) of NaCl and NaCH;COO salts
on bituminous surfaces at various concentrations and temperatures. The results

showed that a 0.5% saline solution can reduce IAS by 40% - 50% compared to
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pure water, and the adhesion failure threshold is temperature-dependent. The la-
tent heat of fusion (hf) of NaCl solutions (0.5% to 2.5%) increased successively by
45.3 J/g, 63.1 J/g, 79.9 J/g, 90.0 J/g and 117.6 J/g relative to pure water and the
freezing temperature (Tr) of NaCH;COO and NaCl solutions decreased by 1.3°C
and 1.6°C, respectively. The reduction in Tr and hf increased the nucleation en-
ergy barrier (AG*) and the increase in salinity transformed the quasi-liquid layer
(QLL) of the droplets into a film, thus reducing the contact area. Luo et al [31]
explored how salinity influences ice adhesion at sub-zero temperatures. In their
study, they observed that the adhesion of salt ice decreases with increasing salinity.
Brine at temperatures above —21.2°C acts as a lubricant, significantly reducing this
adhesion. At —25°C, below the eutectic temperature, strong adhesion is noted.
Hydrophobicity on smooth surfaces also reduces adhesion, with a hydrophobic
silicon wafer exhibiting an adhesion strength of 2.4 + 1.8 kPa at —10°C with a
saline solution. In contrast, seawater ice exhibits an adhesion of approximately 12
kPa even at —25°C. These results highlight the importance of considering temper-
ature, salinity, and surface characteristics when designing materials that minimize

icing of marine infrastructure.

2.1. Aircraft

Air accidents due to icing often occur on wings and tails, caused by the presence
of supercooled water and ice particles in clouds. This ice buildup damages equip-
ment and disrupts aircraft operation, potentially leading to an accident. Modern
de-icing systems, such as thermal, mechanical, and chemical systems, consume
significant amounts of energy and increase fuel consumption; they are also harm-
ful to the environment due to the chemicals they release. Ice formation on an air-
craft poses significant risks to aviation safety [32]. It can lead to mechanical fail-
ures, including malfunctions of power-generating cables and blades, and in ex-
treme cases, it could cause irreversible harm to human life. Anti-icing and hydro-
phobic coatings are used to prevent ice formation on aircraft surfaces by delaying
freezing time and lowering the freezing point of supercooled water [33]. This al-
lows the condensed water to drain away before freezing under the effect of exter-
nal forces.

In aerospace, superhydrophobic coatings reduce ice buildup on aircraft, thereby
improving aerodynamics and safety, while also decreasing the use of chemical de-
icing and snow removal agents. Piscitelli [34] presented the development of a su-
perhydrophobic coating, applicable as a paint on various aeronautical materials,
that protects aircraft parts by reducing surface free energy and adhesion of treated
substrates by more than 90%. Tong et al. [35] described a cost-effective, fluorine-
free method for creating a superhydrophobic anti-icing coating using the self-as-
sembled deposition of nanoparticles on an aeronautical composite. Analysis of the
coating reveals a multiscale structure and low surface energy. It offers excellent
hydrophobicity, high resistance to acids and bases, and surpasses previous coat-

ings in durability and mechanical stability. The coating delays ice buildup for 120

DOI: 10.4236/msce.2026.141005

74 Journal of Materials Science and Chemical Engineering


https://doi.org/10.4236/msce.2026.141005

D. A. Diakite et al.

minutes with an adhesion strength of 53.6 kPa, making it promising for applica-
tions on airfoil profiles and wind turbine blades. To counter the risk of aircraft
icing, a method for spraying a superhydrophobic photothermal coating was pro-
posed by Yang et al [36], aiming to optimize anti-icing protection systems. This
coating, with a hierarchical micro-nano structure, has a contact angle of 159.5°
with water and demonstrates excellent stability after wear and corrosion tests. It
allows droplets to detach quickly, delaying icing in cold environments and provid-
ing good anti-icing performance. Wind tunnel tests validated its effectiveness,
proving its ability to significantly reduce ice thickness, thus contributing to the

development of sustainable and energy-efficient anti-icing technologies.

2.2. Automotive

In the automotive industry, superhydrophobic coatings are used in various appli-
cations, including on windshields, side windows, and rearview mirrors, to im-
prove visibility in adverse weather conditions. These water-repellent coatings al-
low rainwater to bead and run off, increasing driver safety and reducing the need
for windshield wipers. They are also applied to the body to protect the paint from
water, dirt, and other contaminants, helping to maintain a clean and glossy ap-
pearance and extending the lifespan of automotive components. Transparency is
crucial for windshield coatings [37]. Surface roughness, optical transmittance, and
superhydrophobicity are opposing properties: increased roughness improves hy-
drophobicity but decreases transparency, as light scattering reduces transmit-
tance. A combination of micro/nanostructures could improve self-cleaning, but
at the cost of making the surface opaque. Methods combining nanoparticles and
low surface energy materials have been developed to create superhydrophobic
coatings while preserving transparency.

Transparent superhydrophobic surfaces are used in exterior applications such
as windshields, but their sensitivity to impacts limits their use. A new, environ-
mentally friendly self-assembly process has been developed by Lyu et al. [38], cre-
ating resistant surfaces with a transmittance of 94.2% compared to pure glass.
These surfaces withstand impacts from 600 g of sand and water jets of 8.6 m/s for
6 minutes, demonstrating their durability under heavy rain. Furthermore, they
withstand corrosive environments such as sulfuric acid and UV radiation, making
them attractive for applications requiring self-cleaning and environmentally sta-
ble properties. Luo et al [39] proposed an innovative method for creating trans-
parent, microstructured, multilayer superhydrophobic coatings. These coatings
exhibit a contact angle of ~153.6° and a glide angle of ~3.2°. A microstructured,
UV-cured photosensitive resin framework ensures their durability, while modi-
fied silica nanoparticles, anchored in the microcavities by an epoxy adhesive, pro-
vide their superhydrophobicity. These surfaces are abrasion-resistant and retain
their hydrophobic properties after various resistance tests, such as water impact,
acid immersion, and mechanical bending. Furthermore, they exhibit antireflective

characteristics while maintaining high transparency. Syafiq et al. [40] synthesized
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transparent, self-cleaning coatings from polydimethylsiloxane (PDMS) and cal-
cium nanocarbonate (CaCQO;). These coatings, applied by spraying and cured at
room temperature, are designed to be economical and easy to produce. After four
months of outdoor exposure, it was observed that the light transmission of the
substrate with 0.8% nano-CaCOj; was only slightly degraded (7%), demonstrating
a good self-cleaning effect. A higher nano-CaCO; loading rate increases capillary
pressure, exacerbating the pressure during rain and fog, but results in only a 2%
degradation of the water contact angle, providing excellent anti-fog properties.
Corrosion caused by prolonged exposure to the elements impairs vehicle per-
formance and lifespan, affecting their appearance and damaging associated equip-
ment, resulting in high maintenance costs and a safety risk. One approach to im-
proving the corrosion resistance of metal surfaces is to create superhydrophobic
coatings, which generate an air gap between the surface and the solution, thus

forming a protective barrier against the corrosive environment (Figure 2).

Corrosive medium

(a) Localized corrosion (b) Corrosion resistance

Q O Air pockets Q

e ©
vy B

Untreated Al surface Superhydrophobic surface

Figure 2. The anti-corrosion mechanism of the superhydrophobic surfaces [18].

Hu et al [41] presented a rough zinc coating on carbon steel, coated with a
polyaniline/TiO, composite and stearic acid, creating a superhydrophobic SPTC-
Zn coating. The coating exhibits a contact angle of 159.8° and a slip angle of 6.2°,
indicating significant superhydrophobicity. It also possesses superior scratch,
flake, and abrasion resistance, as well as corrosion protection. The coating’s per-
formance results from the synergistic effect of the hierarchical structure, the for-
mation of hydrophobic complexes, and a composite passivation film, suggesting
strong potential for industrial applications. Huang et al [42] developed an envi-
ronmentally friendly, superhydrophobic, polyaniline-titanium oxide (PANI-TiO,)
nanocomposite alternative to chromium-based corrosion protection coatings.
This new coating, produced by surfactant-free nanoprecipitation, exhibits supe-
rior water repellency (contact angle > 150°) and improved corrosion resistance
compared to traditional epoxy coatings. A positive correlation between TiO, con-
tent and thermal conductivity was observed, confirming that this coating offers

optimal performance as an anti-corrosion coating. Lv et al. [43] described a cost-
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effective method combining chemical substitution, thermal oxidation, and stearic
acid modification, resulting in a superhydrophobic and oleophilic coating with
contact angles of 157.3° and a slip angle of 3.6°. This coating exhibits low adhesion
and excellent self-cleaning properties. Mechanical analyses showed that the sta-
bility of the micro/nanostructures and air pockets influence interfacial adhesion.
Tests reveal that the coating retains its properties even after peeling, abrasion and
chemical exposure, notably with a corrosion current density of 0.77 x 1077 A/cm?
in NaCl medium, lower than that of the 6061-aluminum substrate (7.18 x 1077
A/cm?).

2.3. Buildings

In civil engineering, superhydrophobic coatings offer significant potential for
functional applications in the maintenance of building materials. Exposure of
these materials, such as concrete, stone, glass, brick, tile, metal surfaces, and mor-
tar, to external conditions leads to degradation that can cause significant struc-
tural, functional, and aesthetic problems in buildings. Superhydrophobic surfaces
stand out as multifunctional protective coatings, primarily due to their properties
that prevent the adhesion and penetration of liquids. For example, treated con-
crete surfaces absorb less water, thus limiting freeze-thaw damage in cold climates.
Furthermore, they promote self-cleaning and inhibit bacterial adhesion, thereby
enhancing their potential for protecting and extending the lifespan of structures
[44]. This technology provides an innovative solution to the challenges of material
degradation in the construction industry.

Superhydrophobic coatings show promise in architecture due to their ability to
combat pollution thanks to their self-cleaning properties [37]. They help over-
come the challenges posed by temperature variations, UV radiation, humidity,
and mechanical wear affecting building exteriors. Under prolonged exposure to
the elements, superhydrophobic coatings in buildings can be damaged or flake off
due to their fragile micro/nanostructure. Therefore, the design of durable and ro-
bust coatings is essential for their use in this field. Zhi et al [45] developed a silica-
polymer (SiO,/PU) spray coating that offers characteristics such as superhydro-
phobicity, mechanical durability, chemical stability, and UV resistance. It retains
its superhydrophobic properties after 175 hours of UV irradiation, heating to 150
°C, and exposure to strong acids and bases. Mechanical durability was tested using
various methods, including scraping and 100 peel-off cycles. Furthermore, a
sponge treated with this coating achieved an oil-water separation efficiency of
over 95% for various liquid hydrocarbons using a vacuum system. Zulfiqar et al.
[46] presented a simple method for creating durable, superhydrophobic surfaces
on building materials that are restorable after abrasion. These surfaces, made from
hydrophobic silica nanoparticles treated with trimethylchlorosilane (TMCS) and
a spray adhesive (3 M Super 77), were applied to brick, marble, and glass. This
process creates durable, self-healing superhydrophobic coatings with contact an-

gles of 168°, 166°, and 163°, respectively. These coatings withstood sand impacts
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at 11.26 km/h and regained their superhydrophobic properties through acetone
treatment after significant damage. Buildings exposed to high temperatures due
to solar radiation increase their energy consumption, with a third of this con-
sumption attributed to air conditioning, particularly in summer. To improve en-
ergy efficiency, it is important to enhance the thermal insulation of buildings with
superhydrophobic coatings. These heat-reflecting coatings contribute to energy
savings and can be applied to facades and roofs, while also improving durability
and reducing maintenance costs. Wang et al. [47] obtained a durable, self-clean-
ing, ultraviolet-reflective, superhydrophobic exterior coating based on white Port-
land cement, incorporating room-temperature vulcanized silicone rubber and ti-
tanium dioxide. Applied by brush, the coating demonstrates excellent self-clean-
ing properties and mechanical strength after 24 hours of curing. It is resistant to
dust and food liquids and withstands temperature cycles between —40°C and 100
°C. The measured infrared and solar reflectances were 0.867 and 0.67, respec-
tively, with a decrease of less than 3% after abrasion tests. Tang et al [48] devel-
oped environmentally friendly coatings based on ground calcium carbonate
(GCC) and titanium dioxide (TiO,) on a cementitious substrate using a one-step
spray method. The resulting superhydrophobic coating (GCC/TiO,) exhibited a
contact angle of 158° + 1.1° and a slip angle of 5° + 0.6° and retained its properties
even after 2 m of abrasion and 50 applications. Its solar reflectance reached 0.895,
reducing the surface temperature of the cement by nearly 10°C, while also offering
corrosion resistance, UV protection, and self-cleaning properties, suggesting its
potential for building cooling. Inspired by concrete, Binrui et al. [49] developed a
superhydrophobic coating from an organic/inorganic hybrid resin and micro/na-
nometric fillers. This resin improves hydrophobicity and robustness, with wear-
resistant phases such as silica sand, aluminum nanoparticles, and PTFE. The sur-
faces thus created exhibit high abrasion resistance and retain their superhydro-
phobicity after abrasion and impact tests. The coating retained its superhydro-
phobicity after an abrasive test (180-grit sandpaper over 10 m and 600-grit sand-
paper over 12.8 m, pressure 22.5 kPa) and exposure to sand (1400 g, height 30
cm). Adhesion to the substrateis 5B.

3. Coatings for Liquid-Impregnated Surfaces

The aerospace, automotive, and energy industries are experiencing increasing de-
mand for durable surfaces with anti-fog, anti-freeze, and anti-fouling properties
due to extreme conditions. Ice buildup and fogging affect flight safety, road traffic,
and the efficiency of power generation. Conventional superhydrophobic surfaces
using Cassie-type wetting to prevent ice formation have limited durability due to
the inevitable transition to the Wenzel state at low temperatures and high humid-
ity. They suffer from limitations due to a stable air layer, including poor stability
under pressure and an inability to repel certain liquids [50]. To overcome these
challenges, materials inspired by the carnivorous plant Nepenthes, called lubri-

cant-impregnated porous surfaces (SLIPS), have been developed, providing a con-
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tinuous and stable liquid layer. SLIPS improve anti-icing efficiency and offer an
alternative to superhydrophobic surfaces (SHS) as an innovative anti-icing mate-
rial [51]. SLIPS are slippery surfaces that prevent adhesion, allowing viscous lig-
uids, gels, and emulsions to slide freely. Thanks to their anti-wetting and self-
cleaning properties, SLIPS coatings are used in a variety of fields, including con-
sumer goods, agrochemicals, electrical equipment, oil and gas, manufacturing, bi-
omedical devices, pharmaceuticals, energy, and utilities [52]. Composed of solid
and liquid materials, SLIPS coatings create a durable, wet, and slippery surface,
unlike traditional coatings that dry to form a solid surface (Figure 3). The liquid
layer seeps into the textured solid and remains functional throughout the prod-
uct’s lifespan, allowing for immediate operation after application. Innovation in
this area highlights the importance of developing preservation and performance
solutions in environments exposed to harsh climatic conditions, where ice man-

agement is critical.
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Figure 3. Coating technologies: (a) traditional and (b) SLIPS [53].

To create a slippery fluid-impregnated porous surface, a suitable lubricant must
be selected that penetrates, spreads, and adheres to surface irregularities, taking
into account both surface roughness and lubricant properties [17]. The resulting
morphology depends on the properties of the liquid, the lubrication, and the sur-
face. At a zero contact angle, a wetting layer forms, covering the solid surface. The
durability of slips is a limiting factor in their practical use across various working
environments [54]. Slip deterioration is primarily attributed to two factors: a re-
duction in the amount of oil present and the smoothing of the nanoporous func-
tional layer [55]. This combination affects the effectiveness of slips in their lubri-
cation function. Slip life can be extended by improving characteristics such as sub-

strate roughness, chemical composition, the physical properties of the lubricant,
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and ambient conditions [56]. A thorough understanding of lubricant degradation
mechanisms is essential for designing durable slips.

Xi et al [57] presented the fabrication of a micro/nano-integrated, lubricant-
impregnated surface with a network of conical microcavities and a porous TiO,
nanostructure (P-SLIPS). Experimental results indicate that the anti-abrasion
properties of P-SLIPS are significantly improved, demonstrating a decrease in ice
adhesion after 7 sanding cycles. Icing is not observed on P-SLIPS even after 10
cycles, compared to only 3 cycles for SLIPS surfaces. This improvement is at-
tributed to the micro-cone structure, which protects the coating during icing and
polishing operations, thus enhancing the anti-icing durability of P-SLIPS. Zheng
et al. [58] designed microstructures on SLIPS substrates using direct laser inter-
ference lithography (DLIL), followed by a lubricating oil coating to create DLIL-
impregnated SLIPS (DLIL-SLIPS). These structures efficiently retain the oil, al-
lowing self-feeding after multiple icing/de-icing cycles, and thus improving anti-
icing performance, durability, and robustness. Tests demonstrate that DLIL-
SLIPS exhibit improved ice adhesion with an apparent contact angle of 143° and
an adhesion force of 7.16 kPa, while reducing the coefficient of friction by 63.3%
compared to the substrate. Ge et al [59] developed a durable SLIPS using a mi-
crocone composite micropillar (MCMA) structure created by femtosecond laser
writing and a thermosensitive polymer transfer method. The MCMA adjusts its
anti-icing properties according to temperature by releasing and absorbing lubri-
cant, and can self-regenerate the lubricant to maintain its properties even after
depletion. It offers an optimal static icing delay time of 1033 seconds and a low ice
adhesion of 2.51 kPa. Its mechanical and chemical durability is high, maintaining
an adhesion of less than 20 kPa after 50 de-icing cycles. Yuan et al. [60] analyzed
the self-healing performance of SLIPS via icing-repair and abrasion-repair cycles.
A stable lubricating layer is obtained by the infiltration of silicone oil into a si-
lanized porous surface. SLIPS exhibit low ice adhesion, even after icing, and the
ice slides off under the influence of gravity. Adhesion does not exceed 100 kPa,
and the coating withstands 150 icing/de-icing cycles and 100 abrasion cycles,
demonstrating the durability of its anti-icing properties, which makes it promis-
ing for applications in durable anti-icing materials for aircraft.

Networked surface structures improve the robustness and durability of SLIPS
[61]. Studies have shown that the use of textured surfaces, including intercon-
nected microchannels and cross-linked nanosheets, promotes better retention and
efficient liquid storage. This advance in surface design significantly improves their
performance by offering both strength and efficiency in liquid handling. Wei et
al. [62] prepared a slippery liquid-infused phosphate network-like surface (SLIPNS)
whose texture is modulated by the phosphating time. This structure allows for
excellent oil storage and retention, extends the freezing time of sessile droplets to
436 seconds—nearly ten times longer than an untreated aluminum foil—and re-
duces ice adhesion tenfold compared to untreated substrates. SLIPNS is distin-

guished by its durability, antifouling effectiveness, and potential for long-term de-
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icing/anti-freezing solutions. Li et al [63] presented the preparation of a superhy-
drophobic surface by spraying a sepiolite/ZEF-8 hybrid material with a three-di-
mensional (3D) fibrous porous network structure layered on a magnesium alloy.
The injection of silicone oil generates a self-regenerating SLIPS system, providing
a reservoir and channel structure for the lubricant. In addition to its self-regener-
ating and protective properties, SLIPS demonstrates superior corrosion resistance
compared to the superhydrophobic surface, thanks to continuous lubrication that
blocks the infiltration of corrosive ions. Finally, the corrosion stability of SLIPS
remains excellent after 30 days of immersion in a 3.5% NaCl solution.

Aluminum and its alloys, used in various sectors, face contamination and cor-
rosion problems due to their hydrophilicity. Lv ef al [64] propose a fluorine-free
method for creating a lubricated porous surface (SLIPS) by chemically etching
aluminum to obtain a honeycomb structure, followed by modification with 1-oc-
tadecanethiol and silicone oil. This surface exhibits a 3° sliding angle for various
liquids, displaying superior corrosion resistance compared to the original alumi-
num. SLIPS surfaces also demonstrate better anti-icing performance and remark-
able durability in extreme tests, thus opening up new applications in the marine
industry.

To improve the wetting of a substrate by a lubricant, it is essential to increase
the chemical affinity between them [65]. This can be achieved by reducing the
surface energy of the substrate using a hydrophobic coating, which stabilizes the
lubricant layer. Alternatively, modifying the substrate with functional groups or
adding adhesive groups can also promote the stabilization of this layer. Lubricant
layer stabilization is traditionally achieved by silanization, a process that removes
hydroxyl (~OH) groups from the substrate using silane, resulting in the formation
of covalent bonds between the silicon and the substrate via Si-O-M bonds (where
M represents the substrate). The incorporation of functionality into silica can be
achieved by various methods, depending on the type of functionalization and its
properties (Figure 4). Traditional surface modification techniques are based on
post-synthetic grafting, using compounds such as organosilanes, silazanes and
chlorosilanes, which react with free silanol groups on the surface [66].

He et al [67] proposed a novel sol-gel process for creating lubricant-impreg-
nated surfaces, avoiding the use of multiple polyelectrolytes and post-treatments
previously required. The process is based on the layer-by-layer assembly of
nanostructured titanium dioxide onto 316 L stainless steel substrates, using a tita-
nium (IV) butoxide solution in an ethanolic medium. The surfaces are then func-
tionalized with fluorinated silanes and impregnated with a fluorinated lubricant,
providing excellent liquid-repellent and antifouling properties. The resulting
physicochemical characteristics enhance the antifouling performance of the sur-
faces. Zhang et al. [68] developed a surface functionalization strategy to make lub-
ricants compatible with the surface by grafting a layer of polydimethylsiloxane
(PDMS), thereby stabilizing a silicone oil layer. Jing and Guo [69] prepared lubri-
cant-immobilized sliding surfaces (LISS) by grafting polydimethylsiloxane onto
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ZnO nanorods, using silicone oil as the lubricant. The silicone oil adheres firmly
to the zinc oxide, allowing a sliding angle of less than 3°. The LISS exhibit high
omniphobia at room temperature and excellent sliding with hot liquids. In high-
temperature tests, the liquids slide at angles of less than 4°. Under extreme condi-
tions (shear speeds up to 7000 rpm, 400 hours of immersion, and in the presence
of strong acids or bases), the LISS maintains remarkable stability and exhibits cor-
rosion resistance, anti-icing, and anti-fouling properties, promoting its practical
applications. Zhang et al. [70] fabricated a novel oil-in-water emulsion-type “ar-
mor” structure that allows for the spray deposition of an ultra-slippery coating
made of polydimethylsiloxane (PDMS)), silicone oil (SO), and waterborne epoxy
resin (WEP). This flexible-rigid system, in which the WEP encapsulates the sili-
cone oil and the PDMS gel, maintains 81.2% of its oil film even at 5000 rpm, while
preserving its slippery properties. Furthermore, the PDMS gel enhances the adhe-
sion between the WEP layer and the substrate, significantly increasing the coat-
ing’s tensile strength to 38 N compared to 12 N for a pure PDMS coating. This
solution improves lubricant retention and durability, while also providing supe-
rior corrosion resistance and antifouling performance. Xing et al [71] designed a
durable polydimethylsiloxane/silicone oil (PDMS-oil) system exhibiting mechan-
ical strength and self-healing properties. Applied to a magnesium alloy, the
PDMS-oil coating is formed by the polymerization of a PDMS layer followed by
the diffusion of dimethyl silicone oil. An optimal oil concentration of 50 wt% en-
sures low shear strength, less than 30 kPa, after 20 freeze-thaw cycles. With a slip
angle of approximately 30° under normal pressure of 10 kPa, the coating also
demonstrates excellent corrosion resistance and self-healing capacity, remaining

intact after 20 days in a 3.5 wt% aqueous NaCl solution.
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Figure 4. Scheme for obtaining organosilanes by grafting and co-condensation [66].
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4. Conclusions

Superhydrophobic coatings hold great promise for a variety of industrial applica-
tions due to their exceptional properties. These coatings are self-cleaning, anti-
fog, reduce drag, and offer corrosion resistance, as well as anti-icing characteris-
tics. The development of superhydrophobic surfaces with anti-icing and de-icing
properties represents a significant advancement in materials science. By integrat-
ing functional nanomaterials and strategically designing surface structures, these
surfaces provide effective solutions against icing. This progress contributes to im-
proved safety and efficiency in various industrial sectors, further solidifying their
usefulness in applications where water management and icing prevention are crit-
ical.

Liquid-impregnated surfaces (SLIPS) offer great potential for antifouling coat-
ings, repelling various liquids and facilitating self-cleaning. Created by impreg-
nating a low-surface-tension liquid, they possess a smooth and homogeneous in-
terface. These surfaces are stable under pressure and self-healing, but their per-
formance depends on the amount of lubricant, which can be depleted through
evaporation, drainage, or shearing. Understanding the mechanisms and pathways
of lubricant depletion allows us to target the factors contributing to lubricant wear
and failure, which is crucial for the development of more durable and efficient
SLIPS materials. The surface topography is critically important in lubricant reten-
tion. Pore dimensions and surface porosity are key factors influencing the wetting
behavior of SLIPS surfaces. Another significant method for optimizing lubricant
retention is to increase the affinity between the substrate and the lubricant. This
can be achieved by applying surface modifiers or polymers that act as crosslinking
agents. Despite significant advances, the commercialization of SLIPS remains a
distant goal. One of the main challenges is maintaining lubricant retention in sur-
face protrusions. Among the most promising solutions are the creation of func-
tionalized surfaces to increase the durability of SLIPS. Furthermore, integrating

several strategies could offer additional benefits.

Conflicts of Interest

The authors declare no conflicts of interest regarding the publication of this paper.

References

[1] Xie, Z., Wang, H., Geng, Y., Li, M., Deng, Q., Tian, Y., et al (2021) Carbon-Based
Photothermal Superhydrophobic Materials with Hierarchical Structure Enhances the
Anti-Icing and Photothermal Deicing Properties. ACS Applied Materials & Inter-
faces, 13, 48308-48321. https://doi.org/10.1021/acsami.1c15028

[2] Diakite, D.A. and Novikov, A.A. (2025) L’applications des matériaux superhydrophobes
pour réduire les effets du givrage sur les installations maritimes. Revue Internationale
du Chercheur, 6, 1247-1275.

[3] Nistal, A., Sierra-Martin, B. and Fernandez-Barbero, A. (2023) On the Durability of
Icephobic Coatings: A Review. Materials, 17, Article 235.
https://doi.org/10.3390/mal7010235

DOI: 10.4236/msce.2026.141005

83 Journal of Materials Science and Chemical Engineering


https://doi.org/10.4236/msce.2026.141005
https://doi.org/10.1021/acsami.1c15028
https://doi.org/10.3390/ma17010235

D. A. Diakite et al.

(10]

(11]

[12]

(13]

(14]

(15]

(16]

(17]

Zhang, F., Yan, H. and Chen, M. (2024) Multi-Scale Superhydrophobic Surface with
Excellent Stability and Solar-Thermal Performance for Highly Efficient Anti-Icing
and Deicing. Small, 20, Article ID: 2312226. https://doi.org/10.1002/smll.202312226

Rahman, A.U., Kabeb, S.M. and Zulfkifli, F.H. (2025) Functional Hydrophobic Coat-
ings: Insight into Mechanisms and Industrial Applications. Progress in Organic Coat-
ings, 203, Article ID: 109187. https://doi.org/10.1016/j.porgcoat.2025.109187

Zhang, D., Ji, ]., Yan, C., Zhang, J., An, Z. and Shen, Y. (2024) Research Advances in
Bio-Inspired Superhydrophobic Surface: Bridging Nature to Practical Applications.

Journal of Industrial and Engineering Chemistry, 140, 20-46.
https://doi.org/10.1016/j.jiec.2024.05.051

Rasitha, T.P., Krishna, N.G., Anandkumar, B., Vanithakumari, S.C. and Philip, J.
(2024) A Comprehensive Review on Anticorrosive/antifouling Superhydrophobic
Coatings: Fabrication, Assessment, Applications, Challenges and Future Perspec-
tives. Advances in Colloid and Interface Science, 324, Article ID: 103090.
https://doi.org/10.1016/j.cis.2024.103090

Luo, J. and Guo, Z. (2024) Recent Advances in Biomimetic Superhydrophobic Sur-
faces: Focusing on Abrasion Resistance, Self-Healing and Anti-Icing. Nanoscale, 16,
16404-16419. https://doi.org/10.1039/d4nr02893g

Li, X., Yang, K,, Yuan, Z,, Liu, S., Du, ], Li, C,, et al (2023) Recent Advances on the
Abrasion Resistance Enhancements and Applications of Superhydrophobic Materi-
als. The Chemical Record, 23, €202200298. https://doi.org/10.1002/tcr.202200298

Alizadeh, A., Yamada, M., Li, R., Shang, W., Otta, S., Zhong, S., et al. (2012) Dynam-
ics of Ice Nucleation on Water Repellent Surfaces. Langmuir, 28, 3180-3186.
https://doi.org/10.1021/1a2045256

Wang, T., Yao, H., Wang, N., Wang, Y. and Wang, F. (2025) Design and Performance
Study of Superhydrophobic Low-Adhesion Anti-Icing Coating with Photothermal
Response. Materials Chemistry and Physics, 342, Article ID: 130996.
https://doi.org/10.1016/j.matchemphys.2025.130996

Pan, R,, Zhang, H. and Zhong, M. (2020) Triple-scale Superhydrophobic Surface with
Excellent Anti-Icing and Icephobic Performance via Ultrafast Laser Hybrid Fabrica-
tion. ACS Applied Materials & Interfaces, 13, 1743-1753.
https://doi.org/10.1021/acsami.0c16259

Jiang, Z., Sun, Y., Yan, M., Qian, B., Jiang, A., Zhang, X., et al (2025) Recent Ad-
vancements in Fabrication Strategies and Applications of Superhydrophobic Coat-
ings. Journal of Materials Science, 60, 7826-7858.
https://doi.org/10.1007/s10853-025-10878-7

Acha, F., Egbebunmi, D., Ahmadu, S., Ojuolape, A. and Egbosiuba, T. (2025) Recent
Advances in Bio-Inspired Superhydrophobic Coatings Utilizing Hierarchical Nanostruc-

tures for Self-Cleaning and Anti-Icing Surfaces. Physchem, 5, Article 48.
https://doi.org/10.3390/physchem5040048

Zheng, Y., Gao, X. and Jiang, L. (2007) Directional Adhesion of Superhydrophobic
Butterfly Wings. Soft Matter, 3, 178-182. https://doi.org/10.1039/b612667¢g

Yao, W., Wu, L., Sun, L., Jiang, B. and Pan, F. (2022) Recent Developments in Slip-
pery Liquid-Infused Porous Surface. Progress in Organic Coatings, 166, Article ID:
106806. https://doi.org/10.1016/j.porgcoat.2022.106806

Tripathi, D., Ray, P., Singh, A.V, Kishore, V. and Singh, S.L. (2023) Durability of
Slippery Liquid-Infused Surfaces: Challenges and Advances. Coatings, 13, Article
1095. https://doi.org/10.3390/coatings13061095

DOI: 10.4236/msce.2026.141005

84 Journal of Materials Science and Chemical Engineering


https://doi.org/10.4236/msce.2026.141005
https://doi.org/10.1002/smll.202312226
https://doi.org/10.1016/j.porgcoat.2025.109187
https://doi.org/10.1016/j.jiec.2024.05.051
https://doi.org/10.1016/j.cis.2024.103090
https://doi.org/10.1039/d4nr02893g
https://doi.org/10.1002/tcr.202200298
https://doi.org/10.1021/la2045256
https://doi.org/10.1016/j.matchemphys.2025.130996
https://doi.org/10.1021/acsami.0c16259
https://doi.org/10.1007/s10853-025-10878-7
https://doi.org/10.3390/physchem5040048
https://doi.org/10.1039/b612667g
https://doi.org/10.1016/j.porgcoat.2022.106806
https://doi.org/10.3390/coatings13061095

D. A. Diakite et al.

(18]

(19]

[20]

[21]

(22]

(23]

(24]

(25]

(26]

(27]

(28]

(29]

(30]

Barthwal, S., Uniyal, S. and Barthwal, S. (2024) Nature-Inspired Superhydrophobic
Coating Materials: Drawing Inspiration from Nature for Enhanced Functionality.
Micromachines, 15, Article 391. https://doi.org/10.3390/mi15030391

Backholm, M., Molpeceres, D., Vuckovac, M., Nurmi, H., Hokkanen, M.]., Jokinen,
V., et al. (2020) Water Droplet Friction and Rolling Dynamics on Superhydrophobic
Surfaces. Communications Materials, 1, Article No. 64.
https://doi.org/10.1038/s43246-020-00065-3

Lepikko, S., Turkki, V., Koskinen, T., Raju, R., Jokinen, V., Kiseleva, M.S., et al. (2024)
Droplet Friction on Superhydrophobic Surfaces Scales with Liquid-Solid Contact
Fraction. Small, 21, Article ID: 2405335. https://doi.org/10.1002/smll.202405335

Jeevahan, J., Chandrasekaran, M., Britto Joseph, G., Durairaj, R.B. and Mageshwaran,
G. (2018) Superhydrophobic Surfaces: A Review on Fundamentals, Applications, and
Challenges. Journal of Coatings Technology and Research, 15, 231-250.
https://doi.org/10.1007/s11998-017-0011-x

Wen, X, Li, H,, Li, R., Wang, H,, Li, Y. and Sun, J. (2025) Coral-inspired Superhy-
drophobic Triboelectric Nanogenerators with Unprecedented Wear Resistance and

Sub-Zero Temperature Self-Healing Capability. Advanced Functional Materials, 35,
Article ID: 2501706. https://doi.org/10.1002/adfm.202501706

Si, W. and Guo, Z. (2022) Enhancing the Lifespan and Durability of Superamphipho-
bic Surfaces for Potential Industrial Applications: A Review. Advances in Colloid and
Interface Science, 310, Article ID: 102797. https://doi.org/10.1016/j.¢is.2022.102797
Chen, L., Huang, G., Hu, T., Li, Q., Cheng, J. and Liu, D. (2024) Fabrication of Robust

Superhydrophobic Surface on Silicone Rubber. Composites Science and Technology,
247, Article ID: 110401. https://doi.org/10.1016/j.compscitech.2023.110401

Wang, Y., Huang, Z., Gurney, R.S. and Liu, D. (2019) Superhydrophobic and Photo-
catalytic PDMS/TiO: Coatings with Environmental Stability and Multifunctionality.
Colloids and Surfaces A: Physicochemical and Engineering Aspects, 561, 101-108.
https://doi.org/10.1016/j.colsurfa.2018.10.054

Long, S., Hu, Y., Dong, X,, Shen, L., Wang, Y., Huang, Y., ef al (2025) Superhydro-
phobic Polypropylene Surface via Migration of SiO2 Nanoparticles with Low Surface
Energy. Macromolecular Rapid Communications, 46, Article ID: 2500195.
https://doi.org/10.1002/marc.202500195

Wang, F.,, Tay, T.E,, Sun, Y., Liang, W. and Yang, B. (2019) Low-Voltage and -Surface
Energy SWCNT/Poly(Dimethylsiloxane) (PDMS) Nanocomposite Film: Surface
Wettability for Passive Anti-Icing and Surface-Skin Heating for Active Deicing.
Composites Science and Technology, 184, Article ID: 107872.
https://doi.org/10.1016/j.compscitech.2019.107872

Deng, L., Wang, Z., Niu, Y., Luo, F. and Chen, Q. (2024) CNTs-Induced Superhydro-
phobic and Photothermal Coating with Long-Term Durability and Self-Replenishing
Property for Anti-Icing/De-Icing. Composites Science and Technology, 245, Article
ID: 110347. https://doi.org/10.1016/j.compscitech.2023.110347

Jiang, G., Liu, Z. and Hu, J. (2021) Superhydrophobic and Photothermal PVDF/CNTs
Durable Composite Coatings for Passive Anti-Icing/Active De-Icing. Advanced Ma-
terials Interfaces, 9, Article ID: 2101704. https://doi.org/10.1002/admi.202101704

Yao, Y., Liu, W., Chen, H,, Jiao, Y., Yuan, T., Wu, J., et al (2025) Investigate the
Adhesion Behavior and Mechanisms of Salty Ice on Bitumen Surface Based on the
Ice Heterogeneous Nucleation Kinetics and Quasi-Liquid Layer Theory. Col/d Re-
gions Science and Technology, 231, Article ID: 104378.
https://doi.org/10.1016/j.coldregions.2024.104378

DOI: 10.4236/msce.2026.141005

85 Journal of Materials Science and Chemical Engineering


https://doi.org/10.4236/msce.2026.141005
https://doi.org/10.3390/mi15030391
https://doi.org/10.1038/s43246-020-00065-3
https://doi.org/10.1002/smll.202405335
https://doi.org/10.1007/s11998-017-0011-x
https://doi.org/10.1002/adfm.202501706
https://doi.org/10.1016/j.cis.2022.102797
https://doi.org/10.1016/j.compscitech.2023.110401
https://doi.org/10.1016/j.colsurfa.2018.10.054
https://doi.org/10.1002/marc.202500195
https://doi.org/10.1016/j.compscitech.2019.107872
https://doi.org/10.1016/j.compscitech.2023.110347
https://doi.org/10.1002/admi.202101704
https://doi.org/10.1016/j.coldregions.2024.104378

D. A. Diakite et al.

(31]

(32]

(33]

(34]

(35]

(36]

(37]

(38]

(39]

(40]

[41]

[42]

(43]

Luo, W., Alasvand Zarasvand, K., Azimi Dijvejin, Z., Nadaraja, A.V. and Golovin, K.
(2023) Influence of Salinity on Surface Ice Adhesion Strength. Advanced Materials
Interfaces, 11, Article ID: 2300606. https://doi.org/10.1002/admi.202300606

Cong, Q., Qin, X,, Chen, T., Jin, J., Liu, C. and Wang, M. (2023) Research Progress of
Superhydrophobic Materials in the Field of Anti-/De-Icing and Their Preparation: A
Review. Materials, 16, Article 5151. https://doi.org/10.3390/mal6145151

Zhan, X., Yan, Y., Zhang, Q. and Chen, F. (2014) A Novel Superhydrophobic Hybrid
Nanocomposite Material Prepared by Surface-Initiated AGET ATRP and Its Anti-
Icing Properties. Journal of Materials Chemistry A, 2, 9390-9399.
https://doi.org/10.1039/c4ta00634h

Piscitelli, F. (2020). Superhydrophobic Coatings for Aeronautical Applications. 2020
IEEE 7th International Workshop on Metrology for AeroSpace (MetroAeroSpace),
Pisa, 22-24 June 2020, 282-287.
https://doi.org/10.1109/metroaerospace48742.2020.9160257

Tong, W, Xiong, D., Wang, N., Wu, Z. and Zhou, H. (2019) Mechanically Robust
Superhydrophobic Coating for Aeronautical Composite against Ice Accretion and Ice
Adhesion. Composites Part B: Engineering, 176, Article ID: 107267.
https://doi.org/10.1016/j.compositesb.2019.107267

Yang, L., Li, Y., Huan, D. and Zhu, C. (2025) An Anti-Icing Coating with Superhy-
drophobic and Photothermal Properties for Aircraft Icing Protection System. Col/-
loids and Surfaces A: Physicochemical and Engineering Aspects, 709, Article ID:
136150. https://doi.org/10.1016/j.colsurfa.2025.136150

Bai, Y., Zhang, H., Shao, Y., Zhang, H. and Zhu, J. (2021) Recent Progresses of Su-
perhydrophobic Coatings in Different Application Fields: An Overview. Coatings, 11,
Article 116. https://doi.org/10.3390/coatings11020116

Lyu, J., Wu, B., Wu, N,, Peng, C., Yang, J., Meng, Y., et al. (2021) Green Preparation
of Transparent Superhydrophobic Coatings with Persistent Dynamic Impact Re-
sistance for Outdoor Applications. Chemical Engineering Journal, 404, Article ID:
126456. https://doi.org/10.1016/j.cej.2020.126456

Luo, W., Xu, ., Li, G,, Niu, G., Ng, K-W., Wang, F., et al. (2022) Fabrication of Robust,
Anti-Reflective, Transparent Superhydrophobic Coatings with a Micropatterned
Multilayer Structure. Langmuir, 38, 7129-7136.
https://doi.org/10.1021/acs.langmuir.2c00264

Syafiq, A., Vengadaesvaran, B., Ahmed, U., Rahim, N.A,, Pandey, A.K., Bushroa,
AR, et al (2020) Facile Synthesize of Transparent Hydrophobic Nano- CaCos Based
Coatings for Self-Cleaning and Anti-fogging. Materials Chemistry and Physics, 239,
Article ID: 121913, https://doi.org/10.1016/j.matchemphys.2019.121913

Hu, C., Kwan, K, Xie, X., Zhou, C. and Ren, K. (2022) Superhydrophobic Polyani-
line/TiO2 Composite Coating with Enhanced Anticorrosion Function. Reactive and
Functional Polymers, 179, Article ID: 105381.
https://doi.org/10.1016/j.reactfunctpolym.2022.105381

Huang, W.F,, Xiao, Y.L., Huang, Z.J., Tsui, G.C.P., Yeung, K.W., Tang, C.Y., et al.
(2020) Super-Hydrophobic Polyaniline-TiO. Hierarchical Nanocomposite as Anti-
corrosion Coating. Materials Letters, 258, Article ID: 126822.
https://doi.org/10.1016/j.matlet.2019.126822

Lv, Z., Yu, S., Song, K., Zhou, X. and Yin, X. (2020) Fabrication of a Leaf-Like Super-
hydrophobic CuO Coating on 6061Al with Good Self-Cleaning, Mechanical and
Chemical Stability. Ceramics International, 46, 14872-14883.

https://doi.org/10.1016/j.ceramint.2020.03.013

DOI: 10.4236/msce.2026.141005

86 Journal of Materials Science and Chemical Engineering


https://doi.org/10.4236/msce.2026.141005
https://doi.org/10.1002/admi.202300606
https://doi.org/10.3390/ma16145151
https://doi.org/10.1039/c4ta00634h
https://doi.org/10.1109/metroaerospace48742.2020.9160257
https://doi.org/10.1016/j.compositesb.2019.107267
https://doi.org/10.1016/j.colsurfa.2025.136150
https://doi.org/10.3390/coatings11020116
https://doi.org/10.1016/j.cej.2020.126456
https://doi.org/10.1021/acs.langmuir.2c00264
https://doi.org/10.1016/j.matchemphys.2019.121913
https://doi.org/10.1016/j.reactfunctpolym.2022.105381
https://doi.org/10.1016/j.matlet.2019.126822
https://doi.org/10.1016/j.ceramint.2020.03.013

D. A. Diakite et al.

[44]

[45]

(46]

(47]

(48]

[49]

(50]

(51]

(52]

(53]

[54]

(55]

(56]

(57]

Chen, H., Cao, Y., Wang, C,, Tie, F., Dong, W., Camaiti, M., et al. (2025) Superhy-
drophobic Surfaces for the Sustainable Maintenance of Building Materials and Stone-
Built Heritage: The Challenges, Opportunities and Perspectives. Advances in Colloid
and Interface Science, 335, Article ID: 103343.
https://doi.org/10.1016/].cis.2024.103343

Zhi, D., Lu, Y., Sathasivam, S., Parkin, I.P. and Zhang, X. (2017) Large-Scale Fabrica-
tion of Translucent and Repairable Superhydrophobic Spray Coatings with Remark-
able Mechanical, Chemical Durability and UV Resistance. Journal of Materials
Chemistry A, 5, 10622-10631. https://doi.org/10.1039/c7ta02488f

Zulfiqar, U., Awais, M., Hussain, S.Z., Hussain, 1., Husain, S.W. and Subhani, T.
(2017) Durable and Self-Healing Superhydrophobic Surfaces for Building Materials.
Materials Letters, 192, 56-59. https://doi.org/10.1016/j.matlet.2017.01.070

Wang, F., Xie, T., Ou, J., Xue, M. and Li, W. (2020) Cement Based Superhydrophobic
Coating with Excellent Robustness and Solar Reflective Ability. Journal of Alloys and
Compounds, 823, Article ID: 153702. https://doi.org/10.1016/j.jallcom.2020.153702

Tang, X., Wang, Y., Liu, S., Xu, Z. and Peng, C. (2022) Facile Fabrication of Superhy-
drophobic Robust Coatings with Solar Reflective Capability by One Step Spraying
Method. In: Casini, M., Ed., Proceedings of the 2nd International Civil Engineering
and Architecture Conference, Springer, 77-83.
https://doi.org/10.1007/978-981-19-4293-8 9

Binrui, W., Qiong, Q., Xuan, J., Dong, X,, li, K., Liping, S., et al (2023) A Highly
Robust, Concrete-Inspired Superhydrophobic Nanocomposite Coating. Nanoscale,
15, 19304-19313. https://doi.org/10.1039/d3nr04296k

Chen, X., Wen, G. and Guo, Z. (2020) What Are the Design Principles, from the
Choice of Lubricants and Structures to the Preparation Method, for a Stable Slippery
Lubricant-Infused Porous Surface? Materials Horizons, 7, 1697-1726.
https://doi.org/10.1039/d0mh00088d

Zhang, P. and Guo, Z. (2024) Robust Anti-Icing Slippery Liquid-Infused Porous Sur-
faces Inspired by Nature: A Review. Materials Today Physics, 46, Article ID: 101478.
https://doi.org/10.1016/j.mtphys.2024.101478

Liu, K., Zhang, Y., Li, B. and Chu, J. (2025) Durable Slippery Liquid-Infused Doubly
Reentrant Surfaces for Anti-Fogging, Anti-Frosting and Self-Cleaning Applications.
Surface and Coatings Technology, 514, Article ID: 132577.
https://doi.org/10.1016/j.surfcoat.2025.132577

(2017) Liquid-Impregnated Surface Coatings. PCI Magazine.
https://www.pcimag.com/articles/103864-liquid-impregnated-surface-coatings
Villegas, M., Zhang, Y., Abu Jarad, N., Soleymani, L. and Didar, T.F. (2019) Liquid-
infused Surfaces: A Review of Theory, Design, and Applications. ACS Nano, 13,
8517-8536. https://doi.org/10.1021/acsnano.9b04129

Boinovich, L.B., Chulkova, E.V., Emelyanenko, K.A., Domantovsky, A.G. and Emel-
yanenko, A.M. (2022) The Mechanisms of Anti-Icing Properties Degradation for
Slippery Liquid-Infused Porous Surfaces under Shear Stresses. Journal of Colloid and
Interface Science, 609, 260-268. https://doi.org/10.1016/j.jcis.2021.11.169

Lu, Y., He, G., Carmalt, C.J. and Parkin, I.P. (2016) Synthesis and Characterization
of Omniphobic Surfaces with Thermal, Mechanical and Chemical Stability. RSC Ad-
vances, 6, 106491-106499. https://doi.org/10.1039/c6ra20392b

Xi, S., Zhang, Y., Yang, Y. and Tan, X. (2022) Micrometric Array Integrated with
Slippery Liquid-Infused Porous Surface for Improved Anti-Icing Durability. Journal

DOI: 10.4236/msce.2026.141005

87 Journal of Materials Science and Chemical Engineering


https://doi.org/10.4236/msce.2026.141005
https://doi.org/10.1016/j.cis.2024.103343
https://doi.org/10.1039/c7ta02488f
https://doi.org/10.1016/j.matlet.2017.01.070
https://doi.org/10.1016/j.jallcom.2020.153702
https://doi.org/10.1007/978-981-19-4293-8_9
https://doi.org/10.1039/d3nr04296k
https://doi.org/10.1039/d0mh00088d
https://doi.org/10.1016/j.mtphys.2024.101478
https://doi.org/10.1016/j.surfcoat.2025.132577
https://www.pcimag.com/articles/103864-liquid-impregnated-surface-coatings
https://doi.org/10.1021/acsnano.9b04129
https://doi.org/10.1016/j.jcis.2021.11.169
https://doi.org/10.1039/c6ra20392b

D. A. Diakite et al.

(58]

[59]

[60]

(61]

[62]

[63]

[64]

(65]

(6]

(67]

[68]

[69]

(70]

of Coatings Technology and Research, 19, 1211-1218.
https://doi.org/10.1007/s11998-021-00602-w

Zheng, J., Liu, R, Liu, D., Weng, Z., Song, G., Li, W., et al (2023) Slippery Liquid
Infused Porous Surfaces with Anti-Icing Performance Fabricated by Direct Laser In-
terference Lithography. Progress in Organic Coatings, 175, Article ID: 107308.
https://doi.org/10.1016/j.porgcoat.2022.107308

Ge, Y., Song, Y., Li, K, Xuan, S., Wang, L., Liu, J., et al (2025) Highly Durable SLIPS
with Temperature-Responsive Switching for Efficient Anti-/Deicing. Chemical Engi-
neering Journal, 507, Article ID: 160689. https://doi.org/10.1016/j.cej.2025.160689
Yuan, Y., Xiang, H., Liu, G., Wang, L., Liu, H. and Liao, R. (2022) Self-Repairing
Performance of Slippery Liquid Infused Porous Surfaces for Durable Anti-Icing. Ad-
vanced Materials Interfaces, 9, Article ID: 2101968.
https://doi.org/10.1002/admi.202101968

Liu, C,, Li, Y., Lu, C, Liu, Y., Feng, S. and Liu, Y. (2020) Robust Slippery Liquid-
Infused Porous Network Surfaces for Enhanced Anti-Icing/Deicing Performance.
ACS Applied Materials & Interfaces, 12, 25471-25477.
https://doi.org/10.1021/acsami.0c05954

Wei, X., Zhong, Y., Feng, Y., Wei, ]. and Wang, J. (2022) A Slippery Liquid-Infused
Network-Like Surface with Anti/De-Icing Properties Constructed Based on the Phos-
phating Reaction. Langmuir, 38, 14118-14128.
https://doi.org/10.1021/acs.langmuir.2c02075

Li, B., Huang, K., Xue, S., Liu, W. and Li, J. (2025) Robust Slippery Liquid-Infused
Porous Surfaces with Fast Self-Replenishment Properties for Anticontaminant, Anti-
Icing, and Anticorrosion Applications on Magnesium Alloys. ACS Applied Materials
& Interfaces, 17, 19105-19116. https://doi.org/10.1021/acsami.4c23018

Lv, S., Zhang, X., Yang, X,, Liu, Q., Liu, X, Yang, Z., et al (2022) Slippery Surface
with Honeycomb Structures for Enhancing Chemical Durability of Aluminum. Co/-
loids and Surfaces A: Physicochemical and Engineering Aspects, 648, Article ID:
129187. https://doi.org/10.1016/j.colsurfa.2022.129187

Shome, A., Das, A., Borbora, A., Dhar, M. and Manna, U. (2022) Role of Chemistry
in Bio-Inspired Liquid Wettability. Chemical Society Reviews, 51, 5452-5497.
https://doi.org/10.1039/d2¢s00255h

Wieszczycka, K., Staszak, K., Wozniak-Budych, M.J., Litowczenko, J., Maciejewska,
B.M. and Jurga, S. (2021) Surface Functionalization—The Way for Advanced Appli-
cations of Smart Materials. Coordination Chemistry Reviews, 436, Article ID: 213846.
https://doi.org/10.1016/j.ccr.2021.213846

He, X, Tian, F., Bai, X., Yuan, C., Wang, C. and Neville, A. (2020) Biomimetic Lub-
ricant-Infused Titania Nanoparticle Surfaces via Layer-By-Layer Deposition to Con-
trol Biofouling. Applied Surface Science, 515, Article ID: 146064.
https://doi.org/10.1016/j.apsusc.2020.146064

Zhang, C., Xia, Y., Zhang, H. and Zacharia, N.S. (2018) Surface Functionalization for
a Nontextured Liquid-Infused Surface with Enhanced Lifetime. ACS Applied Mate-
rials & Interfaces, 10, 5892-5901. https://doi.org/10.1021/acsami.7b18021

Jing, X. and Guo, Z. (2019) Fabrication of Biocompatible Super Stable Lubricant-Im-
mobilized Slippery Surfaces by Grafting a Polydimethylsiloxane Brush: Excellent
Boiling Water Resistance, Hot Liquid Repellency and Long-Term Slippery Stability.
Nanoscale, 11, 8870-8881. https://doi.org/10.1039/c9nr01556f

Zhang, X., Wang, H., Fu, Y., Tao, L., Jing, J., Liu, X., et al. (2025) Polydimethylsilox-

DOI: 10.4236/msce.2026.141005

88 Journal of Materials Science and Chemical Engineering


https://doi.org/10.4236/msce.2026.141005
https://doi.org/10.1007/s11998-021-00602-w
https://doi.org/10.1016/j.porgcoat.2022.107308
https://doi.org/10.1016/j.cej.2025.160689
https://doi.org/10.1002/admi.202101968
https://doi.org/10.1021/acsami.0c05954
https://doi.org/10.1021/acs.langmuir.2c02075
https://doi.org/10.1021/acsami.4c23018
https://doi.org/10.1016/j.colsurfa.2022.129187
https://doi.org/10.1039/d2cs00255h
https://doi.org/10.1016/j.ccr.2021.213846
https://doi.org/10.1016/j.apsusc.2020.146064
https://doi.org/10.1021/acsami.7b18021
https://doi.org/10.1039/c9nr01556f

D. A. Diakite et al.

ane Organogel-Based Slippery Coating with Mechanical Durability Enabled by a
“Soft-Rigid” Architecture. Colloids and Surfaces A: Physicochemical and Engineer-
ing Aspects, 726, Article ID: 138060. https://doi.org/10.1016/j.colsurfa.2025.138060

[71] Xing, K, Li, Z., Wang, Z., Qian, S., Feng, J., Gu, C,, et al (2021) Slippery Coatings
with Mechanical Robustness and Self-Replenishing Properties as Potential Applica-
tion on Magnesium Alloys. Chemical Engineering Journal, 418, Article ID: 129079.

https://doi.org/10.1016/j.cej.2021.129079

DOI: 10.4236/msce.2026.141005 89 Journal of Materials Science and Chemical Engineering


https://doi.org/10.4236/msce.2026.141005
https://doi.org/10.1016/j.colsurfa.2025.138060
https://doi.org/10.1016/j.cej.2021.129079

	Recent Innovations in the Design of Hydrophobic Coatings to Prevent Equipment Icing
	Abstract
	Keywords
	1. Introduction
	2. Concepts, Mechanisms and Applications of Superhydrophobic Surfaces
	2.1. Aircraft
	2.2. Automotive
	2.3. Buildings

	3. Coatings for Liquid-Impregnated Surfaces
	4. Conclusions
	Conflicts of Interest
	References

