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Abstract

Anti-wetting surfaces, which possess strong water-repellent properties and self-cleaning, anti-fouling, anti-icing, and anti-corrosion
characteristics, are of great interest due to their numerous applications across various industrial sectors. For thousands of years,
nature has developed highly innovative wetting systems to survive in hostile environments. For example, the surface structures of
lotus leaves and gecko feet, with their superhydrophobic and parahydrophobic properties, play a key role in the adhesion of these
natural surfaces. This review article examines in detail the theoretical foundations, various fabrication techniques, applications, and
challenges associated with anti-wetting surfaces. This literature review analyzes the fundamental principles, focusing on water-
repellent surfaces observed in nature, theories of wettability such as Young’s equation, the Wenzel and Cassie-Baxter states, as well
as the dynamics of wetting. Various techniques for fabricating anti-wetting surfaces, such as dip-coating, templates, the sol-gel
technique, etching, and electropolymerization, are studied, ranging from micro- and/or nanostructuring methods to advanced
material coatings, highlighting the evolution of surface engineering. The numerous applications of water-repellent surfaces, ranging
from self-cleaning technologies to oil-water separation, are discussed, highlighting their potential contributions in fields such as
energy, environmental protection, and anti-icing. Despite their promising properties, water-repellent surfaces also face significant
challenges, such as issues of durability and scalability, environmental concerns, and limitations in achieving multifunctionality. By
providing a comprehensive overview of the current state of research on anti-wetting surfaces, this review aims to guide future studies
and encourage innovations in the development and use of these intriguing surfaces.
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1. Introduction

Controlling the wettability of surfaces for the development  on the relationships between physicochemical properties. To-
of innovative materials in various fields is now more im- day, through a biomimetic approach inspired by nature, sev-
portant than ever, given the wide range of applications that  eral processes have been developed to replicate these micro-
result from it. Research conducted on animal and plant species  and/or nanostructured surfaces, with the aim of achieving spe-
[1, 2], has revealed that surface wettability depends primarily
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cific wettability properties. The combination of an intrinsi-
cally hydrophobic chemical composition and multi-scale tex-
turing is believed to be responsible for the rather unique sur-
face properties of these materials, such as the lotus effect or
the gecko effect [3, 4]. It is in this context that mathematical
equations such as those of Wenzel and Cassie-Baxter [5, 6]
were established to explain the possibility of increasing or re-
ducing hydrophobicity by manipulating surface texturing.
Mastering the optimal conditions regarding material composi-
tion therefore begins with selecting the molecular structure or
core that offers the best performance. Superhydrophobic and
parahydrophobic materials are important for applications like
self-cleaning windows, anti-wear, antibacterial uses, and wa-
terproof textiles [7-21]. Various methods for creating micro-
and nanostructured surfaces include chemical and physical
treatments like lithography and etching [22]. Conductive pol-
ymers can develop these materials with unique surface tex-
tures through self-assembly and direct application [23]. This
manuscript reviews these surfaces, starting with a biomimetic
approach that looks at natural surfaces with special properties.
It will explain wetting phenomena and detail the Wenzel and
Cassie-Baxter models, followed by methods for making wa-
ter-repellent surfaces and their potential applications.

2. Natural Hydrophobic Surfaces

Observation of the surface properties of certain plant spe-
cies has revealed extreme wetting phenomena, such as the

self-cleaning ability of certain leaves in rainy weather when a
water droplet comes into contact with their surfaces, and, con-
versely, strong adhesion phenomena over a small solid-liquid
contact area [24]. Interesting wetting phenomena have also
been observed in animals, such as the ability of certain insects
to glide on water or the ease with which certain species of
sharks move while hunting their prey [25, 26]. It is through
these natural wetting phenomena that the scientific commu-
nity drew inspiration to ultimately reproduce them artificially
using the same strategy [27]. In this section, we will present
the various wetting phenomena in plant and animal species to
provide an overview of the majority of wetting phenomena
described in the literature.

2.1. Non-wetting Surfaces in Plant Species

The leaf of Nelumbo nucifera, or lotus, exemplifies extreme
wetting with its self-cleaning property known as the Lotus ef-
fect [2, 27, 28]. Water droplets bead and roll off the leaf at low
angles, effectively removing dirt. This phenomenon arises
from the leaf's unique surface structure, which includes micro-
pits at the micrometer scale and hydrophobic wax crystals at
the nanometer scale, contributing to superhydrophobicity by
limiting liquid penetration and repelling droplets (Figure 1).
This phenomenon was demonstrated by Barthlott and Nein-
huis [28] by placing a drop of mercury on a superhydrophobic
sheet (see Figure 1).

Figure 1. Photographs and SEM images of the Lotus (a, b, ¢ and d) [2]; SEM image of the leaf hairs of the water fern of the genus Salvinia
(e, fand g) [1]; Photograph of a rose petal (h), SEM image (i) [29]; Image illustrating the self-cleaning effect of a droplet on a contaminated

surface (j) [28].

Other plant species, like the genus Salvinia [1], exhibit wet-
tability properties similar to lotus leaves, displaying hydro-
phobic behavior due to unique micropilie shapes. These mul-
ticellular hairs, visible to the naked eye, form complex surface
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structures that retain air layers even when submerged. Scan-
ning electron microscopy (SEM) reveals that these hairs com-
prise small wax rods on the epidermal cells (see Figure 1).


http://www.sciencepg.com/journal/ajpst

American Journal of Polymer Science and Technology

http://www.sciencepg.com/journal/ajpst

Koch et al. [1] investigated how various plant types' func-
tional surface structures are influenced by their environments.
They found that plants in hot environments develop 3D wax

crystals or "hairy" surfaces suited for temperature and UV ra-
diation, while those in humid or temperate climates possess
smoother or double-structured surfaces affecting liquid sprea-
ding behavior (see Figure 2).

Functional surface structures of
plants from different habitats
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Figure 2. A tree of characteristic surface structures and functions of plants in temperate environments, aquatic and wetland habitats, and

deserts [1].

We highlight the importance of demonstrating a natural sur-
face with high hydrophobicity and strong water droplet ad-
hesion, termed parahydrophobicity. A prominent example is
the rose petal [29], which, as observed through SEM, is co-
vered with micropapillae and nanofolds. These structures
create sufficient roughness for superhydrophobicity while
maintaining a strong adhesive force with water, causing
droplets to remain spherical and unable to roll off the surface,
even when inverted (see Figure 1). This effect is known as the
Petal Effect.

2.2. Non-wetting Surfaces in Animal Species

Many animal species exhibit extreme water repellency,
known as superhydrophobicity, particularly insects, which
have been extensively studied. Research by Wagner and al.
[30] has explored the correlation between wing microstruc-
tures, their wettability, and behavioral responses to contami-
nation in 97 insect species.

Insects demonstrate multifunctional properties such as op-
tical effects and anti-wetting behaviors. Research by Oh et al.
[31] on various cicada species, including Neotibicen pruino-
sus, Neatibicen tibicen, and Megatibicen dorsatus, revealed a
relationship between wettability, topology, and droplet-jum-
ping on wings, influenced by habitat and life cycle (see Figure
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3). The study found these species possess superhydrophobic
wings with truncated conical pillar morphology at the nanos-
cale, leading to stable water droplet bouncing behavior.

Other insects display diverse surface properties, including
light diffraction and water resistance. Research led by Zheng
et al. [32] on butterflies like Morpho Aega highlights the hy-
drophobic and anisotropic traits of their wings, where specific
surface structures direct water away, causing droplets to roll
off. This orientation affects droplet movement, resulting in
them adhering to the wings instead. Additionally, terrestrial
animals have been examined for their surface textures. For ex-
ample, Geckos [4], desert-dwelling reptiles with hydrophobic
skin (see Figure 3), can climb vertical walls and ceilings due
to their legs covered with micro- and nano-hairs known as se-
tae. These structures enhance adhesion on solid-liquid sur-
faces, generating Van der Waals forces that enable them to
defy gravity in various positions. Studies on water-repellent
surfaces, particularly shark skin [33, 34], reveal that its dermal
denticles feature specially sized riblets aligned with swim-
ming direction (see Figure 3). This microstructure efficiently
manages natural vortices, decreasing energy transfer and shear
stress, which reduces drag and enhances underwater
movement [26].
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Figure 3. Topography, SEM images, and water wettability of the wings of Neotibicen pruinosus, Neotibicen tibicen, and Megatibicen dor-
satus(a) [31]; Photographie d’un gecko ainsi que sa patte (b) et son image MEB a different grossissement (c, d) [4]; Photographs and SEM
images of shark skin samples taken from live specimens. Mako (e) and a specimen of a spiny dogfish (f) [34].

3. Theories of the Wettability of
Water-repellent Surfaces

Wettability refers to the interaction between a liquid droplet
and a solid surface, crucial in industries such as chemicals,
automotive, and life sciences. In automotive applications, it
influences surface preparation for paint and tire traction. In
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life sciences, surfactants assist lung expansion at birth by re-
ducing surface energy. The behavior of a droplet on a solid
can result in either spreading or a hemispherical shape, in-
fluencing the contact angle: angles under 10 °denote superhy-
drophilic surfaces, while those over 150 “indicate superhydro-
phobic surfaces (see Figure 4) [27, 35, 36].

In order to characterize the adhesive properties of a droplet
on asurface, it is necessary to measure dynamic contact angles
such as the angles during approach and retreat, and thus the
hysteresis while the surface is tilted.

»-b i‘m‘\

Figure 4. Diagram illustrating various surface wettability’s through contact angle measurements (a) [27]; Surface tension at a liquid-solid
interface caused by molecular imbalance (b) [37]; Static contact angle of a liquid droplet at equilibrium on a solid substrate (c); Forward and
backward angles of a drop’s movement on an inclined surface (d) and during the expansion and contraction of a drop (e) [38]; Diagram of
models of a liquid droplet on a rough surface: (f) Wenzel model; (g) Cassie-Baxter model; (h) Wenzel-Cassie transition state [39].
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3.1. Concept of Surface Tension and Surface
Energy

Surface energy () is the energy required to increase the in-
terface area between two phases without changing their volume.
Molecules at the surface differ from those in the bulk due to
contact with fewer neighbors, resulting in higher potential
energy (Figure 4). Solids minimize surface area to reduce this
energy, and liquid droplets adopt a spherical shape to minimize
the surface-to-volume ratio. Surface energy and tension share
dimensions, typically represented as force per length (N/m) or
work per unit area (J/m3: The surface energy of a liquid equals
its surface tension, but the measurement of solid surface energy
requires calculating from liquid/solid contact angles. Factors
like temperature can influence surface tension. For measuring
nonpolar surfaces, nonpolar test liquids are used without focu-
sing on specific molecular interactions; for polar surfaces, polar
liquids are required, emphasizing molecular interactions rela-
ting to functional groups like hydroxyl and carbonyl [37]. The
surface energies were calculated using the Owens-Wendt equa-
tion [40] with water, diiodomethane, and hexadecane as the
three liquids. These calculations applied solely to smooth sur-
faces, as surface roughness influences contact angles but not
surface energy.

3.2. Smooth Surfaces

3.2.1. Young's Theory

Young's theory serves as the starting point for wetting mod-
els, which are based on the equilibrium of interaction forces
along the triple line. It determines the static contact angle of a
sessile droplet on an ideal, “smooth,” homogeneous, rigid, and
insoluble solid surface (Figure 4). As shown in Equation 1,
according to Young’s equation [41], the static contact angle
depends solely on the thermodynamic equilibrium of the sur-
face tension at the solid (S)-liquid (L)-vapor (V) interfaces
[42]:

— YsvTV¥sL (1)

cos0
y YLv

Where: 8, =Young's contact angle,

Ysy = surface tension at solid-vapor interfaces,
Ys1. = surface tension at solid-liquid interfaces,
yLv = surface tension at liquid-vapor interfaces.

3.2.2. Hysteresis of the Contact Angle

Young's equation suggests a single contact angle for a solid,
liquid, and vapor, but in reality, a range of contact angles ap-
pears due to factors like the receding and advancing angles. Su-
perhydrophobic surfaces are not just defined by angles over 150
[27, 43]. The surfaces show various irregularities, leading to
contact angle hysteresis, which is the result of imperfections al-
lowing the contact line to stick. When a droplet is on an inclined
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surface, it resists movement until it reaches a slip angle, after
which it rolls. The advancing angle, 6a, and retreating angle, Or,
define this behavior Equation (2), with the difference indicating
contact angle hysteresis, H (Figure 4).

H =16, -6, 2

To visualize contact angle hysteresis, place a liquid droplet
on a smooth surface and enlarge it using a capillary tube [38]
(Figure 4). The contact angle increases until a critical angle is
reached, causing the triple point to shift (advance angle 6a). Re-
ducing the droplet's volume decreases the contact angle until the
triple point moves closer (retraction contact angle 0r). It is ge-
nerally accepted that a parahydrophobic surface must have a
contact angle hysteresis greater than 10<and a contact angle ex-
ceeding 90°[27, 44]. Conversely, with a hysteresis of less than
10< the surface is classified as superhydrophobic, indicating
that the parahydrophobic state is an intermediate condition [36].
Many natural surfaces are not perfectly smooth and thus exhibit
roughness, which complicates Young’s equation's ability to
predict contact angles. To evaluate surface wettability accura-
tely, the effects of surface roughness must be considered. Two
models, the Wenzel model and the Cassie-Baxter model, have
been proposed to describe wetting states on rough surfaces [27,
441, both relying on Young's angle 0y.

3.3. Rough Surfaces

The roughness of a solid describes its surface shape at a
small scale. It is defined by comparing the actual surface area,
including peaks and valleys, to the smooth geometric area.
This helps calculate the roughness factor, r:

Surface reel

= Surface planaire (3)
The influence of surface roughness has been described by
Wenzel and Cassie—Baxter [27].
In 1936, Wenzel studied how surface roughness affects
wetting behavior, leading to Wenzel's equation:

cosBy =r X cosfy, (4)

The Wenzel angle (Ow) relates to the surface roughness fac-
tor (r), which compares actual surface area to projected area.
Wenzel’s equation shows that increased roughness enhances
wettability. A smooth hydrophilic surface becomes more hy-
drophilic, while a hydrophobic surface becomes more hydro-
phobic with increased roughness. (Figure 4).

The model by Cassie-Baxter from 1944 suggests that on
rough surfaces, air pockets form between water and the sur-
face, reducing contact area. This results in a heterogeneous
wetting regime described by the Cassie-Baxter equation:

cosBep = ¢s(ry x cosd, +1) — 1 (5)
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The Cassie-Baxter contact angle (6cg), solid-liquid contact
area fraction (¢s), and Young contact angle (0y) relate to sur-
face roughness. Increased roughness traps more air, decrea-
sing ¢s and increasing the contact angle. This affects droplet
dynamics on rough surfaces, enhancing hydrophobicity and
hydrophilicity [27].

The Wenzel model has high static and advancing contact
angles but low receding angles, leading to high hysteresis and
adhesion. The Cassie-Baxter model features mobile droplets
with high contact angles and low hysteresis, crucial for super-
hydrophobicity [45]. A transition between wetting types oc-
curs when a droplet's volume increases due to external forces,
changing its interaction with the surface (Figure 4). For self-
cleaning, the Cassie-Baxter state is ideal for dust, while the
Wenzel state captures water. Surface treatments can adjust
wettability and roughness [46].

4. Approach to the Development of
Structured Water-repellent Surfaces
(Hierarchical)

Superhydrophobic surfaces can be made using various ma-
terials, both organic and inorganic. For polymers, the goal is
to create surface roughness, while inorganic materials require
hydrophobic treatments after shaping. Techniques for making
these surfaces fall into two categories [27, 44, 47-50]: creat-
ing rough surfaces from low-energy materials and modifying
rough surfaces with low-energy materials. Various methods

Stalnlew steel plate

Floerealkyhilane modification

HOY etching
e AR

Stalnlew seel plate
FeCly ciching

Flusrealkyisllane modification

ARRERRR e

Fluoroalkybilane modification

FeCly etching
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are used to prepare rough surfaces, such as dip-coating, tem-
plates, the sol-gel technique, etching, and electropolymeriza-
tion, better known as electrochemical polymerization [22]. A
brief description and the applications of some of these im-
portant techniques are presented in the following subsections.

4.1. Chemical and Physical Etching

Lotus leaves exemplify superhydrophobic surfaces, featu-
ring a dual-layer structure at micro and nanoscale levels, com-
pletely coated with natural hydrophobic waxes (Figure 5).
Their contact angle exceeds 160< keeping the surface clean
even when soiled. An etching technique emulates these natu-
ral structures to improve surface roughness, thereby enhan-
cing superhydrophobicity [51]. The etching technique is in-
spired by natural structures to enhance surface roughness, cre-
ating superhydrophobic surfaces. Differences in etching rates
among crystal planes lead to increased roughness, and a low
surface energy material is then applied to achieve superhydro-
phobicity [37]. Etching has two main types: dry etching, like
plasma and reactive ion etching, which uses gases to etch sur-
faces, and wet chemical etching, which uses acidic or basic
solutions on metals. Wet etching destroys dislocation sites,
causing surface roughness [52]. In previous studies, superhy-
drophobic cotton was produced using the wet-coating etching
technique [37]. Cotton is treated with sodium hydroxide to
develop a rough surface and then coated with silica nanopar-
ticles using heat and acid catalysts, achieving superhydropho-
bic properties with a contact angle of 176 < Although chemical
etching is cost-effective and scalable, it uses hazardous acids,
raising environmental concerns (Figure 5).

S0, v
THOS
Water contact angle

Ui @
i €@
T - )

Figure 5. (a) Double lotus-leaf structures; (b) water droplets on superhydrophobic cotton; (c) chemical etching of cotton fibers; (d) schematic
illustration of treated cotton fibers [37]; Superhydrophobic surface on stainless steel produced by a two-step chemical etching process [53].
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The outermost layers can be removed by physical etching.
The primary technique is plasma ablation [37]. This technique
is simpler, cheaper, and less harmful to the environment. It
uses electrons to bombard samples at low pressure, often in
oxygen. It allows for selective surface treatment with lasers,
where treatment time and laser intensity control the degree of
modification, particularly for cotton fabric. [54]. Materials in-
spired by water-walking insects have been developed by
Wang and al. [55]. Zhang and al. [53] developed superhydro-
phobic surfaces on stainless steel substrates using a two-step
chemical etching method. The substrates are immersed in so-
lutions of hydrochloric acid and ferric chloride to form micro-
structures. The resulting surfaces have a contact angle of 159<
and a sliding angle of 2<(see Figure 5). The superhydrophobic
surfaces produced in this way demonstrated excellent stability
and self-cleaning properties. Recently, other researchers have
used chemical etching and a self-assembled monolayer (SAM)
coating to fabricate superhydrophobic surfaces on SUS 316
stainless steel [56]. The etching process created structured sur-
faces, with a fluorine coating lowering surface energy. A 30-
minute sample showed a contact angle of 152<and a sliding
angle of 2<

4.2. Template

Template-based methods utilize predefined membranes to
fabricate superhydrophobic surfaces by mimicking natural

PDMS
2222028 —
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A 4hr
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ANI Fil
PANS Fim detach
PDMS casting
B m
YYYY R YYYY Y

Negative POMS replica Positive PDMS replica

Zn0) seed layer Zn0) nanostructures

GARD ~ ANARE)

PDMS POMS

structures, such as leaves and insect wings [57, 58]. Tech-
niques like etching can achieve the necessary micro- and na-
noscale roughness on metal templates [59]. The membranes
are either lifted or dissolved for replication, making this
method cost-effective, rapid, and reproducible, with the key
benefit being the ability to replicate natural surfaces. For ex-
ample, Peng and al [60]. prepared a PDMS master mold by
pouring liquid PDMS directly onto a fresh, natural leaf of
Xanthosoma sagittifolium and curing it at 50<C for 4 hours,
then removing the cured PDMS mold (Figure 6). Subse-
quently, this master template was used to prepare a polyaniline
replica on cold-rolled steel. The superhydrophobic polyaniline
film exhibited a micro and nanoscale surface morphology
nearly identical to that of the natural leaf.

Dai and al. [63] replicated rose petal surfaces using flexible
PDMS substrates for nanostructure growth (see Figure 6).
They cured a PDMS prepolymer on the petal, created a posi-
tive replica, which revealed a superhydrophobic surface with
a contact angle of 153 < Researchers have mimicked superhy-
drophobic biological surfaces using polymers. Zhang and al.
[62] developed strong membranes using a PVDF solution on
stainless steel, creating the M-300F (see Figure 6), which has
excellent flow rates and water rejection. Recently, air mi-
crobubbles are used to create a system that mimics octopus
suction cups [61] (see Figure 6). This system shows strong and
reversible adhesion to various surfaces and can transport sili-
con wafers without contamination.

PDMS Template
detach

—_— LR RANAX]

PANI

heating

Figure 6. Schematic of the Templat process for fabricating hierarchical structures: (A) Preparation of a superhydrophobic polyaniline (PANI)
film using the template replication method [60] (B) Preparing superhydrophobic ZnO on PDMS from rose petal; (C) SEM image and meas-
urement of the water contact angle of the positive PDMS replica; (D) Photograph and SEM image of microcavities exhibiting dome-shaped
structures resembling protrusions [61]; (E) Robust polyvinylidene fluoride (PVDF)-based membrane on a stainless steel plate [62].
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4.3. The Sol-gel Technique

The sol-gel technique allows for the creation of superhydro-
phobic surfaces on various materials like textiles, metals, and
glass. While it complements other coating methods, it has
drawbacks such as feasibility and thickness limits, with heat
treatment possibly damaging substrates [37, 50]. The process
involves converting precursors into glassy materials through
hydrolysis and polycondensation. Surface roughness can be
adjusted by changing conditions. For example, coatings using
alumina nanoparticles result in rough, self-cleaning surfaces,
while those made with silica nanoparticles show increased su-
perhydrophobic properties with more nanoparticles added.
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Additionally, superhydrophobic coatings can be made using
electrospray deposition, maintaining effectiveness even after
multiple washes and abrasion cycles (Figure 7) [37].

Researchers created a superhydrophobic methylated silica
with a core-shell structure [65]. They prepared silica gel using
TEOS, ethanol, and NH4OH, then added MTMS for methyl
groups. The surface achieved a contact angle of 161< with
over 96% separation efficiency. Recently, Barthwal and al.
[27] eported the creation of superhydrophobic graphene aero-
gel beads using an in situ sol-gel method with octadecylamine
[64] (ODA (see Figure 7). These lightweight, porous beads
have a water contact angle of 153<and show great potential
for oil spill treatment.
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Figure 7. (@) SEM images of films doped with alumina and nanoparticles after immersion in boiling water, (b) Surface microstructure, ob-
served by FE-SEM, taken from the rough, fluorinated SiO: layer prepared at a deposition rate of 0.05 um/h, (c) Schematic of the manufacturing
process for superamphiphobic cotton fabrics [37]; (d) Superhydrophobic graphene aerogel beads for the adsorption of hydrocarbons and

organic solvents [64].

4.4. The Dip-coating Method

The dip-coating technique involves applying a liquid coa-
ting solution to a surface. Target materials are dissolved, de-
posited on the substrate, and then dried to form a film [66-68].

24

The approach involves dipping a substrate into a coating solu-
tion, ensuring complete infiltration before removal. This sim-
ple method has complex parameters affecting film thickness
and structure, including immersion time, withdrawal speed,
and solution conditions. Dip-coating is vital for fluid mechan-
ics and interface science, improving the surface properties of
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materials [69]. Sol-gel-based dip coating is a primary modifi-
cation of solution dip coating, and the deposited films can be
better controlled by regulating the preparation of the sol and
the subsequent gelation process [70, 71]. Yeom and al. [72]

demonstrated that a superhydrophobic sponge can be made us-
ing silica nanoparticles and hexadecyltrimethoxysilane,
achieving a contact angle over 150°and high oil separation
efficiency (see Figure 8).

Commercial
3D Printer
Q
°f>,,e\) Multilayer
Sion ] Dielectric
Dip-Coater Mirror

Figure 8. (a) Superhydrophobic coatings based on nano silica and HDTMS, mesh and sponge treated for the separation of oil/water mixtures
[37]; (b) Fabrication of fully polymer multilayer photonic crystals thru the conversion of a 3D printer [73].

Furthermore, Rauh and al. [74] demonstrated an affordable
alternative to these devices by using a 3D printer. This system
can automate the coating process by performing multilayer
procedures with up to six solutions for six samples, saving
time. The thin films of polymethyl methacrylate (PMMA) ob-
tained have a quality comparable to those from a commercial
system, and the 3D system can even be better in some cases,
making it an interesting option. Recently, other researchers
[73] transformed a 3D printer into a coating system to manu-
facture multilayer photonic crystals using a perfluorinated
polymer formulation and poly (N-vinylcarbazole) as structural
dielectric media, as well as a recycled mixture of fluorescent
polystyrene as a light emitter for the microcavity (Figure 8).
They demonstrated that this method works by creating Bragg
reflectors and a planar fluorescence microcavity, using spe-
cific polymers and controlling the deposition parameters to
achieve uniform nanostructures.
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4.5. Electrochemical Polymerization
(Electropolymerization)

Electropolymerization, or electrochemical polymerization,
is a process used since the 1960s [75] to create polymer films.
It involves depositing a polymer onto a working electrode
from a solution of monomer, solvent, and a supporting elec-
trolyte. This process enhances conductivity and maintains
charge balance in the polymer through electron transfer be-
tween the electrode and the monomer. Polymerization occurs
by oxidizing monomers using an electric current in a solution
of electrolyte and dissolved monomer [75]. This process takes
place in an electrochemical cell with two electrodes (Figure 9)
(below)): a working electrode for polymer film deposition, a
reference electrode to measure potential differences, and a
counter electrode to complete the circuit.
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Figure 9. (a) Photograph of the electrodeposition device and (b) of an electrochemical cell; (c) Surfactants and low surface energy surfaces

without fluorine [76].

Many methods exist for the electrodeposition and doping of
pyrrole-based polymers, but the exact mechanism is still un-
clear. The accepted idea involves oxidizing the monomer at
the electrode to create a reactive radical cation, which dimer-
izes and continues to oxidize, eventually forming a polymer
film on the electrode [77]. Electrochemical polymerization is
favored for making conductive polymers due to its simplicity
and real-time film study capability. Various factors, such as
the monomer type and electrochemical method, influence the
properties of the polymer films [78-82]. Additionally, meth-
ods to create specific coatings, like superhydrophobic surfaces
using nickel and PTFE, are discussed [22, 83]. Porous struc-
tures can be developed using soft templates and gas bubbles
in electrochemical solutions, but there are issues with mo-
nomer solubility and bubble stabilization.

Studies by Darmanin and al. [84-93] show that certain aro-
matic monomers can stabilize gas bubbles. Low-polarity sol-
vents like dichloromethane can dissolve these monomers. In
dichloromethane/water systems, micelles form and create po-
rous structures. Thus, new surfactants and low surface energy
surfaces without fluorine have been designed thru electropol-
ymerization (see Figure 9) [76].

4.6. Other Methods for the Fabrication of
Structured (Hierarchical) Anti-wetting
Surfaces

Among the other techniques used to prepare superhydro-
phobic coatings, one can mention electrodeposition, spraying,
chemical vapor deposition, spin-coating, photochemistry, li-
thography, and electrospinning [22, 50, 94-96]. The choice of
an appropriate preparation method depends on the final appli-
cation. Each method has its own advantages and disad-
vantages. For example, the spraying method is suitable for
treated surfaces and outdoor applications. However, the con-
tact angle is barely 160 < this method is therefore used for tex-
tile applications, construction, and glass. On the other hand,
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superhydrophobic coatings prepared by spin-coating exhibit
low roughness with precise thickness. However, this method
is suitable for small surfaces. Lithography is demanding; it is
a complicated procedure that makes it difficult to implement
on an industrial scale.

5. Applications of Micro and
Nano-structured Anti-wetting
Surfaces

Materials with anti-wetting properties are increasingly va-
luable for practical applications, particularly due to hierarchi-
cal anti-wetting surfaces. These surfaces exhibit unique hy-
drophobic and self-cleaning characteristics, making them sui-
table for self-cleaning windows, tiles, textiles, solar panels,
and fluid drag reduction in micro/nano channels [97]. Addi-
tionally, their applications extend to agriculture, biomedical
fields, stain-resistant textiles, and snow anti-adhesion in an-
tennas and windows [98]. The subsequent section discusses
the use of anti-fouling coatings to enhance performance
through surface modification.

5.1. Self-cleaning Surfaces

The rising interest in superhydrophobic materials, which
feature high contact angles and low water adhesion, is driven
by their self-cleaning properties exemplified by the lotus ef-
fect. These materials hold promise for applications like self-
cleaning windows and paints. Given the ease of contamination
in natural environments, developing self-cleaning materials
with minimal contaminant adhesion has become a significant
research focus over the past few decades.

For example, Nimittrakoolchai and al. [99] developed a su-
perhydrophobic film with anti-adhesion and self-cleaning pro-
perties by applying powder and dust. The process involved de-
positing a polyelectrolyte film on glass, etching it in HCI to
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create a rough surface, and adding SiO, nanoparticles. Results
indicated that the superhydrophobic surface retained less resi-
due compared to the uncoated surface after water cleaning, with
dust easily removable by flipping the coated surface. These self-
cleaning surfaces have various applications in the textile in-
dustry. Gao and al. [100] developed superhydrophobic surfaces
utilizing a hierarchical structure of polydimethylsiloxane
(PDMS) and silica particles on glass slides. Their findings indi-
cated that 14 nm particles yield a higher contact angle than 7
nm particles, attributed to the regularity of their micro and na-
nostructures. In contrast, the 7 nm silica-PDMS particles exhibit
more grooves and irregularities, reducing the air pockets that
support water droplets. Najafian and al. [101] developed a
CuBi>04/BisClO4 nanocomposite photocatalyst through an en-
hanced Pechini sol-gel process, utilizing a mixture of gelling
agents and polybasic acids. This photocatalyst effectively remo-
ved the brown dye of 14-azoic acid, a water pollutant, when ex-
posed to visible light.

e
L n
'.

Recently developed F-PE/SiO, foam demonstrates superhy-
drophobicity under high pressure, exhibiting a contact angle of
158 2 <and a sliding angle of 4 £2<[102]. It shows exceptional
mechanical durability against scratches, peeling, flexural-torsion,
and ultrasonication, maintaining its properties post-abrasion (Fig-
ure 10). The foam is suitable for applications in anti-wetting, self-
cleaning, and anti-icing. Wang and al. [103] proposed a method
to enhance strength using a robust inorganic adhesive combined
with a self-similar repairable structure produced via nanoparticle
spraying (see Figure 10). The adhesive's effectiveness is achieved
through TEOS hydrolysis, resulting in stronger bonds. The struc-
ture can be remodeled after wear, demonstrating five times grea-
ter mechanical strength and persistent superamphiphobicity des-
pite environmental exposure.

Wang and al. [104] created a coating using TiO,, water-
based polyurethane, and y-aminopropyltriethoxysilane. This
coating made cotton fabrics superhydrophobic, durable, frost-
resistant, and waterproof for various uses. (see Figure 10).
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Figure 10. Diagram illustrating a robust and durable superhydrophobic F-PE/SiO2 foam with self-cleaning and anti-frosting behaviors [102];
(b) Durable superamphiphobic material obtained thru a dual strategy [103]; (c) Superhydrophobic, durable, and fluorine-free cotton fabrics

[104].

5.2. Anti-icing

Ice formation presents significant challenges, particularly
in aviation, where it can accumulate on aircraft wings and fu-
selage from conditions like freezing rain and fog. This accu-
mulation can result in weight increase and reduced lift, poten-
tially causing a sudden loss of control. Additionally, ice inges-
tion into engines can lead to reduced thrust or complete power
loss [105, 106]. Thus, the accumulation of ice on energy trans-
mission systems, vehicles, or offshore platforms can cause
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considerable damage and potentially endanger people [107,
108].

The conventional approach to anti-icing is primarily based
on a melting method that requires significant energy but is not
entirely effective. Several biomimetic anti-icing mechanisms
have been identified in recent years, including anti-icing [37]
(Figure 11) (preventing droplets from adhering to the surface
and directly removing them before they freeze), suppressing
ice nucleation (delaying the crystallization of water droplets,
which prolongs the freezing duration) and ice removal (reduc-


http://www.sciencepg.com/journal/ajpst

American Journal of Polymer Science and Technology

http://www.sciencepg.com/journal/ajpst

ing the adhesion force between the ice and the surface, allow-
ing the ice to detach easily). Superhydrophobic coatings on a
steel substrate were developed by Xi et al. [109] using HVOF
thermal spraying, achieving a contact angle of 154.3 +3<and
a sliding angle of 4.1 0.1 < These coatings offer a significant

1206.4 seconds freezing delay in static conditions 8 times
greater than the substrateand a reduced ice shear of 0.201 MPa
at -15<C for 1 hour, alongside effective frost weight reduction
and ice repulsion.

Anti-corrosion

coating : (5]
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Figure 11. Contact angles with water at the advancing and receding of particle-polymer composites as a function of particle size (a); (b)
Testing of anti-icing properties in the case of natural "freezing rain" [110]; (c) Benzoxazines with a cardanol-phthalate core for superhydro-

phabic, corrosion-resistant, anti-icing, and self-cleaning coatings [111].

Wang and al. [112] demonstrated that an increase in the
height or a decrease in the diameter of a nanostructure led to
a reduction in the defrosting temperature. Thus, to save energy
during the defrosting process, the size of the surface
nanostructures must be optimized. Such a structure also helps
small water droplets converge into larger droplets and roll on
the surface before they freeze, giving the surface an anti-icing
property. An acrylic polymer-silica nanoparticle composite on
aglass [110] or stainless steel substrate also exhibits anti-icing
properties. Li and al. [113] presented a photothermal superhy-
drophobic coating developed with boron carbide microparti-
cles and soot nanoparticles. This coating delays ice formation
up to 5.77 times better than bare surfaces and facilitates rapid
de-icing, while being resistant and stable under harsh condi-
tions. For example, Nguyen and al. [114] showed a simple
way to create a superhydrophobic surface to prevent icing us-
ing a custom device. They treated aluminum plates with wet
etching and a low-energy compound, resulting in excellent hy-
drophobic properties. Slippery liquid-infused surfaces can
also be made for anti-icing. Khammas and al. [115] used a
flame and cold spraying method to produce polymer coatings
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impregnated with a silicone-based lubricant that exhibit po-
tential SLIPS design performance. They argued that these
SLIPS can be used as a solution in passive anti-icing due to
their low adhesion to ice after several de-icing cycles.
Moreover, in order to address the issue related to aluminum,
which is easily susceptible to corrosion, biofouling, and the
deposition of foreign elements, thereby reducing its durability
when it comes into contact with liquids. Radwan and al. [116]
developed a superhydrophobic coating resistant to corrosion
using carbon nanotubes and poly (vinylidene fluoride-co-hex-
afluoropropylene), achieving a contact angle of about 156 +
2< Appasamy and al. [111] created a new bisphenol from car-
danol and phthalic anhydride to make coating materials (see
Figure 11). Two amines were used to produce benzoxazines.
The findings showed great thermal stability, superhydropho-
bic features, and improved corrosion resistance in the coatings.

5.3. Oil/water Separation Membrane

Due to numerous industrial activities related to oil, minerals,
and pharmaceuticals generating large quantities of wastewater
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emulsions that pose a significant threat to ecosystems, the sep-
aration of oils, particularly oil/water, is increasingly being
sought using materials with special wettability to water and oil
[117]. Thus, numerous series of superhydrophobic and super-
oleophilic materials are reported and used for oil/water sepa-
ration. For example, Dai and al. [118] designed superhydro-
phobic and superoleophilic alkali-oxidized copper meshes
coated with octadecylphosphonic acid (ODPA), achieving a
water contact angle of 158.9<and 0<for oil. The production
involved oxidizing the copper mesh in an NaOH and K,S,0g
solution, followed by ODPA coating (Figure 12). These
meshes are effective for separating various oil/water mixtures,
maintaining high efficiency after 20 uses. Additionally, they
exhibit self-cleaning properties, making them promising for
industrial water treatment and oil spill remediation.
Furthermore, Zhao and al. [119] developed superhydropho-
bic and superoleophilic polyethylene meshes using pressing,
scratching, and puncturing. These meshes efficiently separate
strong acids, bases, and saturated brine from oil and can be
reused for at least 30 cycles. Their high flow rate enables
quick oil/water separation, showing great industrial potential.
Other studies have shown the possibility of developing mul-
tifunctional superhydrophobic and superoleophilic surfaces

Copper Substrate

Bpred ol It

with excellent self-cleaning capabilities, achieving a high

oil/water separation efficiency of over 95% over 20 separation

cycles by spraying stainless steel meshes [120] and with pol-

yepoxy resin (PER) [121], achieving an excellent separation

efficiency of 99.99% and a high flow rate of over 2000 L/(m?h)
under the effect of gravity.

Nanostructured glass microfiber membranes (GMF), en-
hanced through oxygen plasma treatment and a self-as-
sembled monolayer coating, enable effective oil/water separa-
tion. Modifications by Woo et al. [122] created a nanostructu-
red surface with excellent superhydrophobicity (see Figure
12). The optimized membrane achieved a high water intrusion
pressure (< 62.7 kPa) and demonstrated impressive separation
capabilities with high flux (< 4418 Lh't m?) and oil purity (>
99%). Additionally, it exhibited strong chemical stability un-
der extreme acidic/alkaline and corrosive conditions. Ren and
al. [123] developed a biomass aerogel called MH-TCP, de-
signed for effective oil-water separation. This material fea-
tures stable hydrophobic properties, mechanical strength, and
self-healing capabilities. It achieved over 80% separation ef-
ficiency in tests and maintained its effectiveness through mul-
tiple cycles.

QDPA coated oxidized mesh

Figure 12. Diagram illustrating the formation of an oil-water separation membrane: (a) ODPA coating on a copper mesh oxidized with alkali
[118]; (b, c, d, ) SEM images of the pristine GMF membrane and the modified GMF membrane [122]; (f) Biomass-based heterogeneous
aerogels with a porous gradient inspired by biology for high-throughput oil-water separation and self-healing [123].
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5.4. Water Collection System

Water collection through surfaces with strong water ad-
hesion addresses the growing demand for clean water, driven
by population growth, pollution, and climate change [124].
These surfaces capture water droplets, enabling recovery after

tilting. The method relies on condensing atmospheric moisture,
involving three stages: vapor condensation into droplets,
growth of adhered droplets, and their subsequent falling. Ef-
fective water collection hinges on rapid condensation, growth,
and removal of droplets [125-129].
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Figure 13. Diagram illustrating the fabrication of a water collection system: (a) Large ZnO wire with small branches collects water [130];
(b) Superhydrophobic/hydrophilic hybrid patterns deposited on glass by the laser-induced direct transfer method [134]; (c) Janus surface with
intertwined double structure and multi-biomimetic (Copyright © 2024 American Chemical Soiety) [135]; Janus membrane in origami form
effective for fog collection (Copyright © 2025 American Chemical Society) [136].

Studies show that artificial surfaces can mimic natural crea-
tures' water collection abilities through two wettability states.
For example, Heng and al. [130] imitated the unique structural
characteristics of cactus spines as small one-dimensional
structures to trap and transport water droplets (Figure 13). An-
other approach involves using wettability-modeled surfaces
inspired by Namib Desert beetles, which possess efficient wa-
ter collection capabilities in extremely dry conditions [131-
133]. Furthermore, Hydrophobic materials with moderate hy-
drophilic groups improve droplet nucleation and removal bet-
ter than natural materials [17]. They use restricted hydrophilic
areas for fog condensation and achieve high water collection
efficiency.

Recently, Bakhtiari and al. [134] created glass surfaces with
different wettability to enhance water droplet recovery using
a simple method (see Figure 13). They applied geometric pat-
terns on glass with a laser technique and treated them with
stearic acid to change their properties. The results indicated a
300% improvement in water recovery.

Gao and al. [135] created a two interwoven wetting Janus
surface (DIWJS) that effectively collects fog (see Figure 13).
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Face A has superhydrophilic points, and face B has superhy-
drophilic stripes, which promotes the capture and evacuation
of droplets. A smart farm model shows the many possible ap-
plications of DIWJS. Wang and al. [136] developed a fog col-
lection system called Janus (JHL) that features treated sur-
faces for rapid water capture (see Figure 13). It has a 3D ori-
gami design and achieves high collection efficiency.

5.5. Other Applications

In addition to the applications already described above,
unique wetting materials have also demonstrated significant
applications in biomedical, maritime, and other fields. Their
applications are about to revolutionize the development of an-
tifouling and antibiofouling [137-139]. These prevent the un-
desirable adhesion of microorganisms, plants, algae, and ani-
mals on submerged surfaces on ship hulls and other marine
structures, which play an important role in health, environ-
mental, and maritime safety. Firouzjaei and al. [140] devel-
oped a nanocomposite membrane using graphene oxide and
Ag-MOF for antifouling. Recently, the group of Peer and al.
[141] fabricated nanofibrous membranes based on polyvinyl
butyral containing various concentrations of monocaprine thru
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electrospinning. The results showed very good antifouling ac-
tivity in addition to their already reported antibacterial activi-
ties in the literature [142, 143].

6. Conclusion

This review article provided an overview of some methods
used to create anti-wetting surfaces from conductive polymers,
in the form of nanoparticles, nanocrystals, or the polymer
itself, in order to develop anti-wetting coatings. The different
techniques used to synthesize these anti-wetting surfaces ba-
sed on conductive polymers have been schematically des-
cribed in this article. Several characteristics such as self-clea-
ning, corrosion protection, membranes for separating oil and
water, and anti-icing, obtained with anti-wetting coatings
made from conductive polymer-based materials, have been
highlighted. As the demand for electric vehicles rises, the de-
mand for sensors with self-cleaning coatings has also increa-
sed over the years. Thanks to advancements in the fields of
textiles and footwear, the demand for water-repellent coatings
has gained significant importance. In the textile industry, anti-
wetting coatings seem promising for saving water and energy
used for cleaning, which reduces washing needs, and should
be durable and resistant. In the face of the increasing demand
for bioinspired anti-wetting surfaces, it is crucial to examine
in more detail the advantages of conductive polymer-based
materials and to participate in preserving the balance between
technological progress and environmental protection.

Abbreviations

Y Surface Energy

0 Contact Angle

fa Advance Angle

or Retraction Contact Angle

Oy Young’s Contact Angle

ow Wenzel Contact Angle

0CB Cassie-Baxter Contact Angle

YSV Surface Tension at Solid-Vapor Interfaces
ySL Surface Tension at Solid-Liquid Interfaces
yLV Surface Tension at Liquid-Vapor Interfaces
H Contact Angle Hysteresis

PDMS  PolyDiMéhylSiloxane

PVDF  PolyVinyliDeneFluoride

r Roughness Factor

SAM Self-Assembled Monolayer

SEM Scanning Electron Microscopy

SiO; Silicon Dioxide

SLIPS  Slippery Liquid-Infused Porous Surfaces
TEOS  TetraEthyl OrthoSilicate

TiO; Titanium Dioxide
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