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Superhydrophobic surfaces have emerged as a pivotal
focus of modern materials science. These surfaces are
notable for their unique wetting behavior and wide array
of potential applications in fields such as self-cleaning
coatings, anti-corrosion protection, drag reduction, anti-
icing technologies, and oil-water separation. Inspired by
natural models such as lotus leaves, water striders, and
Salvinia molesta, these surfaces combine low surface
energy materials with hierarchical micro/nanostructures
to achieve water contact angles exceeding 150°. This
dual scale roughness traps air pockets beneath water
droplets, enabling the "lotus effect,” whereby droplets
roll off surfaces, removing contaminants. The
development  of  superhydrophobic  coatings is
particularly important in the context of metal corrosion
because economic and environmental factors have
created a demand for safer, more sustainable
alternatives. A wide variety of fabrication techniques
have been developed, including top-down methods, such
as laser ablation and etching, and bottom-up strategies,
such as sol-gel deposition and chemical vapor
deposition. However, many approaches are limited by
complexity, cost, scalability, or environmental impact.
Furthermore, the practical application of these coatings
presents challenges concerning durability, material
compatibility,  performance under  environmental
stressors, and the use of fluorinated compounds, which
pose ecological risks. This review critically examines
current methodologies for fabricating superhydrophobic
surfaces. It evaluates the underlying principles,
advantages, and limitations of these methods with respect
to mechanical robustness, scalability, and application-
specific demands. Particular emphasis is placed on the
importance of multiscale surface structuring and
selecting inherently hydrophobic, low-energy materials
to create functionally resilient coatings. Additionally, the
work explores the limitations of current testing standards
and suggests that a unified framework for evaluating
mechanical wear, environmental resistance, and

hydrophobic retention is essential for accelerating the
transfer of technology from the laboratory to the
industrial scale. The review highlights novel strategies
such as biomimetic design, incorporating self-healing
materials, and integrating superhydrophobic coatings
with multifunctional technologies as promising future
directions. Ultimately, the success of superhydrophobic
surface technologies depends on a multidisciplinary
effort balancing performance metrics with environmental
responsibility and economic feasibility to unlock their
transformative potential across diverse sectors.
Knrouosi cnoea: superhydrophobic coatings, contact
angle, surface wettability, surface roughness, water-
repellent, fabrication methods.

Introduction. Superhydrophobic surfaces
have become a subject of significant interest in
material science due to their wide range of
applications, including self-cleaning surfaces, anti-
fouling, anti-icing, drag reduction, and oil/water
separation. These surfaces are inspired by numerous
examples in nature, such as the water spider (Gerris
remigis) that can walk on water surfaces and the
Salvinia molesta leaves that resist wetting even after
weeks of submersion. The most famous example is
the lotus leaf, which demonstrates exceptional
water-repellent properties and gave rise to the well-
known "Lotus effect." The mechanism of the lotus
effect was first investigated and described by
Barthlott and Neinhuis in 1997 [1].

The development of corrosion-resistant
superhydrophobic coatings has gained particular
importance in recent years due to the economic and
safety concerns associated with metal corrosion. In
industrialized countries, corrosion-related costs
typically amount to 1-4% of their GDP. Until
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recently, chromium-containing coatings were
efficiently used for corrosion protection, but these
have been restricted due to their harmful effects on
humans and the environment. This has led to
increased research in environmentally friendly
alternatives, including polymeric coatings.

Superhydrophobic surfaces are characterized
by their extreme water repellence, which is achieved
through a combination of two key factors: the
inherent hydrophobicity of the surface material (low
surface energy) and surface roughness. Materials
with low surface energy naturally repel water
because forming a new solid-liquid interface with
water is energetically unfavorable [2, 3]. However,
the maximum water contact angle (WCA) that can
be achieved by a flat, low surface energy material is
approximately 120° [4]. To achieve
superhydrophobicity, surface roughness must be
introduced, which can increase the contact angle to
above 150° using the same chemical composition.
Furthermore, building a structure with hierarchical
roughness (combining dual-scale texture) has been
reported to improve both hydrophobicity and
surface durability. This approach is observed in
nature, such as in the Salvinia leaves and water
spider legs, and is replicated in synthetic coatings
through micro/nanoscale surface structuring.

The Lotus effect describes the self-cleaning
mechanism observed on the lotus plant leaf surface
[5]. While water droplets slide along a tilted
hydrophobic surface, on a superhydrophobic
surface, the near-spherical droplets roll across the
surface instead. This rolling action enhances the
removal of surface contaminants like dirt particles
and bacteria. Examining the structure of lotus leaves
reveals a waxy surface coating that repels water,
combined with complex 3D microstructure textures
and an additional layer of smaller-scale hair-like
features covering both the surface protrusions and
flat regions. These microstructures trap air
underneath the water upon wetting the surface,
enabling the rolling motion of water droplets.
Similar structures are found in the water spider's
legs, which feature micro-sized filaments with
nano-grooved textures, resulting in dual-scale
roughness that contributes to their water-repellent
properties. These natural examples highlight the
importance of hierarchical structuring in achieving
superhydrophobicity, with surfaces often displaying
both micro and nanoscale roughness features.

Task setting. Despite remarkable advances in
laboratory-scale fabrication of superhydrophobic
coatings, many existing methods remain complex,
costly, or difficult to scale up. In addition, issues
related to mechanical durability, environmental

impact, and long-term performance still pose
challenges for practical applications. Therefore, a
pressing scientific and technological task is to
systematize the current strategies for fabricating
superhydrophobic surfaces, with a particular focus
on their scalability, sustainability, and application-
specific suitability. Special attention should be paid
to the role of multi-scale structuring and the
selection of low-surface-energy materials, which
together define the effectiveness and durability of
these coatings.

The aim of the work is to provide a
comprehensive review of current fabrication
techniques for superhydrophobic coatings, with a
focus on understanding the underlying principles,
advantages, limitations, and potential industrial
applications of each method. Particular attention is
paid to the role of surface chemistry and multi-scale
roughness in achieving durable and functional
superhydrophobicity.

Presentation of the main research material.
Several methods are used to measure and
characterize surface wettability. The most common
is the water contact angle (WCA) measurement,
where the angle is measured from the surface-water
contact plane to the tangent line of the water-air
interface. Surfaces are categorized based on their
WCA values (Fig. 1): superhydrophilic (6<10°),
hydrophilic (10°<8<90°), hydrophobic (6>90°),
superhydrophobic (6>150°) [6]. A maximum
contact angle is achieved when the droplet is
completely spherical, while a minimum angle
occurs when the droplet spreads to completely wet
the surface.
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Fig. 1. Illustration of WCA values [6]

Fabrication of Superhydrophobic Surfaces.
Fabrication methodologies for superhydrophobic
surfaces are categorically divided into two principal
approaches: top-down and bottom-up methods [7].
The top-down methodology entails the structural
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modification of bulk material surfaces to generate
roughness. This is accomplished through various
surface topography alteration techniques, including
lithography, etching, and laser treatment processes.
Conversely, bottom-up methodologies facilitate
surface roughness through the addition of small-
scale materials. Implementation occurs via
deposition techniques such as chemical vapor
deposition, electroplating, and sol-gel processing. It
should be noted that certain deposition procedures
do not inherently yield rough surfaces;
consequently, supplementary treatment of precursor
materials or the deposited surface may be requisite
to achieve the desired roughness characteristics.
The determination of appropriate fabrication
approaches and specific techniques is contingent
upon the selected base materials, desired surface
properties, and intended application parameters.
Advanced superhydrophobic surface development
frequently incorporates multiple fabrication phases,
integrating both top-down and bottom-up elements
to attain optimal surface characteristics. Fig. 2
illustrates the two primary fabrication approaches
for superhydrophobic surfaces. This section will
examine these methodologies in sequence as
depicted in the figure, beginning with 'top-down'
techniques before exploring 'bottom-up' approaches
that employ deposition to create surface roughness.
Subsequently, we will briefly address deposition
methods that do not require rough morphology
development, highlighting general material
treatment techniques that have been documented in
combination with these deposition processes. It
should be emphasized that this represents a
simplified overview of the documented
methodologies; in practice, many sophisticated
fabrication techniques incorporate  multiple
approaches simultaneously, with their selection

dependent on the specific surface design
requirements and intended application.
Fabrication Approaches
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Fig. 2. Schematic illustrating the approaches for
fabrication of superhydrophobic surfaces, and how this
can be related to the choice of the starting materials

Top-down approaches involve structuring bulk
substrates to produce rough morphology, which is
essential for achieving superhydrophobicity. This
can be achieved through the selective removal of
hard materials or by imprinting soft materials using
mold. Common top-down techniques include laser
process, etching, galvanic corrosion, lithography,
template imprinting [8].

Laser processing. Ultrafast lasers, particularly
femtosecond lasers [9], offer a precise method for
fabricating micro- and nanostructured surfaces.
This technique allows for the fabrication of
superhydrophobic surfaces without the need for
additional coatings or surface treatments. Laser
ablation can induce chemical and structural changes
to the surface of materials, enhancing their water
repellency [10]. Ta et al. [11] conducted a
comprehensive investigation into the fabrication of
superhydrophobic surfaces on 304S15 stainless
steel using nanosecond fiber laser systems,
showcasing a cost-effective alternative to pico- and
femtosecond laser technologies. Through direct
laser texturing, they achieved superhydrophobic
properties, with water contact angles of
approximately 154° and contact angle hysteresis as
low as 4°. The study revealed that laser-induced
surface roughness amplified hydrophilic behavior
initially, but the surfaces transitioned to
superhydrophobicity after exposure to ambient
conditions for 13—18 days. This wettability change
is attributed to chemical modification and
decomposition processes involving carbon dioxide
and magnetite. Long et al. [12] utilized femtosecond
laser irradiation to fabricate superhydrophobic
copper surfaces with tunable water adhesion
properties, inspired by the contrasting wetting
behaviors of lotus leaves and rose petals. By varying
the laser scanning speed (10-200 mm/s), the
researchers precisely controlled surface
topographies, ranging from deep microstructures to
shallower formations. Post-treatment chemical
modification enhanced hydrophobicity, enabling
surfaces to transition between Cassie and Wenzel
wetting states based on microstructural depth. Low-
speed laser treatments resulted in surfaces with
minimal water adhesion, exhibiting self-cleaning
properties akin to lotus leaves, while high-speed
treatments created surfaces with significant water
adhesion, resembling rose petals. These surfaces
demonstrated adjustable water contact angles (up to
159°) and sliding angles (from <10° to 90°),
alongside varied adhesion forces (10 uN to 110 uN).
Applications of this technique include liquid
manipulation and self-cleaning technologies,
highlighting its cost-effectiveness and precision in
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creating functional superhydrophobic surfaces. The
changes in surface morphology during laser

irradiation and the resulting microstructures of the
laser-treated copper surfaces at various scanning
speeds (v) are illustrated in Fig. 3.
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Fig. 3. The changes in surface morphology during laser
irradiation process, insets on the top right show the
schematics of the laser scanned paths

Etching. Etching [13] is a simple and effective
approach to increase surface roughness—an
essential factor in achieving superhydrophobicity.
This process involves removing surface material in
two primary ways: isotropically, where the removal
is uniform in all directions, or anisotropically,
where it occurs in specific directions. Various
etching techniques exist, each with unique
advantages, and they can be used alone or in
combination with other fabrication methods to
achieve complex, hierarchical textures. After
etching, applying a low surface energy material is a
common step to attain the desired superhydrophobic
properties. Among various techniques, chemical
etching stands out due to its simplicity and low cost.
Several studies have explored its application for
different substrates. These involve the removal of
substrate material by exposure to harsh (acidic or
basic) solutions.

Qian et al. [14] reported the synthesis of
superhydrophobic surfaces on aluminum, copper,
and zinc substrates by using dislocation-selective
chemical etching. This process involves
preferentially dissolving the dislocation sites in
polycrystalline metals, creating hierarchical
microstructures such as pits, grooves, and
nanoparticles. After etching, the surfaces were
treated with fluoroalkylsilane to enhance
hydrophobicity, resulting in water contact angles
exceeding 150° and roll-off angles below 10°. The
study demonstrates a simple yet effective method to
fabricate superhydrophobic surfaces, with potential
applications for other polycrystalline materials.

Kim et al. [15] reported the synthesis of
superhydrophobic stainless steel surfaces by
hydrogen fluoride (HF) etching and dipping in a hot
0,1% NaCl solution, followed by fluorination
treatment. The effect of the HF etching time was
studied, and it was found that 20-min etching led to
the highest WCA (164°) and lowest sliding angle

(5°). The treatment with 0,1% NaCl solution was
found to further enhance the hydrophobicity (WCA
168°, sliding angle 2°). This was due to the petal-
like structures formed on the etched surface, which
provided hierarchical texturing. Interestingly,
extending the NaCl dipping time had negligible
effect, likely due to the low concentration of the
solution, which limited further surface interaction
after initial etching. The surfaces showed retention
of superhydrophobicity after 30 days of placing in
water. Several other reports utilized chemical
etching while sharing the main two-step procedure.
Examples include the etching of stainless-steel
substrates with sulfuric acid and ferric chloride,
followed by the modification using
octadecyltrichlorosilane and decyltrimethoxysilane,
respectively.

Li et al. [16] proposed a similar procedure for
creating superhydrophobic stainless steel surfaces
while maintaining corrosion resistance. Their
approach involved a three-step process: (1) etching
with hydrofluoric acid (HF) to generate surface
roughness through intergranular corrosion and
redeposition of metallic oxides and fluorides, (2)
passivation in nitric acid to restore corrosion
resistance, and (3) deposition of a fluorocarbon film
to reduce surface energy. This method was tested on
both 304 and 316 grades of stainless steel, with
significant differences observed due to their varying
alloy compositions. The primary distinction being
that 316 SS contains 2-3 wt. % molybdenum while
304 SS does not. Instead of adding secondary
materials to create roughness, their approach
utilized chemical etching to directly modify the
stainless-steel surface, thereby maintaining its
mechanical properties. The selective etching
targeted grain boundaries through intergranular
corrosion, creating micro- and sub-micrometer
scale roughness. After passivation to restore
corrosion  resistance, a  plasma-deposited
fluoropolymer coating was applied to achieve high
water contact angles and low hysteresis. This
research addressed limitations of previous
superhydrophobic  stainless steel fabrication
techniques, which often relied on either non-
scalable process like femtosecond laser ablation or
coating with materials that lacked mechanical
durability.

Lee et al. [17] developed a highly efficient and
reproducible approach to fabricate large-scale
nanostructured polymeric and metallic surfaces
with precise ratio control, utilizing anodic
aluminum oxides (AAOs) or textured aluminum as
replication templates, the scheme as shown in Fig.
4. The process combines photolithography,
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aluminum etching, and anodization with polymer
replication to produce hierarchical micro- and
nanostructures. Initially, photolithography using
positive photoresist and square-patterned shadow
masks imprints micrometer-scale patterns onto
aluminum sheets. The researchers then used an
etching solution to selectively transform the
patterns into concave structures. Following this,
anodization and AAO removal enable the formation
of nanostructures, such as nanopores and
nanogrooves, on both flat surfaces and within the
micrometer-scale concavities. Finally, heat- and
pressure-driven  imprinting of thermoplastic
polymers, particularly high-density polyethylene
(HDPE), replicates the hierarchical designs, with
HDPE being chosen for its chemical stability and
resemblance to natural hydrophobic materials. The
fabricated surfaces demonstrate superhydrophobic
properties, attributed to the synergistic effects of the
hierarchical structures and material composition.
Results show a maximum static contact angle of
113° for surfaces with only micrometer-scale
patterns (pitch size 25 um) and up to 139° for flat
HDPE with nanostructures. The highest contact
angle of 159° was achieved on HDPE with
hierarchical structures combining nanofibers and
micrometer-scale papillae, demonstrating a 67%
increase compared to flat surfaces. Replicas
remained superhydrophobic over three months of
air storage, proving the method's robustness and
reliability. This technique provides a scalable and
adaptable platform for producing functional and
biomimetic superhydrophobic surfaces, opening
avenues for applications in packaging, medical
devices, and antifouling coatings.

1. Photolithography process

i P .
PR e | s [ s f e |
orop e e —
spin coating
l])ﬂclnp

Photoresist pattern

2. Al etching process

ER=A -
—_—
etching
PR removal |
3. Anodization and Polymer replication process

Microstructured Al
| Anodization

ALO,
e DA

removal
Polymer | replication

Replica | stripping

Microstructured polymer replica

e

Nano and microstructured AAO

}
A

Polymer | replication

Replica L\lripping

Microstructured polymer replica

=

Polymer 1 replication

RS

Replica lvlripping
Microstructured polymer replica

with short or long nanofibers with nanoemboss

Fig. 4. Scheme of fabrication of HDPE replicas with
various shapes of nanometer- and micrometer-structured
surfaces [17]

Lithography. This is a technique commonly
used in microelectronics to create patterns on
surfaces. It involves coating a substrate with a light-
sensitive material, exposing it to light through a
patterned mask, and then developing the exposed
areas. This method can be used to create
microstructures that contribute to
superhydrophobicity. Electron beam lithography is
particularly precise and can be used to create
complex patterns on a nanoscale [18].

Pozzato et al. [19] developed a cost-effective
method for creating superhydrophobic silicon
surfaces using nanoimprint lithography combined
with wet chemical etching. Their process (Fig. 5)
begins with creating a patterned glass mold, which
is then imprinted onto a photoresist layer on a
silicon substrate. This pattern is subsequently
transferred to a SiO, layer and finally to silicon
through etching techniques. The researchers
employed two distinct etching approaches: 1)
Isotropic etching with HNA to produce rounded
channels; 2) Anisotropic etching with KOH to
create rectangular channels. After etching, the
surfaces were coated with octadecyltrichlorosilane
(OTS) self-assembled monolayers to enhance
hydrophobicity. Contact angle measurements
revealed that the advancing contact angles closely
aligned with Cassie model predictions, indicating
the presence of trapped air beneath water droplets
on these surfaces. A key advantage of this
fabrication method is its tunability — the surface
properties can be readily adjusted by modifying the
etching method or mold parameters.
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5) BHF wet etching of SiO, layer
Photoresist
— Si0, layer
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2) imprinting
e +—Glass mold
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Fig. 5. Schematic of fabrication process [19]

Template imprinting. Soft lithography [20]
shares the main theory with photolithography in
terms of creating a replica of a previously prepared
pattern [18]. Template imprinting is a versatile
technique that shares the fundamental principle of
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photolithography in replicating patterns, unlike
photolithography, which uses rigid photomasks,
soft lithography employs flexible templates,
typically made of polydimethylsiloxane (PDMS), to
create micro- and nano-scale patterns. This method
is cost-effective, environmentally friendly, and
supports diverse applications, including biosensors
and nanotechnology. Soft lithography offers
advantages in scalability and material compatibility
but faces challenges such as template deformation
and defect control during the imprinting process.
Liu et al. [21] introduced a soft-lithographic
imprinting  technique to  fabricate  super-
hydrophobic surfaces inspired by lotus leaves. To
replicate lotus leaf-inspired microstructures, Liu et
al. [21] employed a soft-lithography approach using
PDMS molds, which were cast directly from natural
templates. These stamps replicate microstructures
and are pressed onto substrates coated with an
epoxy-based azo polymer (BP-AZ-CA) in
tetrahydrofuran ink, under moderate pressure
(approximately 5x10* Nm?) for about 10 seconds.
After drying the substrate in a 25 °C vacuum oven
for 6 hours, the fabricated surfaces display papillary
structures, achieving a water contact angle of 154,6°
and a low contact angle hysteresis (3,3°). This
simple, scalable method demonstrates versatility for
various substrates and has potential applications in
water-repellent and self-cleaning technologies.
Yun et al. [20] presented an innovative soft-
lithographic approach for fabricating
superhydrophobic lotus-leaf-like surfaces using
reduced graphene oxide (RGO), the schematic as
shown in Fig. 6. Leveraging the natural hierarchical
micro/nanoscale structures of lotus leaves,
polydimethylsiloxane (PDMS) stamps were
prepared by replicas molding against fresh lotus
leaves as the masters. Octadecylamine-modified
reduced graphene oxide (ODA-RGO) was
synthesized via a chemical reduction of graphene
oxide (GO) with hydroquinone and octadecylamine.
The resulting ODA-RGO  dispersion in
tetrahydrofuran (THF) served as the ink for the
microcontact printing process. The PDMS stamps,
coated with the ODA-RGO ink, were gently pressed
onto pre-cleaned substrates such as glass slides and
silicon wafers, transferring the intricate surface
features of the lotus leaves. Characterization
techniques, including FTIR, XPS, Raman
spectroscopy, SEM, and confocal microscopy,
revealed high-fidelity replication of the lotus leaf's
papillary microstructures and additional nanoscale
roughness derived from stacked RGO nanosheets.
The fabricated surfaces demonstrated remarkable
superhydrophobicity, evidenced by water contact

angles exceeding 160°, and exhibited robust
environmental durability under extreme conditions,
such as exposure to corrosive solutions or elevated
temperatures. This research highlights the potential
applications of these surfaces in fields requiring
durable hydrophobic and anti-corrosion properties.

.
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@

Fig. 6. Schematic diagram of the fabrication process

of the ODA-RGO lotus-leaf-like surfaces:

a — preparation of the PDMS stamp through replica
molding against a piece of fresh lotus leaf, b — dropping
the ODA-RGO dispersion on the PDMS stamp to form
a thin layer of the “ink” on the surface, ¢ — pressing the

“inked” stamp against the substrate for a few seconds,

d — peeling off the PDMS stamp and vacuum drying

Bottom-up approaches refer to fabrication
techniques where materials are built from their
fundamental building blocks (atoms, molecules, or
nanoparticles) that self-organize or are directed to
assemble into more complex structures [22].

3D printing. technology represents an
advanced deposition methodology for the
fabrication of superhydrophobic surfaces [23]. This
additive manufacturing  approach shares
fundamental principles with Layer-by-Layer (LbL)
assembly techniques through its sequential
construction of precisely controlled structural
elements. However, 3D printing offers distinct
advantages in the context of superhydrophobic
surface engineering, including unprecedented
geometric complexity, customizable hierarchical
architectures, and reproducible surface
topographies across multiple scales. The versatility
of this manufacturing platform enables the precise
implementation of biomimetic design principles
while maintaining consistent quality parameters
throughout the fabrication process.

It was reported [24] for the replication of the
Salvinia leaf ‘eggbeater’ structure were fabricated
by the Immersed surface accumulation three
dimensional (3D) printing process. Multi-walled
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CNTs were added to the liquid photo-curable resin
utilized to increase surface roughness. The number
of arms of the eggbeater shape (N), as well as their
spacing (d), was investigated for their effect on the
superhydrophobic properties (Figure 13. b-g). It
was found that hydrophobicity is maximized when
the spacing is kept at d=0.5. Moreover, applying
N=2 resulted in a highly superhydrophobic surface
(WCA = 170°), although the reduced number of
arms made the structures fragile. Applying N=4 was
found to be a good compromise between both
strength and superhydrophobicity (152°).

Electrospinning. This is an innovative
technique that uses an electrically driven jet of a
polymer solution or melt to create polymer fibers
with diameters ranging from nanometers to a few
microns [25]. Electrospinning has emerged as a
powerful technique for creating superhydrophobic
coatings and surfaces, offering a versatile and
efficient approach to fabricating water-repellent
materials. This process involves applying a strong
electric field to a polymer solution or melt, resulting
in the formation of nano-scale filaments that can be
collected to create non-woven webs with
hierarchical structures. Recent advancements have
focused on  optimizing polymer blends,
incorporating recycled materials like PET, and
developing multi-step  processes combining
electrospinning with other techniques such as
electrospraying and spin coating. These innovations
have led to the creation of durable, self-cleaning
surfaces with water contact angles exceeding 150°,
capable of withstanding various mechanical
stresses. Applications range from protective
coatings for aerospace and solar panels to
anticorrosion and anti-icing treatments. The
simplicity, scalability, and eco-friendly potential of
electrospinning make it a promising method for
industrial-scale production of superhydrophobic
materials, addressing needs in  energy,
infrastructure, and environmental sectors [26].

Alvarez et al. presented a novel
superhydrophobic and anticorrosive coating using a
three-step process involving electrospinning, spin
coating, and electrospraying. They combined
polytetrafluoroethylene (PTFE) with poly(acrylic
acid) + B-cyclodextrin (PAA + B-CD) to create a
composite coating on aluminum alloys. The
electrospun PAA + B-CD layer provided adhesion
and a porous network for PTFE particles, while the
spin-coated PTFE layer ensured uniform
distribution. The final electrosprayed layer
enhanced particle bonding through heat treatments,
achieving water contact angles (WCA) above 150°
and excellent corrosion resistance [27].

Chemical Vapor Deposition (CVD). This is
one of the most sophisticated approaches for
fabricating superhydrophobic surfaces, offering
exceptional control over surface morphology at the
micro and nanoscale. In this gas-phase process,
precursor molecules are vaporized and transported
to a heated substrate where they react or decompose
to form solid deposits with precisely tailored
structures. For superhydrophobic applications,
CVD excels at creating the dual requirements of
hierarchical roughness patterns and low surface
energy coatings in a single or multi-step process.
The technique allows for the growth of various
structures including carbon nanotubes, fluorocarbon
polymers, silicon-based compounds, and metal
oxides - all of which can be optimized to achieve
water contact angles exceeding 150° with minimal
hysteresis. What distinguishes CVD from other
fabrication methods is its ability to produce highly
conformal coatings even on complex geometries,
excellent adhesion to substrates, and remarkable
durability of the resulting superhydrophobic
surfaces, making it particularly valuable for
industrial and high-performance applications
despite requiring specialized equipment and careful
process control [28].

Lau et al. [29] were among the pioneers in
fabricating superhydrophobic CNT forests by
modifying vertically aligned CNTs (VACNTSs) with
a polytetrafluoroethylene (PTFE) coating using the
chemical vapor deposition (CVD) method. The
resultant surface exhibited outstanding water
repellency, with advancing and receding contact
angles (CAs) of 170° and 160°, respectively. This
work demonstrated the effectiveness of surface
functionalization in achieving high hydrophobicity
by facilitating the Cassie-Baxter wetting regime,
where air is trapped between the water droplet and
the surface, minimizing liquid-solid contact. In
another study, Sun et al. [30] explored the
fabrication of three-dimensional CNT films on
patterned silicon substrates, examining the effect of
nanotube orientation on the surface wettability. The
study revealed that the alignment of the CNT arrays
had a significant influence on the surface's wetting
properties, enabling a wide range of wettability,
from hydrophilic (CA < 30°) to superhydrophobic
(CA > 150°), depending on the CNT orientation and
spacing. This work highlighted the potential of
anisotropic microstructures in controlling surface
energy and tuning wettability for a variety of
applications. Jiang et al. [31] further refined the
fabrication of ACNT films by modulating the
microstructural features, such as pillar spacing, to
achieve transitionable wettability states. By



116 BICHWK CXIOHOYKPATHCbKOIO HALIOHANBHOIO YHIBEPCUTETY imeni Bonoaumupa Jans Ne 5 (291) 2025

adjusting the pillar spacing from 6 um to 20 um,
they produced films with varying contact angles,
from hydrophilic (22,2°) to superhydrophobic
(>163°), and demonstrated excellent sliding
properties (sliding angles < 5°). The CNTs were
grown using CVD on silicon templates and
scanning electron microscopy (SEM) and atomic
force microscopy (AFM) analyses revealed the
nanotubes' hexagonal and  honeycomb-like
microstructure. This work emphasized the role of
three-dimensional anisotropy and air entrapment in
enhancing surface hydrophobicity, far exceeding
predictions made by the Wenzel and Cassie models.

Layer by layer deposition. This technique is a
highly adaptable and cost-effective method for
fabricating coatings with precisely controlled
chemical composition and nanostructure [32]. By
sequentially depositing oppositely charged or
complementary materials—such as polymers,
nanoparticles, or biomolecules—this technique
enables the formation of multilayer films with
tunable thickness and tailored functionality. Its
mild, aqueous processing conditions make it
suitable for coating a wide range of substrates,
including complex, non-flat, and large-area
surfaces, ensuring conformal coverage even on
highly irregular geometries. The modular nature of
LbL allows for the incorporation of diverse
materials, resulting in multifunctional coatings with
applications spanning anti-corrosion, biomedical,
energy, and environmental fields. Moreover,
advancements in scalable deposition methods have
expanded its industrial potential, making LbL
assembly a powerful platform for designing
advanced, sustainable coatings tailored to specific
performance requirements [33]. This method
involves sequentially depositing alternating layers
of materials, such as polymers, nanoparticles, or
other hydrophobic agents, to form hierarchical
surfaces that enhance water repellency. Sutar et al.
[34] the fabrication of robust self-cleaning
superhydrophobic coatings by depositing polymer
layers on candle soot surfaces. This approach
combined the hierarchical structure of soot with a
polymer layer to improve durability and self-
cleaning properties, making it suitable for oil-water
separation and industrial applications.

Sol-gel methods. The sol-gel methodology for
fabricating superhydrophobic coatings represents a
sophisticated ~ chemical  approach  wherein
precursors (typically metal alkoxides) undergo
sequential hydrolysis and condensation reactions to
transition from a colloidal solution to an
interconnected network, while simultaneously
incorporating both low surface energy components

(such as fluoroalkylsilanes, long-chain alkyl groups,
or silicone derivatives) and hierarchical surface
roughness features (achieved through template-
assisted processing, nanoparticle incorporation,
phase separation, or layer-by-layer deposition),
which can be applied via dip coating, spin coating,
or spray techniques and subsequently modified
through thermal curing, chemical vapor treatment,
or plasma processing to enhance durability and
functionality;  despite  challenges including
mechanical  resilience, long-term  stability,
scalability, and environmental concerns (addressed
through reinforcing nanofillers, UV-resistant
additives, industrial process optimization, and
fluorine-free  alternatives, respectively), this
versatile platform continues to evolve with recent
innovations in self-healing capabilities, stimuli-
responsive wettability, optical transparency, and
multifunctionality, thereby maintaining its position
as an indispensable approach for creating surfaces
with precise control over chemistry and topography
at the nanoscale for applications ranging from self-
cleaning surfaces to anti-icing, anti-corrosion, and
anti-fouling technologies.

Lu et al. [35] explored the superhydrophobic
properties of a bulk material prepared using epoxy
resin and hydrogenated silicone oil (PMHS)
through a sol-gel method. The material was formed
by combining various reagents, followed by
ultrasonic dissolution, refluxing, drying, and
polishing to enhance its surface roughness. Analysis
showed that nanoparticles of 50-100 nm played a
key role in achieving superhydrophobicity, with
polishing increasing the water contact angle from
133° to 152°. Thermal tests demonstrated durability
up to 300 °C, with optimal hydrophobic properties
achieved at 100 °C, where the contact angle reached
161°. The material also displayed excellent
repairability, regaining hydrophobicity after surface
damage and polishing. With its durability,
recoverability, and hydrophobic performance, this
material has promising applications in fields like
self-cleaning, corrosion protection, and oil-water
separation.

Covalent functionalization. This is a critical
strategy in the development of durable
superhydrophobic coatings, enabling chemical
bonding between hydrophobic agents and substrate
surfaces. This approach enhances the mechanical,
chemical, and thermal stability of coatings while
ensuring long-term functionality under harsh
conditions.

Zhang et al. [36] prepared carbon nanotubes
(CNTs) grafted with silica nanoparticles to create
CNTs-Si0O; hybrids, which were incorporated into
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an epoxy matrix using a one-step spraying method.
The resulting superhydrophobic coating achieved a
water contact angle of 159,3° when the ratio of
CNTs to SiO; was 1:3. The entwined CNTs-SiO;
hybrids created a micro-nano hierarchical structure,
enhancing water repellency and providing good
mechanical durability and chemical stability.
Additionally, the coating demonstrated significant
photothermal conversion capabilities, delaying
water freezing and efficiently melting ice under
laser irradiation

Physical treatment. Physical treatments for
superhydrophobic coatings involve methods to
enhance surface roughness, durability, and
functionality [37]. Abrasion followed by heating
can restore hydrophobicity through self-healing
mechanisms, with coatings regaining high contact
angles and low sliding angles after degradation

cycles. Micropatterning via physical friction,
combined with annealing and chemical
modifications, creates multifunctional

superhydrophobic surfaces with enhanced anti-
corrosion and anti-adhesive properties [26]. Liquid
Flame Spraying (LFS) efficiently produces
nanostructured coatings on large surfaces using eco-
friendly processes. Electrochemical anodization
generates nanotube structures that improve
hydrophobicity when combined with surface
chemical modifications. Additionally, integrating
physical structuring with chemical repair techniques
enables the development of self-repairing surfaces
resistant to environmental damage [38]. These
treatments are essential for applications such as
medical devices, corrosion protection, and self-
cleaning technologies.

Combination of bottom-up and top-down
approaches. The integration of bottom-up and top-
down approaches in the fabrication of
superhydrophobic coatings provides an effective
strategy to address the inherent limitations of each
method when applied independently, enhancing the
overall performance and applicability of the
resulting surfaces. Bottom-up techniques, such as
sol-gel processing and layer-by-layer assembly,
enable precise control over chemical composition
and nanoscale structuring, forming a foundation of
finely tuned surface properties. In contrast, top-
down methods, including laser texturing and plasma
etching, introduce controlled micro- and macro-
scale roughness, essential for achieving the
hierarchical surface topography critical to
superhydrophobicity. By  combining  these
approaches, such as applying sol-gel coatings onto
pre-textured substrates or employing physical
structuring as a post-treatment to chemically

assembled layers, researchers can engineer surfaces
with multi-scale roughness, significantly improving
water repellency, durability, and functional
efficiency. This hybrid methodology also allows for
tailored material compatibility and optimized
process parameters, though it requires careful
consideration of sequencing, substrate selection,
and scalability to ensure practical implementation
[39].

Fabrication and Scalability Challenges.
Despite significant progress in the development of
superhydrophobic  coatings, their widespread
application is limited by technological, operational
and environmental factors. Although high-precision
top-down methods such as laser ablation are
reliable, they are expensive and have a low
throughput. Bottom-up approaches (e.g. sol-gel) are
more scalable but often have inferior structural
integrity [40]. Material incompatibility remains a
significant barrier, as the need for specialized
substrate preparation and the use of adhesives that
increase surface energy can reduce hydrophobicity
[41].

Financial barriers include the high cost of
initial components and inefficient processes such as
photolithography. Under real-world conditions,
coatings lose effectiveness when in contact with oils
or surfactant-containing solutions, and when
condensation occurs below the dew point,
destroying the air gap. The lack of uniform testing
standards for wear, penetration and weatherability
makes it difficult to compare data [42].

Environmental risks are associated with the use
of fluorine-containing compounds that are toxic and
have low biodegradability [43], as well as with
waste generation when coatings are applied using
non-uniform methods. Over 50% of commercial
products are designed for materials with natural
roughness, such as fabric, wood and paper, while
coatings for metals and glass remain rare.
Additionally, the temperature instability of most
coatings limits their versatility [44].

Conclusion. Addressing the durability
challenges of superhydrophobic surfaces requires a
multifaceted approach that integrates several
innovative strategies. Self-healing capabilities
utilizing responsive polymers and microcapsule-
based healing agents offer promising solutions to
maintain surface integrity despite mechanical
damage. Biomimetic engineering principles,
particularly those derived from resilient natural
models such as Salvinia molesta, provide valuable
design insights for creating more robust water-
repellent structures. The establishment of a cross-
sector collaborative framework with standardized
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testing protocols has proven essential for bridging
the gap between laboratory innovations and
commercial  applications.  Ultimately, the
widespread adoption of  superhydrophobic
technologies hinges on achieving an optimal
balance between performance metrics, production
economics, and environmental sustainability. A
challenge that requires continued interdisciplinary
cooperation among materials scientists, engineers,
and industry stakeholders to overcome current
limitations and unlock the full potential of these
remarkable surfaces. Superhydrophobic surfaces
represent a transformative technology with
applications spanning multiple industries. Ongoing
research continues to advance, and the integration
of  superhydrophobic surfaces with other
technologies promises to unlock even greater
possibilities, driving progress in fields from
healthcare to energy. Future developments may
include surfaces that adjust their properties in
response to environmental changes, such as
temperature or pH. This adaptability could open
new possibilities in fields like medicine and
advanced manufacturing. Combining
superhydrophobic surfaces with sensors or energy
harvesting devices could create multifunctional
materials. For instance, a surface that repels water
while also  generating  electricity  from
environmental  vibrations  offers  exciting
possibilities for smart technologies.
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IOun II., Bbakaan J.B. Orasa TtexHoJioriii
BUI'OTOBJICHHS CyNepriipo¢go0HuX NOKPHUTTIB

Cynepeiopoghobni  nogepxui cmanu KuO4O8UM
HanpAmMKoM — cyyachozo — mamepianosHaecmea.  L]i
NOBEPXHI BUPIZHAIOMbCS VHIKAILHOIO NOBEOIHKOW Npu
3MOUYBAHHI MA WUPOKUM CHEKMPOM NOMEHYIIHUX
sacmocysanb y maxkux —cgepax, K CAMOOYUCHI
NOKpUmMmsA,  AHMUKOPO3IUHUNL ~ 3AXUCT,  3MEHUIeHHS
710606020 0NOPY, MEXHON02I 6OPOMbOU 3 OOMEP3AHHAM
ma po3odinenns Hagpmu i 6oou. Hamxnenni npupoornumu
MOOeNAMU, MAKUMU 5K JUCMA JIOMOcd, 8000pi3u ma
Salvinia molesta, yi nogepxui noeonyrome mamepianu 3
HU3bKOIO ~ NOBEPXHEB0I0  eHeplielo 3  IEPAPXIYHOI0
MIKDO/HAHOCMPYKMYPOIO 01 OOCACHEeHHs — KYMI8
KOHmMaxkmy 3 6000w, wo nepesuwyioms 150° [[a
080WLAPOBA WOPCMKICMb YIMPUMYE NOBIMPAHI KUUIEHT
nio Kpanusimu 800u, 3abesneuyouu «egpekm Jomocay,
KOMU Kpanii CKOYYIOMbCsA 3 NOBEPXHi, 6U0ananyu
3a6pyonenns. Pospobra cynepeiopogobnux nokpummis
0CObIUBO BAJICIUBA 8 KOHMEKCMI KOpO3ii Memaiis,
OCKINbKU eKOHOMIYHI A eKOI02IYHI (hakmopu cmeopuiu
nonum Ha Oe3neyHiwi ma CMIUKIWI ATbMEPHAMUGH.
byno  pospobreno wwupoxuii cnexmp  mexuonocii
BUCOMOGNEHHS, GKAIOUAIOYUU HUSXIOHI Memoou, makxi K
JaazepHa abasayis i mpasienHs, I 6UCXiOHi cmpameeii,
MAaKi 5K 30/1b-2ellb OCAONCEHHS | XIMIUHe 0CAOJCeHHs 3
eaz060i ¢pasu. Oowax 6Oazcamo nioxodie obmediceni
cKknaouicmio,  eapmicmio, Macwimabosauicmio  abo
8NIUBOM HA HABKOMUWIHE cepedosuuje. Kpim moeo,
npakxmuune 3acmocy8aHHs Yux NOKpummis nog'sasaue 3
npobremamu 008208IYHOCMI, CYMICHOCMI Mamepianie,
NPOOYKMUBHOCHI N0 BIUBOM €KONOIUHUX cmpecie ma
BUKOPUCMAHHA (DMOPOBAHUX CROYK, 5Ki CMAHOGIAMb
exonociuni  pusuku. Y yvomy 02140i  KpUMUYHO
NPOAHANI308AHO CYHACHI MemOo0002i 6US0MOBIEHHS

cynepeiopoghobrux nosepxouv. OYiHIOIOMbCA OCHOBHI
NPUHYUNU, nepesazu ma OOMEICEHHS Yux Memooie 3
MOYKU 30pY MeXaHiuHoi MiyHOCmI, MACUMAb08AHOCMI
ma eumoe 00 KouKpemuux sacmocysanv. Ocobnusuil
axkyenm 3po6neno Ha saxcaugocmi
bazamomacumabno20 cmpyKmypy6aunHs NOGepXHI md
8UOOPY 2i0pOPOOHUX, HUZLKOEHEPLEMUYHUX MAMEPIALi6
01 CIMBOPEHHA (DYHKYIOHANbHO CMIUKUX NOKPUINMIS.
Kpim moeo, 6 pobomi Oocridscytomecs obOmedceHHs
NOMOYHUX CMAHOAPMie MeCMY8aHHA I NPUNYCKAEMbCA,
wo yHiixosana cucmema OYiHKU MEXAHIYHO20 3HOCY,
cmiukocmi 00  HABKONUWIHbO2O — cepedosuiyd i
2I0pohoOHO20 YMPUMAHHI MAE 8ANCIUEE 3HAYUEHHSL OIS
NPUCKOpeHHs: nepedaui mexHono2ii 6id n1abopamopii 0o
npomucnosozo macumaby. Oznsa0 BUCBIMMIOE  HOGI
cmpameeii, maki Ak~ OiomimMemuyHull  OU3AUH,
BUKOPUCTNAHHS MAMePIianie, wo camo8iOHOB8IIOI0MbCS,
ma iHmeepayis  cynepeiopo@obHUX NOKpummie 3
bacamo@yHKyioHATbHUMU MeXHON02IAMU SK
nepcneKmueHi ManuOymHi HanpsamMKu. 3peuimoro, ycnix
MeXHON02IU Cynep2iopohOOHUX NOBEPXOHL 3ANEHCUMD
810 MIDCOUCYUNTIHAPHUX 3YCUTb, WO 30AIAHCO8YIOMb
NOKA3HUKU npPOOYKMUBHOCHI 3 €KO0I02IUHOI0
8IONOBIOANLHICINIO MA eKOHOMIYHOI OOYLIbHICMIO O
PO3KpUMMSL IXHb020 MPAHCHOPMAYIUHO20 NOMEHYIANY 6
DI3HUX CEeKMOpax.

Knrouosi cnosa: cynepziopoghobui nokpummsi, Kkym
3MOYYBAHHA, 3MOYYEAHICMb NOGEPXHI, WOPCMKICMb
noGepxHi, 80008IOUMOBXYBANbHI 81ACTMUBOCTT, MEMOOU
8U2OMOBIEHH.
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