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Abstract: Inspired by the “Lotus Leaf Effect” in nature, the phenomenon of superhydrophobia
has attracted tremendous attention from researchers. Due to their special surface wettability, the
superhydrophobic surfaces have been found to have broad potential applications in the fields of
marine engineering, medical equipment, and aerospace. Based on the introduction of the principles of
wettability, the advantages and disadvantages of various preparation methods for superhydrophobic
surfaces were studied and summarized in this paper. The research progress on superhydrophobic
surfaces in marine engineering applications was analyzed according to their self-cleaning, anti-
corrosion, heat transfer, drag reduction, anti-fouling, ant-icing, and oil/water separation properties.
Finally, to advance practical applications, the current challenges associated with superhydrophobic
surfaces are highlighted, and potential future development directions are proposed.

Keywords: superhydrophobic surface; preparation methods; surface properties; research progress;
marine engineering

1. Introduction

Wettability is an important characteristic of material surfaces. When a surface of the
material comes into contact with the droplet, the phenomena of wetting, infiltration, and
spreading will occur due to the different wetting properties. The static contact angle (θ)
between the liquid and solid phases is generally used to characterize the wettability of
the material surface [1]. According to the value of the static contact angle, the surface
wettability of the material can be classified as superhydrophilic, hydrophilic, hydrophobic,
or superhydrophobic, and its static contact angles are θ < 5◦, 5◦ < θ < 90◦, 90◦ < θ < 150◦,
and θ > 150◦, respectively. A surface with a static contact angle greater than 150◦ and a
rolling contact angle less than 10◦ is defined as a superhydrophobic surface [2]. Due to
their special surface-wetting properties, superhydrophobic surfaces have attracted wide
attention from researchers, and it has been found that the special surface-wetting properties
of the materials with self-cleaning [3,4], anti-fouling [5], corrosion resistance [6,7], drag
reduction [8], anti-icing [9], and oil/water separation [10,11] properties have high potential
applications in marine engineering, medical equipment, aerospace, and other fields.

Researchers first observed this superhydrophobic phenomenon in some natural plants
and animals, such as lotus leaves [12,13], salvinia natans [14], water strider legs [15], and
penguin feathers [16]. They found that the micro/nanoscale composite structures on
the surface were key to their superhydrophobic properties, as shown in Figure 1. Based
on these characteristics, artificial methods have been developed to manufacture bionic
superhydrophobic surfaces, and their properties have been extensively studied [17,18].
These findings have brought the study of superhydrophobic surfaces to a new stage.
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Figure 1. Typical plants and creatures: (a) lotus leaf [12], (b) salvinia natans [14], (c) strider leg [15],
(d) penguin feather [16].

According to the search results of published papers from the Web of Science database
(searching keyword: superhydrophobic), the study of the superhydrophobic phenomenon
has received continuous attention since 2009. The number of related papers published
on the topic of superhydrophobicity increased rapidly in 2011 and 2019. Moreover, over
the past five years, the number of articles published each year is about 2000, as shown in
Figure 2. Based on these data, the search results were classified according to performance-
related keywords (such as self-cleaning and anti-corrosion), and the results showed that
preliminary research mainly focused on the application of self-cleaning and anti-corrosion.
Since 2015, the application of superhydrophobic surfaces for oil/water separation and anti-
icing has gradually increased. Moreover, the number of papers concerning heat transfer
and drag reduction has also increased significantly, indicating that it also has potential
wide applications in these fields.

It can be seen that the research on superhydrophobic surfaces and their properties has
been of great interest. In the past decades, the preparation of superhydrophobic surfaces
has generally started from two aspects: the construction of binary micro-nano structures
and the modification of low surface energy materials on the target surface. The com-
monly used methods to construct micro-nano structures are machine cutting [19], the hard-
anodizing process [20], potassium hydroxide and lauric acid etching [21], ammonia etch-
ing [22], and high-speed wire EDM [23]. In terms of the modification of low surface energy,
long-chain perfluorosilanes, such as 1H, 1H, 2H, 2H-perfluorodecyl triethoxysilane [22],
cetyltrimethoxysilane [21], 1H, 1H, 2H, and 2H-perfluorooctane trichlorosilane [24], are
generally selected.
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Figure 2. Statistical analysis of published SCI papers in the superhydrophobic field (data from the
Web of Science database).

It is also well known that some materials have intrinsic water-repellency properties,
such as polydimethylsiloxane (PDMS), and Polytetrafluoroethylene (PTFE). Thus, super-
hydrophobic surfaces can be obtained by fabricating micro/nanostructures directly on
the surfaces of such materials. Zhang et al. [25] utilized a stainless steel plate with micro-
nano structures as a template to directly fabricate PDMS superhydrophobic films featuring
corresponding microstructures, which exhibited icing time 3.3 times longer. Meanwhile,
Hsueh et al. [26] employed the low surface energy properties of PTFE to prepare a superhy-
drophobic surface with a hierarchical wrinkled micro-nano structure on a thermoretractable
polystyrene (PS) sheet. The preparation methods are diverse and have different characteris-
tics. The surfaces prepared by these methods all exhibit good superhydrophobicity.

However, it was also found that the disappearance of either of these two factors would
lead to the weakening of superhydrophobic surface properties. The binary micro-nano
structure of the superhydrophobic surface is easily damaged by external mechanical friction
or collision, and the low surface energy on the surface also disappears after extended use.
Consequently, the thin air film, known as the plastron, on the superhydrophobic surface
is destroyed, and the superhydrophobic properties are lost. Therefore, researchers have
begun to select superhydrophobic surfaces with different characteristics, based on various
application scenarios. In a working environment where the micro-nano structure of the
superhydrophobic surface is more likely to be damaged, such as water collection in dry
areas, self-cleaning of solar panels, and anti-icing on aircraft, preparation methods with
high mechanical durability are selected. In a working environment where the low surface
energy material on the superhydrophobic surface is easily lost, such as heat transfer in the
heat exchanger, drag reduction on the hull surface, oil/water separation, anti-corrosion,
and anti-pollution on the surface of the underwater structure, preparation methods that
allow the surface energy material to be slowly released are adopted.

Although there are ways to achieve both results at the same time, there are still some
limitations in actual use. It is mainly reflected in the high cost, non-expandability, complex
methods, or unadaptability of the substrate. In addition, long-chain perfluorosilanes are
considered pollutants of high global concern due to their toxicity, resistance to degradation,
and bioaccumulation [27]. For example, the commonly used low surface energy material
stearic acid also has a low melting point, which may limit its application in heat exchangers
and condensers operating in high-temperature environments. Octafluorocyclobutane
is not only a greenhouse gas that destroys the ozone layer but also has certain toxicity
and dangers. Perfluorooctane sulfonate is a persistent organic pollutant that is highly
toxicity to aquatic organisms. However, it has extremely high stability and is difficult to
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dissolve in the environment. After long-term use, these low surface energy substances
gradually infiltrate the surrounding environment, and when accumulated to a certain extent,
irreversible pollution occurs. These compounds have been detected in the environment, fish
populations, and humans [28]. This is another key problem for superhydrophobic surfaces.

Marine engineering involves many equipment such as ocean vessels, offshore mobile
or fixed building structures, underwater vehicles, deep sea, and polar equipment, and
marine engineering occupies a large place in the industrial field. This field mainly studies
technologies for marine energy saving, equipment corrosion protection, pollution preven-
tion, anti-biological adhesion, and anti-icing. The superhydrophobic surface has performed
excellently in these studies. However, when a superhydrophobic surface is applied in the
field of marine engineering, the causes of its failure are significantly different from those in
other fields, mainly reflected in the various working environments and special application
requirements. For example, when applying a superhydrophobic surface to the hull surface
for drag reduction, durability against water flow impact is required rather than mechanical
durability against external hard objects. When a superhydrophobic surface is applied to
offshore buildings, the corrosion resistance of salts in the environment and the adhesion of
marine organisms in the ocean are needed, rather than the corrosion resistance of external
acid and alkali and the antibacterial property. When a superhydrophobic surface is applied
to polar equipment, the requirements for the anti-icing performance of deck equipment
differ from the anti-icing performance of rarefied air in the aviation field. Although super-
hydrophobic surfaces have special application conditions in the field of marine engineering,
there is a lack of a systematic summary of their application in this field.

Hence, in this paper, based on an introduction to the wetting principles of super-
hydrophobic surfaces, various preparation methods for superhydrophobic surfaces are
reviewed. Their advantages and disadvantages were compared. The research progress
in the application of superhydrophobic surfaces in the field of marine engineering was
analyzed. Finally, the challenges and corresponding strategies for the application of super-
hydrophobic surfaces are discussed.

2. Basic Wetting Theories of Superhydrophobic Surface

The basic wetting theories of surfaces have been developed from the original Young’s
model [1] through the Wenzel model [29] to the present Cassie-Baxter model [30]. The static
contact angle (θ) was first proposed by Thomas Young in 1805, which reflects the result
of the surface tension balance between solid, liquid, and gas interfaces and represents the
triangular relationship between liquid surface tension and surface contact angle, as shown
in Figure 3a. The equation is described as follows:

γsg = γsl + γlg cos θY (1)

where, γsg is the interface tension between solid and air. γsl is the interface tension between
solid and liquid. γlg is the interface tension between liquid and air. In Young’s model,
the solid surface is assumed to be a smooth ideal surface, and the influence of the surface
roughness on the wetting state of the solid surface is ignored. Therefore, the Wenzel model
was proposed after considering the surface roughness, where it is believed that the increase
in roughness will make the actual contact area between the solid and liquid greater than
the projected area of the solid–liquid contact surface, as shown in Figure 3b. The equation
is described as follows:

cos θW = r cos θY (2)

where, θW is the contact angle of the droplet on a rough solid surface. r is the ratio of the
actual surface area to the projected area, which is usually greater than or equal to 1. As
can be seen from Equation (2), the increase in the solid surface roughness will make the
hydrophilic surface more hydrophilic and the hydrophobic surface more hydrophobic.
However, Equation (2) still has its limitations. When a certain amount of air is enclosed
in the micro-nano structure of the non-uniform surface, the actual contact area between
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the droplet and the solid surface will change. Thus, the Wenzel equation is not applicable
under such conditions.

Figure 3. Schematic of a liquid droplet on a solid surface: (a) Young’s model, (b) Wenzel model,
(c) Cassie-Baxter model.

Therefore, Cassie and Baxter introduced the concept of phase area fraction ( f ) to
quantitatively consider the effects of multiphase surfaces. The phase area fraction refers to
the percentage of the total contact area of each phase on a non-uniform surface. To simplify
the calculation process, it is assumed that the composite surface is composed of only two
different multiphases, where the intrinsic contact angles of the droplet on each phase are
θX and θY, and the percentages of each phase in the total area are f1 and f2. Thus,

f1 + f2 = 1 (3)

Then, the Cassie and Baxter equation is described as follows:

cos θC = f1 cos θX + f2 cos θY (4)

However, if the surface is composed of solid and gas phases, the actual contact area
of the droplet is comprised of two distinct parts. These are the contact area between the
droplet and the solid, aa, and the contact area between the droplet and the air trapped in
the groove, as shown in Figure 3c. The intrinsic contact angle between the droplet and the
air is 180◦, and the Cassie-Baxter equation is simplified as follows:

cos θC = −1 + f (cos θY + 1) (5)

where, f is the percentage of the actual solid–liquid contact area to the total composite
contact area. According to Equation (5), a larger contact angle can be achieved by regulating
the microstructure of the solid surface and reducing the percentage of the solid–liquid
contact area in the total contact area.

However, it has also been proven that the simplified Cassie-Baxter equation is correct
for the case of smooth-topped pillar geometries with coplanar solid–liquid and liquid–vapor
interfaces (for zero penetration of liquid). In general, for an arbitrary rough surface, such as
equilateral pyramid-topped square pillars, conical pillars, discrete spherical particles, and
surface structures with various re-entrant curvatures, have emerged [31,32], the original
form of the Cassie-Baxter Equation (4) should be used, in which the value of

f1 ̸= f , f2 ̸= 1 − f , f1 + f2 > 1 (6)

where, f1 and f2 can both be greater than unity.
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Furthermore, the droplet completely infiltrates the concave and convex structures
of the rough surface in the Wenzel model, making the droplet adhere to the surface and
difficult to roll off. While, in the Cassie-Baxter model, the droplet is suspended on a rough
surface. Since only part of the solid surface is in contact with the droplet, it is prone
to rolling off. These theoretical explanations are consistent with natural or laboratory
phenomena, so the Cassie-Baxter model is also the most accepted by researchers. However,
the unique environmental factors of marine environments, such as high humidity, high
salinity fog, high/low temperature, intense illumination, and continuous erosion by water
currents, may lead to the degradation of the micro-nano structures on superhydrophobic
surfaces or the gradual disappearance of low surface energy materials. This will lead
to changes in the surface roughness (r) of the superhydrophobic surface as well as the
percentage of the actual solid–liquid contact area to the total composite contact area ( f ),
which ultimately affects the stability of the plastron on the superhydrophobic surface.

These alterations could precipitate a transition in the wetting state of superhydropho-
bic surfaces from the Cassie-Baxter state to the Wenzel state, thereby constraining their
application potential in the field of marine engineering.

Moreover, in the investigation of practical applications of superhydrophobic surfaces,
it is imperative to consider not only the static contact angle but also the advancing contact
angle (θadv) and the receding contact angle (θrec) of water droplets on the surface. The
sliding angle is one of the critical criteria for assessing the superhydrophobicity of a
surface. On an ideal smooth surface, the wetting system tends toward an equilibrium
state, where the droplet exhibits a single contact angle. Conversely, on rough or chemically
heterogeneous surfaces, the wetting phenomenon may exhibit metastability, leading to
a range of contact angles for the droplet. The maximum and minimum values within
this range are referred to as the advancing contact angle and the receding contact angle,
respectively, as shown in Figure 4a,b. Contact angle hysteresis, typically defined as the
difference between the advancing and receding contact angles, quantifies the degree of
hesitation of a water droplet on a solid surface, and is related to factors such as adhesive
hysteresis, surface roughness, and surface heterogeneity. The magnitude of the contact
angle hysteresis is directly related to the sliding angle: a smaller sliding angle correlates
with a smaller contact angle hysteresis, while a larger sliding angle corresponds to a larger
contact angle hysteresis.

Figure 4. Schematics for measuring advancing and receding contact angles: (a) the advancing contact
angle, (b) and the receding contact angle.

3. Preparation Methods of Superhydrophobic Surfaces

According to a study of the superhydrophobic phenomenon and wetting theories of
natural plants and animals, it was found that constructing a binary micro-nano structure
and the modification of low surface energy materials on the target surface are the key
ways to prepare superhydrophobic surfaces [33]. Currently, the preparation methods for
superhydrophobic surfaces mainly include the template method, etching method, spraying
method, and electrochemical method.
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3.1. Template Method

The template method uses a substrate with a certain regular or irregular binary micro-
nano structure as the template, and the casting mold is uniformly coated [34] or pressed [35]
on the template. A rough surface opposite to the micro-nano structure of the template can
be prepared after stripping, and then a superhydrophobic surface can be prepared after
modification by low surface energy materials. Currently, many kinds of materials can be
used as templates, including soft materials, such as lotus leaves [36], taro leaves [37], and
polyethylene glycol [38], and hard materials, such as metal and its oxide [24]. Peng et al. [37]
used taro leaves as a template to prepare a polydimethylsiloxane superhydrophobic surface
with a surface contact angle of up to 154◦ and a rolling contact angle of less than 4◦, as
shown in Figure 5a. Wang et al. [39] fabricated the armored structures on metal substrates
using silicon micro-pyramid arrays via cold pressing technology, as shown in Figure 5b.

Figure 5. Template method: (a) soft template [37], (b) hard template [39].

The aforementioned studies demonstrated that the template method offers a relatively
direct fabrication process, enabling the formation of the requisite micro-nanostructures
through a facile replication procedure, which is easily controllable. This attribute is of
particular significance for scenarios in marine engineering that necessitate the mass pro-
duction of superhydrophobic surfaces. Moreover, the template method can be applied to a
diverse array of materials, encompassing polymers and glass, thereby endowing it with
extensive potential for application within the realm of ocean engineering. Furthermore, by
selecting templates with varying shapes and structural configurations, the topography of
the superhydrophobic surface can be meticulously controlled, ensuring the uniformity and
reproducibility of the superhydrophobic surfaces. This adaptability endows the template
method with the capability of catering to a multitude of ocean engineering applications,
thereby satisfying a spectrum of requirements. However, the template method necessitates
the fabrication of high-precision templates and the execution of sophisticated processing
techniques, which impose stringent demands on equipment and technological proficiency.
These requirements may impose limitations on large area fabrication, potentially restricting
their application to large-scale marine structures. Additionally, the risk of template damage
during the fabrication process is an inherent concern, and the selection of template materials
emerges as a critical factor that warrants careful consideration.

3.2. Etching Method

The etching method refers to the construction of binary micro-nano structures directly
on a solid surface by chemical or physical methods, which are then modified with low
surface energy materials to prepare a superhydrophobic surface. At present, the more
commonly used etching methods are chemical etching [40], mechanical etching [41], laser
etching [42], and plasma etching [43]. Zhang et al. [44] prepared a superhydrophobic surface
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with a micro-nano hierarchical structure on the surface of 5083 aluminum alloy by etching
with ammonia water and modifying with 1H, 1H, 2H, 2H-perfluorodecyl triethoxysilane
(PFDTES), as shown in Figure 6a. Compared with aluminum alloy, the corrosion resistance
of the prepared superhydrophobic surface was improved by three orders of magnitude
in the simulated marine environment, and the adhesion rate of Sulfate-Reducing Bacteria
(SRB) decreased by 93.77% after 6 days of immersion in sulfate-resistant reducing bacteria
(SRB) medium. Zhu et al. [45] designed the superhydrophobic surface on the aluminum
alloy surface utilizing the mechanical lathe cutting method and stearic acid modification. It
was found that the forward speed and tilt angle of the milling cutter had a great influence
on the wettability of the superhydrophobic surface, as shown in Figure 6b.

Figure 6. Etching method: (a) chemical etching: SEM and AFM images of sanded AA5083 and
superhydrophobic AA5083 surface [42], (b) mechanical etching: SEM of the as-prepared surfaces
with different forward speeds and tilt angles [43].

Thus, the etching method is applicable to various materials, encompassing metals
and ceramics. This offers flexible selection to cater to the diverse requirements of marine
engineering structures. Moreover, the etching method allows precise control over the
dimensions and morphology of the surface microstructures, and the surfaces must be
machined one point at a time, which is crucial for achieving the desired superhydrophobic
properties. For instance, mechanical etching, laser etching, and plasma etching are usually
utilized. However, the etching method may necessitate costly equipment and intricate
procedural steps, demanding a high level of technical proficiency to accurately control the
etching conditions and thereby obtain the optimal surface architecture. This can lead to
increased costs, particularly in large-scale production scenarios. Some etching methods,
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like acid etching, may generate harmful effluents and exhaust gases during the etching
process, posing environmental pollution risks and necessitating consideration of health
hazards to operating personnel. These drawbacks may limit the rapid dissemination and
application of etching techniques in marine engineering.

3.3. Electrochemical Method

The electrochemical method involves the formation of a superhydrophobic metal
surface via the redox reaction of cations and anions in solution under the action of an ap-
plied electric field. There are many kinds of electrochemical methods. Special micro-nano
structures of metal particles such as silver, nickel, or copper can be fabricated on metal
surfaces via electroplating [46] or electrochemical deposition [47] methods. Then, the sur-
faces are modified with low surface energy materials to prepare superhydrophobic surfaces
with high self-cleaning and corrosion resistance. Some researchers have also used anodic
oxidation [48] or micro-arc oxidation [49] methods to obtain a binary micro-nano structure
on a valve metal surface and obtain a superhydrophobic surface after treatment with low
surface energy materials. The superhydrophobic surface structures prepared by these
methods (as shown in Figure 7) are relatively uniform. However, these coatings are thinner
and less durable. With the continuous development of these technologies, some composite
technologies have been adopted to prepare superhydrophobic surfaces and have become a
current research hotspot, such as micro-arc oxidation combined with electrodeposition [50]
and micro-arc oxidation combined with the hydrothermal method [51].

Figure 7. Electrochemical method: (a) electrodeposition: schematic of nonfluorinated one-step
fabrication of superhydrophobic [47], (b) PEO + Hydrothermal: schematic illustration of the sample
preparation process [51].

For these kinds of electrochemical methods, the microporous ceramic layer produced
by micro-arc oxidation increases the matrix strength and the bonding strength with the
outer superhydrophobic coating. Thus, its durability is greatly improved. Furthermore,
after the composite process, the number of micro-pores obtained by micro-arc oxidation
on the metal surface is also reduced, reducing the entry of corrosive media and further
enhancing the anti-corrosion performance of the superhydrophobic surface. However, in
the existing literature, this method has not been applied to full-scale industrial production,
which may be related to the parameters and efficiency of the electrochemical process.

3.4. Spraying Method

The spraying method uses spraying equipment to spray the mixed solution containing
modified micro-nano particles directly onto the surface. In addition, to improve the bonding
strength of the spraying coating, a layer of adhesive is sprayed first, or the mixed solution
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is generally mixed with the adhesive. For example, Wang et al. [52] dispersed stearic acid-
modified ZnO nanoparticles in a mixed solution of epoxy resin and fluorinated ethylene
propylene and sprayed the mixture onto the surface of aluminum with a certain roughness
to produce a superhydrophobic surface with a contact angle of 160◦, as shown in Figure 8a.
Xie et al. [53] sprayed modified nano-silicon particle solution on the surface of semi-cured
alkyd resin and polypropylene. Xin et al. [54] sprayed stearic acid-modified SiO2 and TiO2
micro-nano particle solution on the surface of semi-cured epoxy resin. A superhydrophobic
surface could be formed after this resin curing. Based on this, Cao et al. [55] established
a method of constructing a superhydrophobic surface that was suitable for almost any
micro-nano particles using polydimethylsiloxane as a medium. The particles were directly
sprayed onto the polydimethylsiloxane layer, which solved the problem of dispersibility of
the modified particles in the mixed solution. Moreover, according to the different properties
of modified micro-nano particles, a variety of thermal coating, conductive coating, and
catalytic coating can be prepared, as shown in Figure 8b.

Figure 8. Spraying method; (a) direct spraying: schematic sketch of the main procedure of coating
fabrication [52], (b) glue + powder: optical photos of prepared superhydrophobic surfaces on glass
slides, and the selected particles including metallic powder, metal oxide, and organics [55].
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Because of its simple and economical characteristics and its ability to be not limited
by the size and shape of the solid surface, this type of method can be used to prepare
superhydrophobic surfaces over a large area with a wide range of potential applications.
However, the bonding strength of the coating and the substrate is a key factor restricting the
durability of the superhydrophobic surface. In addition, the dispersion of the modified micro-
nano particles in the mixed solution has a great influence on the wettability of the coating.

3.5. Other Methods

In addition to the above preparation methods, other methods have also been con-
sidered by other researchers to increase the applicability of a variety of substrates. For
example, the sol−gel method [56] was adopted to fabricate a superhydrophobic surface by
depositing Al2O3 nanoparticles on a copper surface. The electrospinning method [57] was
employed to prepare a polyvinylidene fluoride (PVDF)/stearic acid nanofiber superhy-
drophobic coating on the metal surface. 3D printing technology [58] was used to fabricate a
biomimetic sophora japonica superhydrophobic surface. The powder pressing method [59]
was adopted to press silica powder on the surface of the semi-cured silica gel to form a
superhydrophobic surface. Furthermore, a one-step photopatterning method was adopted
to obtain a two-layer polymer structure that exhibited excellent wettability and high light
transmittance properties [60].

All of the above methods can be used to prepare superhydrophobic surfaces with
good properties, but they still have their advantages and disadvantages. The detailed
information is shown in Table 1.

Table 1. Advantages and disadvantages with regard to superhydrophobic surfaces by differ-
ent preparations.

Prepare Methods Low Surface Energy
Substance Advantages Disadvantages Ref.

Template methods

Hard template method 1H, 1H, 2H,
2H-perfluorooctyl

Low cost and simple
preparation

Poor mechanical durability,
resistance to degradation [35]

Soft template method PDMS
Low cost and simple
preparation and high

mechanical elongation
Poor mechanical durability [38]

Etching methods

Chemical etching
1H, 1H, 2H, 2H-

Perfluorooctanesulfonic
acid

Fast and simple preparation

Uncontrollable microstructure
size and environmental
pollution, resistance to

degradation

[40]

Mechanical etching Stearic acid (SA) Controllable microstructure
size, Low cost

Requires special equipment and
higher cost, bioaccumulation [41]

Laser micro-machining Octafluorocycloboutane Controllable microstructure
size, Low cost

Requires special equipment and
higher cost, high energy

consumption, resistance to
degradation

[42]

Electrochemical
methods

Electroplating Stearic acid (SA) Simple and controllable
preparation

Time-consuming, limited to
small areas, and environmental

pollution
[46]

Electrochemical
deposition Stearic acid (SA) Controllable reaction process Small bonding force and

limited to small areas [47]

Anodizing Stearic acid (SA) Simple and controllable
preparation, Low cost

Time-consuming, limited
applicable substrates, and
environmental pollution

[48]

Micro-arc oxidation
(MAO) Stearic acid (SA) Fast and controllable

preparation
Limited applicable substrates
and high energy consumption [49]

Spraying methods

Direct spraying Stearic acid (SA)
Simple and applicable to

different substrates and shapes,
Low cost

Poor mechanical durability [52]

Glue + powder
Stearic acid (SA),

fluorinated ethylene
propylene (FEP)

Simple, applicable to different
substrates and well-distributed

particles
Poor mechanical durability [55]

Any other methods
Sol−gel technique PDMS Simple reaction process and

well distribution, Low cost
Time-consuming and

environmental pollution [56]

Electrospinning Stearic acid Controllable microstructure size Needed complex operations,
high cost [57]
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4. Application of Superhydrophobic Surface in Marine Engineering
4.1. Application in Self-Cleaning

As can be seen from Figure 2, the self-cleaning property has always been a research
hotspot for superhydrophobic surfaces. In the field of marine engineering, there is an
urgent need to remove salt particles from the ship surface to reduce the corrosion of deck
equipment and to clean the high-viscosity crude oil or sludge attached to the wall of the oil
tank to reduce the workload of crews. Due to the extreme non-wettability and the lower
surface adsorption force of superhydrophobic surfaces, when droplets or viscous liquids
come into contact with the superhydrophobic surface, the droplets form a spherical shape
and roll off the surface, and the viscous liquids slide off the surface directly under the
action of gravity. The contaminants on the surface can be carried away during rolling or
sliding movements [61–63].

Hence, the self-cleaning performance of the superhydrophobic surface was tested by
washing the solid particles scattered on the surface with droplets [64], as shown in Figure 9a.
At present, the commonly used particles are black carbon [65,66], dust [67], and metal
particles [68]. The prepared superhydrophobic surfaces showed superior self-cleaning
properties. However, there are relatively few studies on the self-cleaning properties of
viscous liquids. During the transportation of crude oil by marine vessels, the viscous
crude oil adheres to the surfaces of the cargo holds, necessitating substantial labor and
resources for their subsequent cleaning. Sticky artificial materials were used to test the self-
cleaning performance of the superhydrophobic surface, which was prepared by spraying
dimethyldimethoxysilane and silicone oil onto the nanostructured surface [69]. The results
showed that the surface exhibited a super-strong self-cleaning effect on the viscous liquids,
and the adhesion of the prepared surface could be reduced by 90% compared with the
untreated surface, as shown in Figure 9b. However, the life of the superhydrophobic surface
could only use about 50 flushing cycles, which is worse than that of some of the other
surfaces tested, such as SLIPS and LESS. Su et al. [70] also adopted the same strategy and
prepared a mixture of plastic and hydrophobic sand particles into a toilet model via laser
3D printing technology and then sprayed silicone oil on the surface. The prepared surface
also exhibited excellent repulsion to complex fluids, such as artificial feces, yogurt, honey,
and starch gels. However, when the surface silicone oil is exhausted, it must be repeatedly
sprayed to restore its excellent superhydrophobic properties.

Figure 9. Self-cleaning property test: (a) flushing powder test: Optical images of self-cleaning
behavior of as-received uncoated and superhydrophobic aluminum surfaces [64], (b) flushing viscous
solid test: Schematic and optical images showing the comparison of adhesion between viscoelastic
solids and different engineered surfaces [69].

For the application of superhydrophobic surfaces for self-cleaning purposes in the
field of marine engineering, it is necessary to contend with prolonged frictional contact with
cargoes such as coal and mineral sands during the transportation process. This necessitates
that superhydrophobic surfaces possess enhanced mechanical durability, particularly for
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hull surfaces obtained by spraying methods. However, it can be seen that the durability of
superhydrophobic coatings is still a bottleneck for their application.

4.2. Application in Anti-Corrosion

Corrosion is one of the most common and unavoidable forms of failure in equip-
ment in the field of marine engineering. According to the Cassie−Baxter model, when
the superhydrophobic surface is in contact with a corrosive solution, due to its unique
surface structure, a plastron will be formed between the superhydrophobic surface and
the corrosive solution. The plastron will reduce the contact area between the substrate and
the corrosive medium, thereby reducing the migration of corrosive ions and the corrosion
rate of the substrate [71]. Thus, superhydrophobic surfaces can provide effective corrosion
protection for engineering materials, such as aluminum [72], magnesium [73], and steel [74],
especially in marine environments.

Zhang et al. [75] fabricated a manganese stearate superhydrophobic surface with a
surface contact angle of 169.7◦ on a pure aluminum surface by one-step electrodeposition.
The electrochemical impedance spectroscopy results showed that the contact impedance
value improved by five orders of magnitude, and the corrosion current density decreased
by four orders of magnitude. Furthermore, the superhydrophobic surface also showed
good stability under acidic and alkaline conditions, as shown in Figure 10a,b. Some stud-
ies [50] have shown that the surface contact angle of the superhydrophobic surface can be
decreased from 153.5◦ to 128.0◦ when immersed in a 3.5% NaCl solution for 85 h, indicating
the disappearance of the Cassie-Baxter phenomenon on the superhydrophobic surface.
Some studies [76] have even immersed the prepared superhydrophobic surface in solutions
with different pH values to test its corrosion resistance. However, the retention time of the
superhydrophobic properties was relatively short. Wu et al. [77] prepared an environmen-
tally friendly superhydrophobic coating by combining modified expanded graphite (EAG)
doped nano zinc oxide (ZnO) in epoxy resin. This fluorine-free superhydrophobic coating
could last for 21 days in a neutral salt spray test, as shown in Figure 10c.

These results show that the long-term stability of the superhydrophobic surface is
relatively poor in a salty environment and even worse under strong acid and alkaline
conditions. In addition, the use of poly-fluorinated low-surface energy materials has also
aggravated environmental pollution. Therefore, the focus of future research is on how
to improve durability under extreme conditions and develop environmentally friendly
superhydrophobic surfaces.

4.3. Application in Heat Transfer

Heat exchangers and condensers are widely used in the field of marine engineering,
such as freshwater coolers, oil coolers, boiler condensers, and air conditioning condensers.
The improvement in their performance is of great significance in enhancing the thermal
efficiency of ships. The application of superhydrophobic surfaces in heat transfer is mainly
reflected in two aspects, which are boiling heat transfer and condensation heat transfer.
The large latent heat of the working fluid is utilized by boiling heat transfer. Steam bubbles
are easily formed on the superhydrophobic surface under low superheat conditions and
quickly detach away, increasing the heat transfer coefficient. During the condensation heat
transfer process, micro-scale liquid droplets are easily formed on the superhydrophobic
surface under low subcooling and quickly bounce or slide away under the action of gravity,
increasing the heat transfer performance of condensation.

As for boiling heat transfer, Jo et al. [78] found that after bubbles are formed and
detached from the heated hydrophobic surface, a small bubble will remain as the nucleation
point for the next bubble growth, which is conducive to the rapid formation and detachment
of the next bubble. Therefore, a hydrophobic surface provides better nuclear-boiling heat
transfer than a hydrophilic surface. However, the boiling heat transfer performance of
the hydrophobic surface is worse than that of the hydrophilic surface at high superheat,
as shown in Figure 11a. Betz et al. [79] studied the influence of surface wettability on the
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number of nucleation sites and found that under low superheat conditions, the number of
nucleation sites on a superhydrophobic surface was greater than those on hydrophobic,
hydrophilic, and superhydrophilic surfaces. Thus, nuclear boiling is more likely to occur
on superhydrophobic surfaces. Vakarelski et al. [80] found that the hydrophobic surface
was more likely to form bubbles than the superhydrophilic and hydrophilic surfaces, while
the superhydrophobic surface produced a vapor layer, forming a film boiling heat transfer
state, as shown in Figure 11b,c. These findings were also consistent with the results in
references [81,82].
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Figure 11. Effect of surface wettability on boiling heat transfer: (a) bubble detaching process [78],
(b,c) boiling state on different surfaces: measured density of active nucleation sites for hydrophilic,
hydrophobic, SHPi, and SHPo surfaces [80].

Regarding condensation heat transfer, Nenad et al. [83,84] studied the condensation
heat transfer performance of copper tubes with different wettabilities. The results showed
that at low supersaturations (S = 1.08), the steam condensed and formed a thin liquid
film on the surface of the superhydrophilic copper tube, while a large number of micro-
scale liquid droplets were formed, coalesced, and jumped away from the surface of the
superhydrophobic copper tube, which was called dropwise condensation, as shown in
Figure 12a. The condensation heat transfer coefficient increased by 40%. However, with
the increase in supersaturation (S = 1.54), overflow condensation occurred on the superhy-
drophobic surface, resulting in a decrease in the condensation heat transfer performance.
Furthermore, Zhang et al. [85] found that in the presence of a non-condensable gas, surfaces
with different wettabilities showed similar results in reference [76]. Moreover, with an
increase in the concentration of non-condensable gas in the environment, the intensity of
droplet jumping gradually weakened, and the droplet jumping phenomenon was rarely
observed at a concentration of 27.8%, as shown in Figure 12b,c. Based on these results,
Khatir et al. [86] theoretically analyzed the phenomenon of coalescence and jumping of
droplets on superhydrophobic surfaces via 2D lattice Boltzmann and 3D fluid volume
methods. Additionally, Hao et al. [87] applied dropwise condensation of a superhydropho-
bic surface on an oscillating heat pipe (OHP) and found that the droplet movement path
in the microchannel can be changed during the droplet jump, thus enhancing the heat
transfer coefficient.
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It can be seen that the boiling heat transfer performance at low superheats and con-
densing heat transfer performance at low supercooling of the superhydrophobic surface
was better than that of hydrophobic, hydrophilic, and superhydrophilic surfaces. However,
with the increase in superheat, the superhydrophobic surface is more likely to transition
from nuclear boiling to film boiling, resulting in a decrease in boiling heat transfer perfor-
mance. With the increase in supercooling, the superhydrophobic surface is more easily
transformed from dropwise condensation to overflow condensation, resulting in a decrease
in condensation heat transfer performance. Therefore, the application of superhydrophobic
surfaces in heat transfer is suitable for situations with low superheat and low subcooling.

4.4. Application in Fluid Drag Reduction

If a superhydrophobic coating is applied to the outer surface of the hull, it can also
reduce ship resistance. The viscous resistance generated by the hull and external liquid is a
large part of the ship resistance. However, due to the appearance of the plastron on the
superhydrophobic surface, the viscous resistance between the hull and the liquid is trans-
formed into the viscous resistance between the gas and the liquid, which greatly reduces
the value of viscous resistance, and then the fluid drag reduction effect appears [88,89].
Compared with the strategy of injecting bubbles [90,91], drag reduction of the superhy-
drophobic surface does not require additional external energy. Therefore, the use of a
superhydrophobic surface to reduce ship resistance is one of the most important strategies
for reducing energy consumption and efficiency.

In the experimental aspect, Zhang et al. [92] prepared the superhydrophobic surface on
anodized aluminum via the hydrothermal method and 1H, 1H, 2H,
2H-perfluorooctadecyltrichlorosilane modification. Through the test of the liquid/solid
surface drag experimental device, the surface drag value of the superhydrophobic surface
was reduced by 20–30%, as shown in Figure 13a. Moreover, the drag reduction effect
of the superhydrophobic surface has been verified by the steel ball falling test [93], two-
dimensional particle image velocimetry (PIV) method [94], and spinning disk test [95].
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However, the forms of these testing methods were different from the actual motion state of
the ship. Therefore, Zhang et al. [96] prepared a composite superhydrophobic coating of
polydimethylsiloxane (PDMS) and copper particles on the surface of the submarine model
by the spraying method and found that the speed of the submarine model with superhy-
drophobic coating in the small pool was 15% higher than that of the ordinary model, as
shown in Figure 13b. Meanwhile, Zhao et al. [97] studied the drag reduction performance
of the superhydrophobic coating on a ship model by measuring the speed trend over time
under different drag forces. Xin et al. [54] sprayed nano-SiO2 polymer superhydrophobic
coating on a small ship model and verified that the superhydrophobic coating can not
only reduce the ship resistance (drag reduction rate ~ 30.09%) but also increase the ship
buoyancy. In terms of theoretical aspects, Guan et al. [98] and Zhao et al. [99] theoreti-
cally explained the fluid drag reduction mechanism of a superhydrophobic surface using
molecular dynamics and large eddy simulation turbulence models. The results showed
that due to the existence of a plastron on the superhydrophobic surface, wall slip behavior
occurred when the liquid flowed through the surface, resulting in a non-zero fluid velocity
on the wall, and the wall slip velocity was proportional to the tangential shear stress of the
solid–liquid interface.

Although the superhydrophobic surface has a high application prospect in the field of
marine engineering due to its good fluid drag reduction performance, and the construction
problem of a hull with a large surface area and irregular shape can be solved by the spraying
method at present, the influence of the environment required for spraying and the cost of
preparing the superhydrophobic material on its practical application need to be further
studied. In addition, the plastron on the superhydrophobic surface becomes unstable and
even disappears under the impact of high-speed water, which leads to a great reduction
in its drag reduction effect. Therefore, maintaining a plastron for a long time is another
problem that needs to be considered.

4.5. Application in Anti-Fouling

Marine fouling refers to marine attached organisms, such as animals, plants, or mi-
croorganisms, that attach to underwater surfaces, such as ship hulls, offshore structures,
and marine equipment [100]. This fouling leads to increased drag and reduced fuel effi-
ciency, which are counterproductive to the pursuit of carbon neutrality. The extracellular
polymeric substances produced by microorganisms in the process of metabolic growth also
induce corrosion. Moreover, creatures adhering to ship hulls can traverse international
waters, reach local marine ecosystems devoid of their natural predators, and potentially
trigger ecological upheavals [101].

The formation of marine fouling can be roughly divided into four stages: formation
of an organic conditioning film, formation of a biological film, adhesion of macrofouling
larvae, and formation of macrofouling [5]. In the early stage of a marine fouling event,
an organic conditioning film composed of proteins, proteoglycans, and polysaccharides
is produced by microbial communities. Planktonic bacteria and macrofouling larvae
settle within hours of the formation of molecular films, especially in warm, nutrient-rich,
productive waters. About a week later, microbial communities composed of bacteria, single-
celled microalgae, and cyanobacteria are adsorbed on the underwater surfaces through
an organic conditioning film, forming a biological film. Subsequently, protozoans and
macroalgal zoospores begin to appear on the surface because of the nutrients provided by
different microbial metabolites. Finally, soft and hard biofoulers, such as sponges, mussels,
oysters, and barnacles, which feed on microbial communities, protozoa, and macroalgal
zoospores, begin to appear on the surface and adsorb through their secretions. However,
the actual process of marine fouling is very complicated and is mainly related to the species
and quantity of fouling organisms in the seawater environment.
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Figure 13. Drag reduction test: (a) Schematic of the frictional measurement and friction drag versus
the velocity of the water flowing over surfaces with different adhesion properties [92]; (b) Drag-
reducing mechanism of the superhydrophobic coatings. Flow conditions of the boundary layer for
normal and superhydrophobic submarine models [96].

Thus, the focus of marine anti-fouling is to decrease the attachment and adhesion of
these microbial communities. The nano-column [102] and plastron [103] in the binary micro-
nano structure of the superhydrophobic surface and the antibacterial nanoparticle [104] in
the superhydrophobic surface can effectively prevent surface pollution by microorganisms
and bacteria. Therefore, superhydrophobic surfaces also have great applications in anti-
fouling in the field of marine engineering.

Javad et al. [105] prepared a superhydrophobic surface by adding silver phosphate
nanoparticles in polyvinyl chloride (PVC) films, and the bacterial adhesion experiments
showed that the adhesion of Staphylococcus aureus and Escherichia coli was 98.8% and 98.9%
less than that of pure PVC film, respectively. Bruzaud [106] fabricated a superhydrophobic
surface of monomer fluorocarbon (EDOT-F4) on the surface of AISI316 stainless steel by
electrodeposition and found that higher electrodeposited voltages can obtain a larger
surface contact angle and sliding contact angle. The prepared superhydrophobic surface
can effectively reduce the growth and adhesion of pseudomonas aeruginosa and listeria, as
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shown in Figure 14a. However, due to the high ecological environment requirements in the
marine field, it is particularly important to develop environmentally friendly antibacterial
superhydrophobic surfaces. Zhang et al. [107] prepared a fluorine-free coating with anti-
fouling and anti-microorganism properties by spraying a mixture of bisphenol A diglycidyl
ether (BADGE), 1,3 dimethyl-disiloxane (TMDS), polydimethyl-siloxane (PDMS), and
methyl-anthranilobenzoate (MA). Compared with the naked samples, the growth inhibition
rates of Escherichia coli, Staphylococcus aureus, and penicillium were 96.2%, 92.5%, and 96.5%,
respectively, as shown in Figure 14b. Selim et al. [108] prepared a marine fouling release (FR)
coating of PDMS/SiC nanowire composites for ship hulls, and performed a 3-month field
test in natural seawater in a tropical area. The results showed excellent fouling prevention,
as shown in Figure 14c. Rasitha et al. [109] also performed a 120 h exposure test in the
seawater bacterial consortium of three different superhydrophobic coatings on Al, Cr Mo,
and Ti. The results showed that the SHP Al surface had the least bacterial attachment
among the three SHP surfaces due to its surface morphology and chemical nature.

The anti-microorganism properties of the above-prepared superhydrophobic surfaces
were mainly achieved by preventing the adhesion of microorganisms. In addition, in order
to further improve the anti-fouling properties of the superhy-drophobic surface, some
kinds of bactericidal substances were added to the surface. Examples include TiO2 [104],
ZnO [110], and Ag+ [111]. These kinds of superhydrophobic surfaces mainly use the
oxidation−reduction or catalytic action of these substances to generate atomic oxygen with
strong oxidation to destroy the cell structure of the microorganism and bacteria to achieve
the anti-fouling effect. Wang et al. [112] firstly fabricated ZnO nanowires on 304 stain-
less steel surfaces by laser etching and hydrothermal methods. After silane treatment, a
superhydrophobic surface with a contact angle of 152◦ and a rolling angle of 7.3◦ was
prepared, which reduced the adhesion to E. coli by more than 95%, and the ZnO nanowire
on the surface significantly improved the anti-fouling properties. Manivasagam et al. [113]
found that the superhydrophobic surface prepared by means of thermochemical treatment
and silane modification on the surface of titanium metal can reduce bacteria cell adhesion
significantly (>90%) and prevent biofilm formation. However, for the hull, due to the repair
interval of up to 2–3 years, guaranteeing the effectiveness of the superhydrophobic surface
or ensuring the durability of the effective bactericidal substances in the coating is an urgent
issue to be considered.

4.6. Application in Anti-Icing

In a low-temperature environment, droplets are easy to condense and freeze on a solid
surface, resulting in the entire device being covered by ice and affecting its performance.
Examples include deck anchor winches, satellite antennae, and cranes on arctic sailing
ships or marine engineering equipment operating in ice areas. Due to the low adhesion and
low surface energy of the superhydrophobic surface, the droplets can easily roll or bounce
on the surface, resulting in the droplets leaving the superhydrophobic surface before the
formation of the ice core, thereby reducing the contact time between the droplets and the
interface, delaying the icing time, and achieving the purpose of anti-icing [114–116].

Qi et al. [117] firstly obtained the microstructure on the surface of polystyrene acryloni-
trile resin by etching method and then sprayed the hexamethyldisilazane-treated nano-SiO2
particles to prepare the superhydrophobic surface. The results showed that the maximum
freezing delay time of the droplets on the superhydrophobic surface was 97 min, which
was 16 times that of the original surface, as shown in Figure 15a. The superhydrophobic Ni
nano-cone surface prepared by electrodeposition on SUS304 stainless steel also showed
good anti-icing ability [118]. However, it was found that if scratches existed on the sur-
face, the contact area between the surface and droplets would increase, thus reducing the
anti-icing ability of the surface. The superhydrophobic surface prepared by thermoplastic
polyurethane (TPU) and modified silica particles (SH-SiO2) [119] and fabricated by modi-
fied epoxy and micro-nano fluoropolymer particles (FP) [120] all showed good anti-icing
properties. The precooling time can be extended by more than 200 times.
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Figure 14. Anti-fouling test: (a) spatial architecture of biofilms of P. aeruginosa and L. monocyto-
genes [106], (b) statistical data of E. coli, S. aureus, and Penicillium inhibitions on the uncoated and
coated surfaces [108], (c) field test in natural seawater [108].
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Figure 15. Anti-icing property test: (a) freezing delay time measurement [117], (b) ice adhesion test
of large-scale aluminum beams and sheet [121].

However, it has been found that even for a superhydrophobic surface with materials
of low ice adhesion strength, the force required to remove the ice from the surface increases
with the surface area. Golovin et al. [121] reported a superhydrophobic surface that can
de-icing on large area structures. The authors adjusted this idea from the perspective of
interface toughness rather than ice adhesion and developed a superhydrophobic surface
with low interfacial toughness (LIT PDMS) by adding silicone oil to polydimethylsiloxane
(PDMS). The superhydrophobic surface had better de-icing performance on 1.2 m long
aluminum strips and 1 square meter aluminum plate, which laid a foundation for the
development of large area structure de-icing technology, as shown in Figure 15b. Some
researchers have also studied the anti-icing performance of superhydrophobic surfaces
at ultra-low temperatures. For example, Barthwal et al. [122] injected silicone oil into the
binary micro-nano structure of a surface to prepare a superhydrophobic surface, which
showed low ice adhesion strength and high recycling durability at −25 ◦C. Moreover, the
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superhydrophobic surface prepared by grafting polyelectrolyte hydrogel onto PDMS can
keep droplets unfrozen for 4800 s at −28 ◦C [123].

However, for ships navigating icy areas or production platforms, the devices onboard
must work at low temperatures (below −25 ◦C) for a long time. Although the surface ice
layer can fall off due to the existence of a superhydrophobic surface, the binary micro-nano
structure on the surface can still be penetrated by droplets, and ice nucleation will occur
under such conditions, resulting in interlock between the ice and the surface, and higher
ice adhesion strength. Furthermore, the falling off of the ice layer also causes damage to
the micro-nano structures of the surface. Therefore, the preparation of superhydrophobic
surfaces with long-term low-temperature resistance and high surface structural strength
are key problems that need to be solved for practical applications.

4.7. Application in Oil/Water Separation

Oil leakage has caused an extremely serious impact on the marine ecological balance.
Therefore, the collection of dirty oil and oil/water separation in the marine environment
are important problems that need to be solved urgently. When superhydrophobic ma-
terials (most of which are superlipophilic materials) were applied to the filter mesh,
the superhydrophobic/superlipophilic mesh showed better oil/water separation per-
formance, and the oil/water separation efficiency could reach up to 97%, as shown in
Figure 16a [124,125]. It is believed that when the oil/water mixture passes through the
superhydropho-bic/superlipophilic mesh, the oil is easily adsorbed and spread by the
mesh, while the water is intercepted outside the mesh. When the oil in the mesh reaches
saturation, it will drop under the action of gravity, thus achieving the purpose of oil/water
separation [126].

Chen et al. [127] first deposited nano SiO2 particles on the surface of stainless steel
mesh and copper mesh by electrospray method and then modified them with dode-
cyltrimethoxysilane to prepare superhydrophobic/superlipophilic mesh, which showed
good water-repellency and oil absorption abilities, as shown in Figure 16b. Oil/water
separation experiments showed that the separation efficiency for heavy oil and light oil
was as high as 99% and reached 95% under high oil flow rates. Moreover, the prepared
superhydrophobic/superlipophilic mesh can work under high/low temperatures or in
saline solutions. Rosin acid and SiO2 have been used to modify cotton fabric to prepare
fluorine-free and environmentally friendly superhydrophobic coatings, which can be effec-
tive in separating oil-in-water and oil-in-water emulsions [128]. Sow et al. [129] modified
fly ash (FA) particles with vulcanized silica gel (RTVS) and sprayed them onto the textile
to prepare the textile with oil/water separation properties. The results indicated that the
mixture of diesel and water with a mass ratio of 1:1 could be highly separated under gravity.
After repeating this separation process for 10 cycles, the separation efficiency remained
greater than 99%, as shown in Figure 16c. In addition, researchers [130] have prepared
molecular membranes that can convert between superhydrophobic/superlipophilic and
superhydrophilic/superlipophobic properties, which can be modified as needed to obtain
excellent oil resistance and high separation efficiency, as shown in Figure 16d.

However, it was also found that the superhydrophobic/superlipophilic materials
were easily contaminated by adsorbed oil, leading to a decline in the oil/water separation
efficiency after prolonged usage. Therefore, the development of oil/water separation
structures with high separation efficiency, environmental friendliness, and high repeat
usage showed great potential for future practical industrial applications.
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Figure 16. Oil/water separation property test: (a) schematic demonstration of the oil/water separa-
tion behavior [125], (b) schematic diagram of preparing superhydrophobic surface [119], (c) oil/water
separation process [129], and (d) schematic demonstration of molecular films with switched hy-
drophilic and hydrophobic properties [128].

5. Future Challenges and Strategies

Due to its special surface wettability, superhydrophobic surfaces with self-cleaning,
anti-corrosion, heat transfer, drag reduction, anti-microorganism, anti-icing, oil/water
separation, and other properties have been used in the field of marine engineering, such
as anti-corrosion paint, anti-fouling paint, drag reduction paint, and anti-icing satellite
antenna. However, with the deepening of research and the development needs of other
special fields, the preparation and application of high-performance and multi-functional
superhydrophobic surfaces still have great constraints and great development prospects.
Therefore, further research is still needed in the following aspects:

(1) In the aspect of preparation: At present, although there are many preparation meth-
ods for superhydrophobic surfaces, most of them are still based on two factors: surface
binary micro/nanostructures and low surface energy. Once either of these two factors
is destroyed, the superhydrophobic properties of the surface will be reduced or even
lost. However, it is necessary to develop long-term stable weather-resistant superhy-
drophobic surfaces in humid, saline, and low-temperature marine environments. For
example, shape memory polymer surfaces with superhydrophobic functionality prepared
by blending bisphenol A-type epoxy resin diglycidyl ether (DGEBA), octylamine (OA),
meta-xylylenediamine (MXDA), and the prepolymer of SMP [131], and self-healing super-
hydrophobic surfaces fabricated by applying poly(dopamine) (PDA)-coated flower-like
ZnO composite particles on the self-healing polyurethane surface [132]. Furthermore,
light/electrical/magnetic/thermal responsive superhydrophobic surfaces were also manu-
factured to maintain the damage resistance of the superhydrophobic surface. In addition,
due to the high processing cost, low efficiency, and pollution of the existing materials,
the preparation technology of low cost, large area, and environmentally friendly superhy-
drophobic surfaces should be developed to meet the needs of large-scale manufacturing in
practical engineering applications.

(2) In the aspect of mechanism: For most of the research results, scholars mainly ex-
plained the mechanism from the Cassie-Baxter model and believed that the surface binary
micro-nano structure and the plastron on the superhydrophobic surface were the main
reasons for various superhydrophobic properties. Furthermore, molecular dynamics was
used to simulate the surface wettability. For example, the effects of the order of carbon
atoms and the coverage of carboxyl molecular chains on superhydrophobic properties have
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been simulated [133]. The anti-wetting mechanism of fluorinated surfaces on aluminum
substrates was elucidated via molecular dynamics simulations [134]. However, there is
a lack of theoretical studies on the molecular dynamics between surfaces and superhy-
drophobic properties, such as the dynamic behavior of droplet icing and melting ice, and
the phenomenon of wall slip caused by plastron. Therefore, it is necessary to investigate the
molecular dynamics relationship between air or liquid and the surface structure, surface
energy, surface tension, and surface adhesion force of superhydrophobic surfaces.

(3) In the aspect of test: currently, the mechanism of the superhydrophobic surface is
mainly characterized by surface morphology, electrochemical testing, and other methods.
However, there is still a lack of accurate and elaborate microscopic observation methods
for the process of in situ observation. For example, AFM (Atomic Force Microscope) was
adopted to measure the surface slip force on different superhydrophobic surfaces [135].
Laser scanning confocal microscopy was used to observe the wetting processes of the
droplets on the different superhydrophobic surfaces [39]. In terms of durability testing of
superhydrophobic surfaces, sandpaper friction tests, and acid, alkali, and salt immersion
tests, high-temperature tests are commonly used testing methods and these tests are
completed in the laboratory. However, the impact of the actual service environment on
its performance is ignored, especially for irritated responsive surfaces. In addition, these
testing methods do not have specific parameters or uniform standards, which makes it
impossible to compare different research results. Therefore, it is necessary to enrich the
microscopic observation methods, establish uniform performance test standards (tests
such as mechanical abrasion, substrate adhesion, scratch resistance, erosion tests against
powders, sand, chemicals, and water droplet spray [136]), and effectively simulate the
actual working conditions, so as to enhance the reliability of the test and comparability of
the results and promote the development of superhydrophobic surface technology.

(4) In the aspect of application: The constraints of superhydrophobic surfaces in ap-
plications are mainly related to the actual engineering environment. The self-cleaning,
corrosion resistance, heat transfer, drag reduction, anti-fouling, and oil/water separa-
tion properties exhibited by superhydrophobic surfaces have been well validated in the
laboratory. However, there are still many difficulties in their practical engineering appli-
cations, especially in large-scale, irregular structures, and harsh environments. Among
these difficulties, poor durability is the main factor preventing superhydrophobic surfaces
from appearing in mainstream applications. This is mainly reflected in the damage to the
structure or chemical composition of the surface and the disappearance of the plastron on
the superhydrophobic surface. Although the application of armor structures can greatly
enhance the mechanical durability of superhydrophobic surfaces [39], the damage from
flexible materials, such as water impact, still needs to be strengthened. There were also
some fillers added to the surfaces, such as carbon nanotubes and graphene oxide [137], as
hard support points on the surfaces, which could also enhance the mechanical strength
of the surface. In addition, factors such as superhydrophobic surface properties, environ-
mental and economic benefits, and commercial production should be comprehensively
considered. Therefore, the development of an efficient, economical, and environmentally
friendly superhydrophobic surface that can universally adapt to complex and harsh marine
environments is an important research direction in the future.

(5) In the aspect of the challenges of fluoropolymer pollution. Traditional methods for
preparing superhydrophobic surfaces often rely on the use of fluorinated polymers. How-
ever, the environmental impact of fluoropolymers has always been a problem; in addition
to contaminating the soil, groundwater, and atmospheric ozonosphere, fluoropolymers can
also cause harm to organisms. Perfluoroalkyl chains with carbon atomic numbers greater
than seven are difficult to degrade in nature and exhibit bioaccumulation and toxicity.
Therefore, there is an urgent need to explore alternatives to polymers containing long
perfluoroalkyl chains, such as materials with low surface energy that are not limited by the
single structure of fluorine compounds.
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