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A B S T R A C T

Nowadays, superoleophobic surfaces are considered as an innovative solution in many industries due to their
various applications and numerous ways of fabrications, all of which have their own advantages. These surfaces
are of great importance for a various range of applications including self-cleaning, stain-free clothing, oil/water
separation, and drag reduction. Lately, major improvements have been made in order to understand the essential
conditions for the creation of superoleophobic surfaces. The lack of a comprehensive review of superoleophobic
surfaces has prompted us to gather a wide-ranging article covering most of the issues relating to the surfaces’
oleophobicity which can be used in educational and industrial fields. Although many advancements have been
achieved in this section, but there are still numbers of fundamental issues in reaching the highest rate of su-
peroleophobicity and also eco-friendly approaches. Therefore, in this review paper, existence of super-
oleophobicity in nature both on plants and animals, the fundamental requirements for the fabrication of su-
peroleophobic surfaces, the basic and advance oleophobicity and superoleophobicity evaluation methods and
also various approaches for superoleophobic surfaces fabrication such as sol-gel, etching, lithography, electro-
deposition of conductive polymers, electrospinning, layer by layer assembly, solution-immersion, hydrothermal,
anodizing, and spray coating were reviewed. Eventually, recent progress in the applications of superoleophobic
surfaces and latest environmental issues were discussed.

1. Introduction

In the past few years, international scientific and industrial societies
have become aware of omniphobic surfaces with specific water and oil
repelling features. Social media also had an important role in informing
common peoples with non-dirt able boots or non-wet able surfaces. In
this review, initial concepts of superoleophobicity and also the latest
progress and developments related to coating fabrication and various
range of practices has been discussed. Since these surfaces have
changed liquid-surface interactions, and we recognize the world as the
world of water, this technology is going to give a new concept to our
surrounding environment. A series of underwater superoleophobic Ni/
NiO surfaces have been reported by Zhang et al. equipped with con-
trolled oil adhesion through combining electrodeposition and heating
systems [1]. Also, tunable adhesive underwater superoleophobic sur-
faces were developed by Cheng et al. exercising self-assembled mono-
layer method in order to transform nanostructured copper substrates
[2]. Nevertheless, these developed approaches are tough to curb, and
the suggested underwater superoleophobic surfaces display enhanced
oil wettability, substantially restricting their use to underwater gadgets,

for example, oil-repellent military underwater crafts and amphibious
military plane and tanks, which additionally require optical stealth.

This article also reviews oleophobic and superoleophobic surfaces
founded in nature as important clues to fabricate industrial and syn-
thetic oleophobic and superoleophobic surfaces. Benchmarking nature
is the simplest way to produce omniphobic surfaces [3–5].

We have also revived recent achievement on eco-friendly super-
oleophobic surfaces. the progress, challenges, and perspectives of the
alternative methods for the fabrication in which have less risk of the
used materials and the methods to achieve oleophobic properties on the
surface is presented. These processes require using risk-free and non-
flammable solvents, short-chain fluorinated complexes (C6 or fewer) or
substitute materials free of fluorine atoms [6,7].

Although many techniques have been developed to evaluate su-
peroleophobic surfaces in the past decade, advancement of technology
still create new opportunity to produce more developed omniphobic
surfaces with various range of capabilities such as high corrosion re-
sistivity, great durability in more sophisticated shapes and etc. which in
some cases leads to feel the need of newborn surface evaluation tech-
niques. Calvimontes evaluated a technique for the study and
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measurement of the interfacial energies of solid-liquid-gas systems
using a laboratory drop tower the presented model based on the ther-
modynamic equilibrium of the interfaces and not on the balance of bi-
dimensional tensors on the contour line [8].

In this review, we tried to gather a comprehensive guide in scientific
and also industrial fields. Omniphobic evaluation techniques, super-
oleophobicity in nature, fabrication methods of superoleophobic sur-
faces and laboratory and industrial usages of these surface have been
discussed in this article focusing on recent changes. In the end, one of
the most worldwide concerns, environment compatibility of these sur-
faces have been reviewed and new eco-friendlier methods are proposed.

1.1. Wettability

Wettability of solid surfaces contacted to liquids is an essential
feature of materials science and surface chemistry, which has many
real-world uses in daily life, agriculture, and manufacturing. Idyllically,
when a drop is positioned down on a superficial part, it either takes a
spherical shape or moistures the surface totally. These phenomena are
titled "anti-wetting" and "super wetting", respectively [9]. Usually, in
wettability studies, measurement of the contact angle has great im-
portance. This data indicates the degree of wetting when a solid and
liquid are in interaction. Consider a liquid drop which is placed down
on a horizontal surface (Fig. 1). The intersection of the liquid-solid and
the liquid-vapor interfaces form a geometrical angle, which we know as
the contact angle. Fig. 1 displays a minor contact angle which is formed
after the drop extents on the surface, but a great contact angle is formed
once the liquid and the solid have a lower interface with one another
[10].

1.2. Models of wetting

In order to get a better understanding of superoleophobic surfaces,
various models and theories of wetting have been presented in this
section based on their evolution trends. The first model was described
by Young in 1805 [11–13]. For a liquid drop on a perfectly flat surface
(Fig. 2a), wetting is scribed via the interfacial free energy of solid, that
is indicated in Young’s equation.

=
−

θ
γ γ
γ

cos SV SL

LV (1)

where γ is the surface stress that characterizes energy per unit area. As
known from the formula, there is a connection among the interfacial

energy and the contact angle. It can be concluded that Young’s angle is
formed because of a thermodynamical balance of interfacial energy, in
the solid-liquid-vapor boundary area.

Since surface conditions of real surfaces (not ideal) usually have is
different in practice, and surface roughness acts as an important factor
in the solid surfaces wettability, therefore it’s not feasible to the contact
angle states with Young’s equation.

In 1936, Wenzel introduced an equation in which interfacial
roughness and energy are related to the contact angle, as of the fol-
lowing equation [14]:

− =r γ γ γ θ( ) cos *SV SL LV w (2)

where θ*w represents Wenzel’s contact angle and is affected by the sur-
face roughness, shown with r (roughness factor). Modified Wenzel’s
equation is defined by the following equation:

=θ r θcos * cosw (3)

In Wenzel’s formula, it is presumed that liquid penetrates into the
hollows, which are a consequence of surface roughness (Fig. 1(b.2)).
Thus a homogeneous wetting regime is typically defined by the Wen-
zel’s equation [15]. From Wenzel’s equation, it can be concluded that
roughness can increase both wetting and anti-wetting, reliant on the flat
surface features. Thereby, if the smooth surface contact angle is bigger
than 90°, surface roughness would increase the contact angle and if the
contact angle is less than 90°, increased roughness would result in a
lower contact angle [16].

Wenzel’s model is only applicable to the homogeneous interfaces,
and cannot be used for heterogeneous surfaces. Therefore, Cassie and
Baxter introduced another model for heterogeneous surfaces in 1944
(Fig. 1(b.3)). This model involves two parts: the initial part includes θ1
and f1; where θ1 is the contact angle for component 1 with area fraction
of f1. The second part includes θ2 and f2; where θ2 is the contact angle
for component 2 with the area fraction of f2 [17]. Accordingly, the
contact angle is defined by the Cassie-Baxter equation as following:

= +θ f θ f θcos cos cos1 1 2 2 (4)

where θ represents the Cassie-Baxter angle, fi is the area portion of the
surface with the contact angle of θi (f1+ f2= 1).

In Cassie-Baxter’s model, assuming the drop and the solid are in
contact only at the tip of the picks and small air pockets are stocked
underneath the liquid. under the circumstances, it can be considered
that the fraction of surface area, in which the air pockets are trapped,
doesn't wet by means of the drop. If only air exists between solid and
liquid, θ2 would be equal to 180°. Thereby, Cassie-Baxter’s equation
could be written as below:

= + −θ f θcos (cos 1) 1CB s s (5)

where fs represents area fraction of the solid surface with the contact
angle of θs. It should be noted, Cassie-Baxter’s model is not always valid
for all kind of surfaces, for example, if a surface owns hydrophilic
property then the droplet may immerse into the gap structure. In ad-
dition to the mentioned models, there are more advanced models to
predict specific states of wetting, which are mentioned in the references
section [18–23].

2. Superhydrophobicity and superoleophobicity in nature

Up to now, most of human discoveries and inventions were inspired
by nature itself. Thus in order to study and evaluate omniphobic sur-
faces, we must start from nature itself. In the past decades, the existence
of superhydrophobic and superoleophobic surfaces have been proved
[24]. The simplest and most reliable method of manufacturing super-
oleophobic materials is to impersonate nature's behavior. Definitely,
numerous plants, insects, and animals which has been produced in
nature are capable of preventing water molecules from penetration in
addition to low interfacial stress liquids including oils. In this section,

Fig. 1. (a) Illustration of contact angles formed between a liquid and a hor-
izontal solid surface, (b) Wetting state of an oil droplet on different surfaces: (1)
Young’s equation (2) Wenzel model, (3) Cassie and Baxter model.
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we are going to discuss that species which are able to repel liquids with
low surface tension.

2.1. Superoleophobicity among plants

Generally, many superhydrophobic surfaces like Lotus plant can be
found in nature and by taking inspiration from nature, various ap-
proaches have been introduced to produce superhydrophobic surfaces
[4,25–27]. Though, there are not so many superoleophobic surfaces in
nature. The reason being that could be because of oil’s surface energy
and its compounds, whereas oil’s surface tension is about 20 mNm−1 to
35 mNm−1, being less than water’s surface tension which generally,
makes harder to repel oil droplets from the surfaces.

As is mentioned Lotus (Nelumbo nucifera) is one of the most famous
superhydrophobic plants which has shown superoleophobicity for
various oil compounds [24]. The value of Ɵw of Lotus leaves is more
than 150ᵒ which shows ultra-low water adhesion and it also has shown
self-cleaning properties [27] (Fig. 2). It can be perceived from Fig. 2b,c
that leaves self-cleaning properties which are resultant of the Cassie–-
Baxter state help the plant to remove dust from the surface. This feature
is the effect of a twofold (micro/nano) surface structure (Fig. 2d. The
convex cell papilla is determined from the microscale scanning electron
microscopic (SEM) images (Fig. 2e). while at the nanoscale (Fig. 2f)
lipids are observed. Pedersen et al. disclosed that Melilotus Siculus, a
plant species with superhydrophobic greeneries, is capable of the un-
derwater photosynthesis until three days due to gas treatment on leaves
surfaces. because of the gas tramping ability which can physically part
the seawater from the leaf, This plant also can survive in saline water
[26,27].

Undoubtedly, fabrication of superhydrophobic materials can be by
means of essentially hydrophilic materials similar to the fabrication of
superoleophobic materials from essentially oleophilic materials [3].

2.2. Superoleophobicity among animals

The discovery of superoleophobic properties in nature led to tre-
mendously exciting innovation in substituting perfluorinated com-
pounds with other materials which can be produced naturally. Due to
the problematic process of fabrication that superoleophobic surfaces
require, finding examples of them in nature is challenging. Although,
some references have referred to the superoleophobic property of sev-
eral species of insects, such as Insecta, Hemiptera, and Cicadellidae
[28].

Sun et al. examined the wings of fifteen species of cicada [29]
(Fig. 3). This team detected variances in the similarity of the nano-
domes and also dissimilarities in diameter, height, and spacing. The
maximum water contact angle (Ɵw ≈ 160ᵒ) were obtained for Terp-
nosia jinpingensis. Moreover, the possibility of multiple features in-
cluding anti-reflective and anti-fogging features is reported among
structures with an extremely high level of orders at both the micro and
the nanoscale. An example is shown in Fig. 4 (a.1–4) [3] that hexagonal
facets within eyes (ommatidia) containing periodic arrays of pro-
tuberances with a diameter of 200 nm and a height of 70–80 nm. These
features are tremendously significant for solar cells uses.

The superoleophobic properties of leafhoppers (the family
Cicadellidae of the insect order Hemiptera) is reported by Gorb and
Rokitov [28]. There are special structures found on their body surface.
These insects secrete intricately structured granules, called Brocho-
some, which these granules uniformly cover all of their body surfaces.
These structures are shown in Fig. 4. As seen in the figures, these
granules have a hollow spherical structure, with diameters of about
200–700 n, plus a honeycomb-like shape. These structures have a
special morphology named "re-entrant curvatures", which this special
morphology results in the creation of superoleophobic property
[30,31].

Also, the Werner group had conducted an investigation which led to
the determination of one of the most significant species which have

Fig. 2. Pictures of a superhydrophobic lotus greeneries with self-cleaning features at diverse magnifications [27].
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super oil repellent properties [33]. The team evaluated the cuticle
micro/nano structures of forty dissimilar kinds of Collembola (spring-
tails) (Fig. 5). Species of Collembola are usually fewer than 6mm (0.24
in) long, have six or less intestinal parts and have a tube-shaped ap-
pendage (the collophore or ventral tube) with reversible adhesive ve-
sicles, projecting ventrally from the primary intestinal part. The Po-
duromorpha and Entomobryomorpha have a stretched figure, however,
the Symphypleona and Neelipleona have a round figure. Collembola
deficient a tracheal breathing structure, which compels them to inhale
by means of a permeable cuticle, to the notable exclusion of Smin-
thuridae which show a rudimentary, while completely efficient, tra-
cheal structure. Because of the negative outcrop in the sketch of the
ridges and granules, including robust pinning of the three-phase contact
line of a liquid dropped on the surface (even minor interfacial stress
liquids), superoleophobic properties are enhanced. As a result, an en-
ormously great energy wall (reliant on the liquid interfacial stress) is
shaped to steady the Cassie–Baxter state. The shape of the cavities plays
an important rule on the intensity of this energy. The main structural
component of arthropod cuticle is chitin a long-chain polymer of N-
acetylglucosamine, is derived from glucose. It is a major section of cell
surrounding in fungi, the exoskeletons of arthropods, for instance,
crustaceans (e.g., crayfish, shrimp, krill, woodlice,) and insects, the
radulae of molluscs, cephalopod beaks, and the scales of fish and lis-
samphibians. The building of chitin is like another polysaccharide -
cellulose, forming crystalline nanofibrils or whiskers. Functionally, it
might be compared to the protein keratin. Chitin has demonstrated
beneficial for numerous therapeutic, manufacturing and bio-high-tech
applications [34].

In general, if we want to classify superoleophobic surfaces that are
found in nature, we can refer to several types including Snail shell that
has a self-cleaning property and helps keep the snail’s body surface
clean. The main reason for this property (self-cleaning) is because of its
superoleophobicity and by taking inspiration from its structure, many
other superoleophobic surfaces have been fabricated [35]. Another
superoleophobic surface that is found in nature is fish scale [36]. Also
by taking inspiration from its structure, many other self-cleaning sur-
faces have been fabricated. Shark skin can also be classified as the

superoleophobic surfaces that are found in nature [37]. Studying these
surfaces has led to various approaches to fabricate superoleophobic
surfaces, which will be discussed in the following sections. These dis-
coveries have opened new doors to advance superoleophobic surfaces
without fluorinated materials.

3. Evaluation methods of wettability

3.1. Static and dynamic contact angle and surface tension measurement

3.1.1. Direct optical method
One of the most commonly used methods of contact angle evalua-

tion using the uninterrupted measurement of the tangent angle at the
three-phase contact point on a sessile drop profile. Ramé-hart instru-
ment manufactured the first commercial contact angle goniometer
using Bigelow et al. [38] setups and W.A. Zisman design (Fig. 6.a). As is
shown, the equipment main parts are at horizontal stage, a micrometer
pipette, a lighting origin and a telescope fortified with a protractor
eyepiece. Over the years, modifications of the equipment such as using
a camera to take photographs of the drop profile [39] or high magni-
fication instrument in order to enhance precision [40] and etc. have
been made.

Currently, the optical and hydrophobic transmittance features of the
applied silica particles have been studied by Yilbas et al. [41] on the
glass surface before and after the transmission of films made of gra-
phene and graphene oxide on the surface. In addition, they applied the
Kyowa contact angle goniometer to carry out the wetting experiment.
Furthermore, an experiment was performed by Lai et al. [42] on tailor-
made thin film nanocomposite membrane combined with graphene,
where static contact angle (CA) measurement was carried out with
DataPhysics OCA 15Pro contact angle goniometer with the use of
Milipore RO water as probe liquid to estimate the surface wetting
features of membranes made of composite.

3.1.2. Captive bubble method
We can form an air bubble under the solid sample engrossed in the

experimental liquid in order to be used as a substitute for creating a

Fig. 3. Images of the nanostructures existent of various species of a specific fly [29].
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liquid sessile drop above the solid sample. Moreover, we can directly
calculate the contact angle that is created in the liquid by the air
bubble. This technique, which is broadly recognized as the “captive
bubble method” today, was designed by Taggart et al. [43] (Fig. 6.b). In
this method, we inject a small quantity of air (approximately 0.05ml)
into the desired liquid so that an air bubble is created below the solid
surface. As observed in the sessile drop method, it is important to keep
the needle in the bubble in order not to interrupt the advancing angle's
balance, preventing the slow movement of the bubble from the solid
surface if there is no seamlessly horizontal plate.

A new nuclear magnetic resonance (NMR)-based technique was
exploited by Sun et al. [44] to assess the coals’ water and CO2 wett-
ability. We applied the current common techniques (e.g., captive-
bubble and pendant drop tilting plate) to estimate the angles of water
and CO2 contact.

3.1.3. Tilting plate method
Adam and Jessop introduced the tilting plate method where a solid

plate that is tightly grasped above the liquid from an end is revolved
toward the surface of the liquid so that the plate's end is engrossed in

Fig. 4. (a) image at a different magnification of (1–4) antireflective moth-eye [3] and (5–9) anti-fogging fly eye [32], (b) Images at various magnifications of
superoleophobic bronchosomes present at the surface of leafhoppers.
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the liquid. This leads to the formation of a meniscus on the plate's both
sides. Following that, the meniscus is made horizontal on a plate's side
by slow tilting of the plate (Fig. 6.c).

To enhance the method's precision, Fowkes and Harkins [45] ap-
plied glass barriers and a film balance to wipe the surface and recognize
the contaminations on the liquid surface, respectively. To make sure
that the solid-liquid intersection's edge is placed on the rotation axis,
these scholars applied a microscope with an eyepiece. Intending to
precisely estimate the angle of contact, Smedley and Coles [46] applied
a scanning laser beam with the tilting plate technique to evaluate the
moving contact line. This method has a high potential and precision to
automatically define the dynamic contact angles’ velocity dependence.

Remer et al. [47], conducted an experiment measuring the dynamic
water contact angle during the initial phases of the droplet. The results
of this investigation show lower accuracy of traditional static quasi-
static measurements (sessile drop, tilting plate, or Wilhelmy plate
methods) in comparison with fluid flow method which reflects physio-
chemical properties of surface impingement.

3.1.4. Wilhelmy balance method
Wilhelmy introduced the generally indirect method that can be used

to estimate the angle of contact on a solid sample. The alternations in
the weight of a vertical plate are found by a balance when a liquid is
contacted with a shrill, vertical and even plate. The force alteration
identified on the equilibrium is formed by a mixture of the wetting force

and buoyancy (the force of gravity is not changed). In Fig. 6.d, we
explained the wetting force f:

= γ θF lv p cos (6)

In this equation, θ is the contact angle, γLV is the tension of liquid
surface, and P is the contact line's perimeter, which is similar to the
perimeter of the cross-section of the solid sample.

Thus, the entire force alteration F detected on the equilibrium is:

= −γ θ ρF lv p cos VΔ g (7)

In this equation, g is gravity acceleration, Δρ represent the alteration
in thickness among the air and liquid (or an additional liquid) and V is
the displaced liquid's volume.

Therefore, we can easily estimate the value of the contact angle as
long as the solid perimeter and tension of the liquid surface are re-
cognized. Princen [48] designed a technique that can be used to achieve
a zero angle of contact so that the tension of the liquid surface could be
calculated with the use of the Wilhelmy balance method. A receding or
advancing contact angle can be formed by pulling out or pushing in the
solid sample in the liquid, respectively. The whole process is shown in
Fig. 6.d. It is notable that the method of Wilhelmy balance is a force
technique that is indirect.

3.1.5. Capillary rise at a vertical plate
In confined liquid films, capillary flows ascend in many contexts,

such as spreading and wetting of liquids on asymmetrical surfaces,

Fig. 5. Image at different magnification of various species of superoleophobic springtails [3].
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Fig. 6. (a) A reme-hart contact angle
telescope-goniometer, (b) captive
bubble method, (c) tilting plate method,
(d) a submersion cycle for the Wilhelmy
balance evaluation: (1) The sample ap-
proaches the liquid, and the force/
length is zero. (2) The sample is in
contact with the liquid surface, forming
a contact angle θ < 90°; the liquid rises
up, causing a positive wetting force. (3)
The sample is immersed further, and the
increase of buoyancy causes a decrease
in the force detected on the balance; the
force is measured for the advancing
angle. (4) The sample is pulled out of
the liquid after having reached the de-
sired depth; the force is measured for
the receding angle. (e) Capillary Rise at
a Vertical Plate (f) Individual Fiber
method (g) Capillary tube method (h)
capillary bridge method (i) Drop shape
analysis.
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microfluidics, porous media, and management of fluid in environments
that have a low gravity. In this regard, you can refer to Kistler [49] and
Steen [50]. To satisfy the contact angle, the local curvature of the liquid
surface is elevated to improve the capillary impacts by interior corners
in a container or channel's solid wall that is partly filled with a wetting
liquid. In 1712, there was a report on the equilibrium meniscus's shape
in the space between two plates placed in a vertical form that made a
small angle. In this report, Taylor [51] and Hauksbee [52] introduced
the equilibrium contact line as a hyperbola. Mason and Marror [53],
and Concus and Finn [54], have evaluated the static menisci at interior
corners. Fig. 6.e. contains the capillary tube method's common sche-
matic.

Oscillating heat pipe (OHP) applications is investigated by Smith
and his colleagues using the sessile drop method and capillary rise at a
vertical plate [50]. Which indicates the usability of these methods, al-
though because of the development of various high tech, more precise
techniques, the application of this method has been reduced.

3.1.6. Individual fiber
Schwartz and co-workers [55] dedicated efforts to the direct esti-

mation of contact angles on fibers. In this regard, an individual fiber
was horizontally suspended in a microscope's field and a goniometer
eyepiece was applied to calculate the drops’ contact angles placed on
the fiber. Accordingly, the approximate receding and advancing angles
of contact were generated by the rotation of the fiber along its long-
itudinal axis. This technique was enhanced by Bascom and Romans
[56] through situating a small ring made of platinum so that the liquid
drop could be held, and vertically passing a glass filament along the
drop's center. As the filament was dragged through the static drop, we
estimated the receding and advancing angles in contact point.

3.1.7. Capillary tube method
When the same material is used to produce the inner and outer

surfaces of the capillary tube, we can apply the Wilhelmy balance
method to estimate the angle of contact. The total amount of the outer
and inner perimeters is the capillary tube's perimeter p. Generally, we
can exploit the Wilhelmy balance method in many objects, including
tubes, plates, wires, capillaries, and rods 6.g).

When a vertical capillary has an adequately slender circular cross-
section, we might regard the meniscus as a spiral. In addition, Jurin’s
law describes the capillary rise recognized as h.

=h
γ cosθ
pgr

2
Δ
lv

(8)

In this equation, g is the gravitational acceleration, Δρ is the dis-
similarity in density between the vapor and liquid, and r is the radius of
the capillary.

3.1.8. Capillary bridge method
A technique that can measure the contact angle with high accuracy

has been designed by Restagno et al. [52]., [57]. In this method, a large
liquid bath is contacted by a spherical solid surface (e.g., a watch glass).

On the solid surface, the wetted area is defined by the formation of a

meniscus or “capillary bridge” caused by the capillary effects. To pro-
vide a systematically changeable wetted region, the solid is gradually
moved up or down, causing a modification in the form of the “capillary
bridge” created between the liquid and the solid surface. We can
quantitatively determine the dynamic angles of contact with a simpli-
fied approximated relation or by numerical resolution of the Young-
Laplace equation if we oversee the alternations in the distance passed
by the solid surface and the wetted area.

= + −−A πR k cosθ h2 ( 2(1 )1 (9)

In this equation, h is the distance between the liquid bath surface
the solid surface, A is the wetted area, and k−1 stands for the capillary
length, identified for each certain liquid. The empirically established
A(h) curve is applied to deduce the θ contact angle.

3.1.9. Drop shape analysis
In the past, the θ /2 method was broadly applied throughout the

primary period of contact angle estimation in order to assess a sessile
drop's profile. This examination regards the liquid droplet as a section
of a sphere. From a geometrical point of view, measuring the apex's
height and diameter of the droplet is carried out to estimate the angle of
contact (Fig. 6.i):

= ⎛
⎝

⎞
⎠

−θ tan h
d2

1
(10)

Rational findings can be obtained by this method if there is a sig-
nificantly small liquid droplet. Nevertheless, in the case of having a
sufficiently large drop that can be affected by gravity, we cannot apply
the spherical shape assumption.

The form of droplet profiles was first assessed by Bashforth and
Adams using the Laplace equation. Based on various values of curvature
radius and tension of surface at the drop apex, these scholars manually
made a collection of sessile drop profiles. As a result, the task used to
determine the tension of the surface turned into the easy insertion from
tables of these researchers, whose significant influence resulted in the
thriving of this field. The Bashforth and Adams tables were enhanced by
Tawde and Parvatikar [58] and Blaisdell [59]. In addition, the same
tables were created by Fordham [60] and Mills for pendant drops.
Several novel techniques have been introduced and there has been a
great enhancement in the shape of the drop since the revolution in the
use of digital computers [61–63].

There have been considerable enhancements in computational
technology and design of hardware, causing a significant improvement
in the analysis of drop shape for the science of surface. Designed by
Rotenberg et al. [64] and enhanced by Cheng et al. [63], Kalantarian
et al. [65]., Spelt et al. [61], and Río [66], the technique of axisym-
metric drop shape analysis (ADSA) is assumed to be among the most
precise methods for significantly accurate measuring the angle of con-
tact. This method has a± 0.2° reproducibility and compared to the
direct tangent measurements that have the same rate of reproducibility,
this technique can enhance the precision of estimation of the contact
angle through basically an order of magnitude.

Finding the most efficient theoretic profile which complies with the

Table 1
The evaluations of axisymmetric drop shape analysis-profile (ADSA-P) method.

Writer Contribution in ADSA-P method advancement

Rotenberg et al. [64] In this method, an objective function is defined as the sum of the squares of the normal distances between experimental profile points and
corresponding theoretical profile points.

Cheng et al. [67] The first generation ADSA-P method by implementing a computer-based edge operator
Dodel [68] Extracting the drop interface profiles automatically
Rio and Neumann [66] Developing the second-generation ADSA-P method by integrating more efficient algorithms.

Overcoming the apex limitation using the curvature at the apex instead of the radius of curvature at the apex as a parameter.
F.K. Skinner and E. Moy [67], [69] Developing the axisymmetric drop shape analysis-diameter (ADSA-D)
Cabezas et al. [70] Introducing A new drop shape analysis method called theoretical image fitting analysis (TIFA)
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drop profile obtained from an empirical image that is used to estimate
the drop volume, the angle of contact, as well as surface tension and
area is the ADSA technique's fundamental principle. The two major
hypotheses involved in the ADSA method include having a Laplacian
and axisymmetric empirical drop and presence of gravity as the in-
dependent outer force. Applied as a parameter that can be adjusted,
surface tension is searched by the algorithm to find the precise level of
surface tension requires for production of the most efficient theoretical
profile, which matches the empirical drop profile. Table 1 contains
information about the assessment of the axisymmetric drop form ana-
lysis-profile (ADSA-P) method.

3.1.10. Contact angle measurement of ultra-small droplets
Despite the significant assessments performed on the wetting phe-

nomenon at the macroscale (ml), there is a lack of research on the
wetting attitude at the nano- or microscale (nano- or micrometers) and
a lot of issues are yet to be resolved. Wetting theories can be assessed at
the nanoscale level by evaluating the ultra-small droplets on solid
surfaces. In this condition, the wetting attitude is considerably affected
by evaporation of liquid and tension of life (both being typically in-
significant in macroscale research). Studies conducted in this area are
related to several industrial uses, including wastewater treatment [71],
friction in microelectromechanical systems (MEMS) devices [72], and
flotation in mineral recovery.

Different dimensions of ultra-small liquid droplets (e.g., creation
and results of wetting evaluations) have been investigated by Mendes-
Vilas et al. [73]. Emulsion drops, condensation in environmental
chambers by heterogeneous nucleation, electrospray, and spraying are
among the most conventional techniques to create ultra-small droplets.
Since atomic force microscopy (AFM) has a nanometer-scale resolution
and can be operated in ambient air or any type of monitored fluid
(whether being liquid or gaseous) atmosphere, it is regarded as the most
proper method for imaging liquid droplets and films of micrometer and
sub-micrometer dimensions on flat substrates [74].

In terms of AFM's time resolution, it seems that we need 15–30 min
to take sturdy liquid images. Use of AFM to image small volatile liquid
droplets is delayed by this inefficient time resolution since these dro-
plets evaporate before we get a chance to take an image. In addition,
the mentioned time resolution causes difficulties in completing dy-
namic wetting studies (estimation of receding and advancing contact
angles or following of dewetting processes). Therefore, the best method
for these [75] purposes is video-rate AFMs. The AFM scanning speeds
are quickly moved toward [76] achieving video-rates by recent devel-
opments.

The non-evaporating phenomenon involves the presence of the
droplets for long hours to keep constant contact [77] areas, volume, and
angle. However, this event has still not been applied along with mi-
croscopic droplets. While one of the suggested methods for overcoming
the evaporation issue is environmental scanning electron microscope
(ESEM), its shortage is that it can be employed on a micrometer instead
of a nanometer-scale. Moreover, the high price of this technique causes
a delay in its overall accessibility in laboratories of surface science.
More explanations about this topic are provided in the ESEM section.

3.2. Bouncing characteristic

Over the last century, researchers have focused on the impingement
of droplets on dry or wetted surfaces, which is pervasive in natural and
industrial processes. Several mechanisms are involved in the mentioned
phenomenon that is accountable for an extensive range of results. Fig. 7
contains a conventional bouncing test setup with sections of a flat
specimen, a gauge needle, a white LED lamp serving as a source of the
backlight, and high-speed visualization devices.

While there is a great number of studies on this phenomenon, it is
still not fully covered and its several interesting dimensions are in-
vestigated by scholars. According to Couder et al. [78], droplet

bouncing that is mediated by air on a vibrating bath, which contains
similar fluids, is among the fascinating uses of this phenomenon. A
behavior that was formerly known to be only related to the quantum
mechanics’ world is displayed by the droplet, piloted and directed by its
own field of the wave (Bush [79]).

Significant impact of surrounding gas on droplet's behavior has been
suggested by this phenomenon when accompanied by others, including
the droplet bouncing a soap film and multiple bouncing of droplet on a
bath prior to enduring partial coalescence (Chen and Mandre, [80],
Bach et al. [76], Charles and Mason, [75]). Regarding the effect of a
droplet on the solid surface, the shaping of a bubble at the droplet's
center has been assessed by several researchers, specifically and thor-
oughly evaluated by Josserand and Thoroddsen [77].

Bubble formation involves the entrapment of air by forming of a
dimple at the droplet's bottom caused by rising of pressure as the
substrate is approached by the droplet, reported by Chandra and
Avedisian [79]. On the other hand, Pumphrey and Elmore [81] con-
ducted empirical studies and provided logical descriptions of the phe-
nomenon. In this regard, they have reported similar entertainment of
air if the droplet has an effect on the water pool. Details have been
provided on the pressure in the phase of gas and droplet deformation
prior to surface wetting by performing of several studies on impinge-
ment of droplet on a solid surface by Mehdi-Nejad et al. [82].

Bubble entrainment at the droplet's center is approved by their
numerical findings as well. For the first time, Mandre et al. [83] hy-
pothesized the probability of spreading droplets on a layer of thin air
with no direct contact between the solid surface and droplet. Kolinski
et al. [84] evaluated this hypothesis as well, marking the rebound of the
droplets from super hydrophilic surfaces with no contact with the solid
due to the existence of an air film layer at the nanometer-scale level.

Moreover, Ruiter et al. [85] conducted detailed empirical assess-
ments of the phenomenon, demonstrating the bouncing off of the dro-
plets, which have velocities at a low impact, with no contact with solid.
The technique of dual wavelength reflection interference microscopy
(Ruiter et al. [86]) was applied by these researchers to estimate the air
layer's density and obtain thorough data about the air's behavior under
the droplet during the whole process of bouncing. De Ruiter et al., [85]
reported the formation of a kind at the droplet's edge spread outward
simultaneously with maintaining a still position by the dimple's center.
On the other hand, a reduction is observed in the density of film in the
presence of higher impact velocities. This decrease continued until the

Fig. 7. Schematic diagram of the experimental setup for the impact of droplets
on immiscible liquid films.
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formation of a contact between the solid and liquid, which leads to the
wetting of the surface by droplet depending on the surface's wettability
features.

3.3. Durability

Required for superhydrophobicity, the delicateness of the micro-
scopic roughness structures impede the enhancement of surfaces that
are both durable and non-wetting. To guarantee that the Cassie state
will be kept stable after the removal of some surface characteristics,
several studies [87,88,21,89] have applied roughness at two length
scales. In order to protect a more delicate roughness at nanoscale level
superimposed on the larger pattern, robust microscale bumps are in-
cluded in such morphology. Generally, microscale characteristics re-
quire a large aspect ratio in the absence of nanostructures. However, no
such thing is needed when the Cassie state is significantly alleviated due
to the existence of two scales of roughness. Therefore, it could be
concluded that while non-wettability is ensured by the nano-roughness,
there can be optimizations in the microroughness through mechanical
steadiness in mind. This topic is shown in Fig. 8.a.

A layer of superhydrophobic silicone nanofilament was grown by
Zimmermann et al. [87] on textile fibers so that a hierarchically rough
superhydrophobic fabric, which is presented in Fig. 8.b., could be ob-
tained. Applying a force of 5 N, the coated textile maintained its su-
perhydrophobic feature following lengthy wear with simulated skin
contact despite the fact that this type of nanofilaments are significantly
delicate and can be readily destroyed. Using of the water shedding
angle that is regarded as the title angle and experiences drops of water
at the upper side by the surface after being fell from a predetermined
height, is associated with the quantification of the wear's impact.

Making the surface more adhesive toward water by the abrasion is
illustrated when 1450 cycles of wear result in the elevation in the angle
of shedding from 2° to 25°. According to the SEM image (Fig. 9), while
the nanofilaments were removed from the surfaces of contact, they
were kept unchanged in another place. In this respect, Xiu et al., [88]
provided another demonstration of the concept by preparing two-tier
roughness on silicon (Fig. 9) through creating microscale pyramids via

KOH-involved etching at first, followed by the application of Au na-
noparticle catalyzed HF/H2O2 etching so that nanostructures could be
generated on the pyramids. This was accompanied by a rendering of the
hydrophilic or hydrophobic silicon surface via a fluorination treatment.

Drawing of the sample on a Technicloth wipe under a 3.5 kPa load
was used to examine the surface characteristics’ durability. The non-
wetting of the surface is maintained in spite of the upsurge in the
contact angle hysteresis, which indicated the protection of the na-
noscale characteristics on the pyramids’ walls by the microscale pyr-
amids (Fig. 9). Nevertheless, the water droplets rattled down the sur-
face and the abrasion left the trace.

4. Fabrication of superoleophobic surfaces

As mentioned, fabricating superoleophobic surfaces is much more
complicated than the fabrication of superhydrophobic surfaces, due to
the low levels of oil’s surface tension. Most of the approaches of fab-
rication of superoleophobic interfaces are complex and expensive
therefore, these approaches are restricted to specific substrates. In this
section, first, we will review basic chemical compounds and physical
conditions in order to fabricate a superoleophobic surface then we re-
view the various approaches to fabricate superoleophobic surfaces and
their advantages and disadvantages. In principle, there are two dif-
ferent approaches to fabricate superoleophobic surfaces, by altering
surface chemistry and/or altering the surface texture. These two ap-
proaches will be discussed in the next section.

4.1. Surface chemistry in fabrication of superoleophobic surfaces

As mentioned, the surface tension of the oil and organic liquids is
lower than the water surface tension, therefore to fabricate a super-
oleophobic surface, solid surface energy needs to be lower than the oil
surface energy. The primary and most significant stage to manufacture
a superoleophobic surface is the correct choice of the materials to use.
The important materials that are used in the fabrication of super-
oleophobic surfaces typically include fluorocarbon-based materials. It
has been disclosed that the nethermost energy groups in monolayer
films are as follows: CH3 > CF2 > CF2H > CF3 [48,91–93]. Flour-
opolymers are one of the most widely used materials in order to lower
the interfacial energy, because of the presence of CF3 and CF2 groups
[94]. Different types of fluorocarbons can be found as polymers, sur-
factants, and lubricants, which are used in the fabrication of super-
oleophobic surfaces. Flourocarbon-based materials are involved in
many industrial applications, due to the favorable properties (good
thermal and chemical stability, low surface energy and etc.) they have
[95]. Another group of materials that are used in the fabrication of
surfaces which exhibit superoleophobic property is called Flourinated
Salines [7, 96–98]. In this section, properties and the mechanisms of
these materials will be explained.

4.1.1. Perfluorocarbons (PFC) compounds
Fluorine as the most electronegative element has high atomic po-

larization which also is small in size [99]. Their atypical physico-
chemical features lead to exciting and valued applications in many
fields, for instance, surfactants in supercritical solvents, alternatives for
chlorinated solvents, environmental probes to regulate the conversion
between the atmosphere and natural waters, anticorrosive and anti-
friction ingredients, noncombustible, oil and water repellents [100].
Low polarizability of the fluorine atoms can lead to low levels of energy
which will result in low intermolecular force between fluorocarbon
molecules. The low levels of energy cause the fluorocarbon-based tis-
sues to be both oleophobic and hydrophobic. It has been disclosed that
CF3 has the lowermost levels of surface energy [101]. One of the most
important superoleophobic surfaces are the polyelectrolyte/fluorinated
surfactant complexes [102,103], which were studied for the first time in
1996 [104]. Preparation of these kinds of complexes is done by the

Fig. 8. (a) The effect of wear on surfaces with topography in one or two length
scales. (1) The only microroughness is present. Abrasion causes the bumps to
wear off, making the Cassie state no longer stable. (2) The pattern consists of
shallow, mechanically stable micro bumps with a nanoroughness on them. Most
of the nanoroughness is unaffected by wear and the Cassie state remains stable.
(b) PET fabric coated with nanofilaments before and after a wear test that si-
mulates skin contact. Reproduced with permission [90].
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precipitation from an aqueous solution and as a result of cooperative
zipper mechanism between polyelectrolyte and surfactants with an
opposite charge, the stoichiometry of 1:1 will be formed [105–107]. It
has also observed that the PEFA can be prepared through organic so-
lutions and also aqueous dispersion. Examples of fluorinated surfactants
include fluorinated sulphonates, perfluorinated carboxylates and
fluorinated phosphates [108]. Formation of a single-chain is schema-
tically shown in Fig. 10(a). It can be seen that the formation of a na-
nostructured polymer requires two building blocks. The main phase
morphology of the bulk materials exhibiting lamellar architecture is
ideally shown in Fig. 10(b). As seen from the Fig. 10, CF3 groups are
present at the PEFA-air interface which leads to the lower levels of the
surface energy of these complexes (Fig. 10(c)). Fluorinated alkyl chains
at the solid-air interface form a periodic array with a period of 5 nm
[103].

One of the important surfaces that has both oleophobic and hy-
drophilic properties is the polyelectrolyte-surfactant complexes which
their structure had described in the previous sections. Structure of these
complexes causes the concentration of the polyelectrolyte’s hydrophilic
parts to the subsurface region by the electrostatic absorption
[102–105]. This leads to changing from hydrophobicity to

hydrophilicity as the water reaches to the surface and penetrates to the
hydrophilic subsurface [109]. It should be mentioned that the large oil
molecules cannot penetrate to the subsurface through defects which
leads to the surficial oleophobicity. One of the important parameters of
these surfaces is the period of changing from hydrophobicity to hy-
drophilicity, which is a limiting factor in many industries. The long
period required for water penetration is the reason why the primary
polyelectrolyte-surfactant complex oleophobic/hydrophilic surfaces
were initially hydrophobic and also had limited application due to the
weak oleophobic properties [110]. Other two-step methods were in-
troduced in order to improve these properties however; the two-step
method is not suitable for use in massive industrial applications.

Meng et al. [100] have studied the effect of a Perfluorocarbon chain
on the oil/water mixture. They proposed that perfluorooctane sulfonate
(PFOS) is able to emulsify oil-water combination just in the company of
air, totally diverse to hydrocarbon surfactants. The perfluorocarbon
chain prevents hydrophobic complexes and its oleophobicity rises with
reducing the polarity of organic solvents. Fig. 11 shows how a Per-
fluorocarbon compound can separate oil and water from each other.

Making great contact angle by liquids with minor interfacial energy,
like oil, is much harder only via lowering the surface energy. However;
oftentimes perfluoro polymers which have long
[CF3(CF2)xCH2CH2COO] (x=4–7) chains are used to overcome this
problem [111–115]. One of the parameters in the optimization and
improvement of oleophobicity is the chain length of the fluorocarbon. It

Fig. 9. (1) A hierarchically rough wet etched silicon surface (2) after rubbing with a Technicloth wipe and (3) after sand abrasion [88].

Fig. 10. (a) Formation of a PEFA compound by an accommodating zipper
mechanism among a polyelectrolyte chain and oppositely charged fluorinated
amphiphile molecules. (b) A faultless lamellar mesomorphous multifaceted
structure with a duplication unit length L containing fluoroalkyl-containing
sheets with thickness d1 (dark shaded) and ionic sheets containing polyelec-
trolytes with thickness d2 (not shown). This multi-lamellar structure is typical
of numerous fluorinated PEFA materials. (c) The molecular arrangement at the
complex interface – air is dominated by the enrichment of CF3 groups. The
amphiphiles are strongly linked to the polyelectrolyte chains which lie about
1 nm beyond the CF3 layer [103].

Fig. 11. Schematic diagram for PFOS distribution in hexane-water (a) after
shaking, (b) after settling, and octanol-water (c) after shaking, (d) after settling
mixture in the presence of an air bubble.
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has been reported that by increasing the number of -CF2- groups in the
chain, oleophobic and hydrophobic properties will improve which leads
to lowering the surface energy of the polymer [116–119]. Cansoy and
Cengiz. [120] investigated the effect of perfluoroalkyl weight percen-
tage and hydrocarbon chain length on the oleophobic features of per-
fluoroethyl alkyl methacrylate-methyl methacrylate copolymer, with
oils which had different surface energies. They have concluded that by
increasing the hydrocarbon chain length, the contact angle of the co-
polymer's flat film will increase. Also, it has been found that the hys-
teresis angle is affected by the hydrocarbon chain length of the liquids
and increases with the increase of the hydrocarbon chain length while
using oils with low surface energy. Whereas changes in the hydro-
carbon chain length did not have any perceptible effect on the hyster-
esis angle while using oils with high surface tension.

4.1.2. Fluorinated polyhedral oligomeric silsesquioxanes (POSS)
Fluorinated poly hedraloligomeric silsesquioxanes (POSS) molecule

has the lowest surface energy (9.3mN m/ ) among all other solid crystals.
This molecule contains a silicon-oxygen cage which is included with
eight 1H,1H,2H,2H- heptadecafluorodecyl chains [121–124]. POSS
molecules can be functionally controlled, be easily synthesized, their
size is in nanoscale and is commercially available. In addition, POSS
compounds may have high biocompatibility with polymers [125]. So
far, many nonwettable surfaces have been fabricated by this material
[126–129]. Oftentimes F-POSS is utilized as an independent compound.
This can lead to the limited dissolution of this compound in ordinary
solvents and also limited mechanical strength and resistance to wear of
the surfaces containing F-POSS. Ramirez et al. [130] synthesized
moderately compressed long-chain F-POSS along with silanol via a
three-step reaction, in order to overcome the recent problem. This will
result in the synthesis of new material with low surface energy and
strength. Fig. 12 displays the three-step reaction. This research showed
that the new structure displays excellent wetting behavior, similar to
the primary F-POSS compound.

Recently a group of researches has developed a superomniphobic
film using a polyhedral oligomeric silsesquioxane (POSS) based diblock
polymer (P) and polyethylene glycol (PEG) in selective solvents [131].
The outcomes presented that the water contact angle raised along with
the PEG content inside a definite range and the surface roughness was
improved after the addition of AC. This shows cooperative applications
of POSS compounds.

4.1.3. Fluorinated silanes
Another group that is used for the creation of superoleophobicity, is

fluorinated silanes. Due to the strong chemical absorption on hydro-
philic surfaces (glass, quartz, and oxides) and hydrophobic surfaces
(plastics), recently thin films of silane have being used in order to
control physicochemical characteristics of various solid surfaces
through adjusting the wetting properties [132–134]. Malaga and
Mueller. [135] have employed fluorinated silanes on the surface of
concrete and stone for anti-graffiti uses. In comparison with the

mentioned systems, fluorinated silanes or silsesquioxanes are supreme
as a coating for these spongy surfaces with minor pores. The reason is
that these coatings cause the transfer of water vapor which will main-
tain the adhesion of these coatings to the substrate, even in moist and
jungle conditions (these conditions will cause the gradual disbanding of
the normal coatings). Furthermore, the aforementioned materials dis-
play decent transparency though; porosity affects the cleaning capacity
of the surface. As a result, in some cases, paint pigments get trapped in
the pores and getting them out can be challenging.

Recently, Wang et al. [136] have developed metamorphic super-
omniphobic (MorphS) surfaces that alter their morphology in retort to
heat. They manufactured the mushroom-like pillars of the thermos-re-
sponsive shape memory polymer by means of blending photo-
lithography and reactive ion etching (see Fig. 13). Afterward, they
improved the surface chemistry by means of a fluorinated silane to
impart low solid interfacial energy.

4.1.4. Surface structure in fabrication of superoleophobic surfaces
As mentioned, fabrication of a liquid-repellent surface requires

lower surface energy and also the surface structure should be I a proper
condition for this purpose. Various approaches have developed in order
to fabricate superhydrophobic surfaces by altering the surface structure,
these methods can be also used to fabricate oleophobic and even su-
peroleophobic surfaces. In this section, initial requirements of fabri-
cating superoleophobic surfaces are presented then various approaches
to prepare the surface structure in order to fabricate superoleophobic
surfaces are explained.

4.1.5. Surface structure requirements for the creation of superoleophobicity
By using various nanostructured techniques, a wide range of surface

topologies can be fabricated [137,138]. Structures with oleophobic
properties mostly include overhang and re-entrant geometries
[139–141]. The overhang structure was initially introduced for the
fabrication of superhydrophobic structures [142,143]. The overhang
structure prevents liquids from penetrating into the bulges due to the
capillary force [144]. Kumar et al. [145] fabricated SiNG overhang
nanostructure at the apexes of silicon nanograss via controlling etching
parameters of Si wafers and showed that this structure improves oleo-
phobicity and hydrophobicity of the surface. It has been observed that
after the fabrication of this structure, the wetting angle for water and
benzyl alcohol was 165 and 152, respectively. Fig. 14 shows different
views of the samples with different overhang diameters. As can be seen,
by fabricating the overhang structures at the apexes of the SiNG rods,
wetting contact angle of benzyl alcohol increases by an increase of si-
licon oxide top layer thickness from 0 nm to 400 nm. It can be found
that the overhang structure prevents liquids from penetrating into the
space between the rods which leads to improving the oleophobic
property of the surface. According to the modified Cassie-Baxter
equation for the spherical-top pillar structures [146], by increasing the
pillar diameters and/or increasing the sphere diameters of the pillar
surfaces, wetting angle decreases. Recently, Xu has [147] invented new

Fig. 12. Synthesis of incompletely condensed Fluoroalkyl Silsesquioxane [130].
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molding-based fabrication method for manufacturing re-entrant sur-
face. This method has overcome previous problems by first making the
main microstructures upside down by using a mold and the substrate
while the initial substrate used during the molding process is removed.

Christian Aulin et al. [92] have fabricated a superoleophobic surface
by the formation of an overhang structure on the silicon, which has an
oleophilic nature. In this study, overhang structures were formed via
the plasma-etching process. After the formation of the cellular structure
on the surface and getting covered by the fluorinated trichlorosilanes,
the fabricated surface displayed superoleophobic property.

Formation of the overhang structure results in a stable state of
nonwetting Cassie-Baxter which leads to the superoleophobicity and
superhydrophobicity of the surfaces [148]. Fig. 15 shows the overhang
structure formed on the FOTS surface. Also wetting angle for oil and
water is presented. As can be seen, the overhang structure leads to the
superoleophobic and superhydrophobic properties on the surface.

As mentioned, in general, in order to fabricate a surface which has
liquid repellency property, surface roughness should be incorporated
and also surface energy should be decreased. In many cases, first, a
rough structure is fabricated on the surface then the surface energy of

this rough structure will decrease. But the important point in the fab-
rication of the superoleophobic surfaces is that, incorporation of the
surface roughness for the creation of superoleophobicity is more com-
plicated and challenging than the incorporation of the surface rough-
ness for the superhydrophobic surfaces We illustrated a schematic of
the liquids’ states in contact with rough surfaces in Fig. 16 to better
grasp the intricacy of the elements required to generate the super-
oleophobic surfaces. In the mentioned figure, θ is the liquid's equili-
brium angle and ∅structure is the local geometric angle of the rough
surfaces found between the horizontal line and structure's side walls.

In case of the establishment of ∅structure < θliquid, we have an up-
ward resultant force F on the liquid-air interface and a convex liquid-air
boundary area in the rough structure's grooves. This results in a delay in
the wetting of the surface by the liquids inside the rough structure and
the development of a composite sold-liquid-air interface in the Cassie-
Baxter state. However, in case of the establishment of∅structure > θliquid,
we have an inward resultant force on the liquid-air interface, which
causes a full surface wetting by the liquids inside the rough structures
[150].

Water's contact angle is within the range of 90°−120° for the

Fig. 13. (a) Schematic depicting the reversible morphology transformation between the mushroom-like pillar texture and the collapsed pillar texture. (b–d) SEM
images showing the as-prepared mushroom-like pillar texture, the collapsed pillar texture, and the recovered mushroom-like pillar texture, respectively [136].

Fig. 14. Tilted view, top view, contact angle
image of benzyl alcohol, and cross-section il-
lustration of liquid covered SiNG surface (a)
with 0 nm, (b) 100 nm, (c) 200 nm and (d)
400 nm thick silicon oxide on top. The scale
bars are 1 µm. The contact angle changes from
115 to 151° by depositing overhanging oxide
structures to the Si tips, which also cause the
nanowires to widen [145].

S. Ghaffari, et al. Surfaces and Interfaces 17 (2019) 100340

13



majority of materials that have low surface energy levels. Therefore, it
could be inferred that the majority of rough surfaces with ∅structure

below 120° can be applied to generate a superhydrophobic exterior area
in the Cassie-Baxter state (Fig. 16(a–c)).

Meanwhile, the oil's contact angle on the surface materials that have
been altered and have a low surface energy level is below 90°, meaning
that just a rough surface that has a ∅structure below 90° can be exploited
to generate superoleophobic surfaces in the Cassie-Baxter state

(Fig. 16(d–f)). As such, more difficulties are involved in the generation
of superoleophobic surfaces by the rough surface, compared to super-
hydrophobic surfaces. In addition, the superoleophobic surface can only
be formed by the re-entrant structures (φstructure < θoil < 90°) [151].

The re-entrant structure is a two-dimensional hierarchical structure
in which a composite solid-liquid-air interface is formed. At first, this
structure was used for the creation of superhydrophobicity [152,153].
The superhydrophobic property on most of the trees’ leaves is due to the
re-entrant surface texture on them [142,144,148,154]. The re-entrant
structure is schematically shown in Fig. 17. According to the small
distance between the pillars, compared to the capillary length, the ef-
fect of gravity is insignificant and the liquid-air interface can be con-
sidered as a flat plane, which its position is determined by the vertical
coordinate z [152]. Fabrication of the liquid-repellent surfaces by using
the concept of the re-entrant surface structure has been the subject of
many investigations [155–157].

Structures that were introduced for the fabrication of super-
oleophobic surfaces have limitations such as surface contamination
after several uses, high intricacy and also high cost. In order to

Fig. 15. (a) SEM micrograph of the textured FOTS surface with an overhang
pillar structure on Si-wafer (inset: higher magnification micrograph showing
details of the pillar structure) and (b) static contact angles for water and hex-
adecane on the textured surface in panel a [149].

Fig. 16. Schematics of water (a–c) and oil (d–h) in contact with the rough structures with different values of ∅structure [151].

Fig. 17. Two-dimensional pillars with semicircular bumps/grooves. (a)
Schematic of the structure. The bumps may pin the triple line because of an
advancing LA interface results in a decrease in the contact angle (θ < θ0),
making the equilibrium stable. Grooves provide equilibrium positions that sa-
tisfy the Young equation; however, the equilibrium is unstable because an ad-
vancing LA interface results in an increase in the contact angle (θ > θ0) [152].
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overcome these limitations, another structure is used to make surfaces
superoleophobic, called mushroom-like structure. Fabrication of this
structure is inspired by gecko toe pad [158–160]. Kang et al. [161]
fabricated a polymeric superomniphobic surface by a simple micro
modeling and fluorocarbon surface treatment. The presented model was
inexpensive and did not have the previous model's limitations. Also, the
fabricated surface showed high durability.

4.2. Various approaches to fabricate superoleophobic surfaces

In this section, various approaches toward the fabrication of su-
peroleophobic surfaces will be described and discussed. First, each
method is explained and then some examples of them are brought.
These methods are shown schematically in Fig. 18.

4.2.1. Sol-Gel
Sol-Gel method is a cost-effective, efficient method and it is low

pressure and low-temperature process. Rough surfaces can be fabri-
cated on various oxides, using this method however; the problem with
this method is that it is an extremely slow process and it may take
several hours or several days [162]. In addition, superhydrophobic
surfaces can be fabricated via Sol-Gel, based on Cassie-Baxter theory
[163–165]. Superoleophobic surfaces have also been fabricated via Sol-
Gel method [166–172]. Xia et al. [173] have prepared a robust CuO/
TiO2 Superamphiphobic Steel Surface through Chemical Deposition
and Sol-Gel method using two-step immersing method which led to the
formation of CuO/TiO2 micro/nano structure on the surface as is
shown in Fig. 19. This film showed a contact angle of about 150 ᵒ and
sliding angle of fewer than 10ᵒ.

Regarding the generation of coatings with significant mechanical
sustainability, which contains superoleophobic and superhydrophobic
features in the mentioned studies, Wu et al. [174] applied both high
and low SiO2 nanoparticles’ surface energy to fabricate these types of
coatings using the Sol-Gel technique. The coating's mechanical stability
was assessed using the cross-cut tape adhesion test, Posttest Pull-Off

adhesion test, pencil scratch test, and nano-indentation. Moreover, the
superoleophobic and superhydrophobic features of the coating were
evaluated applying different liquid droplets with various surface en-
ergies. Furthermore, the molar ratio of SiO2 nanoparticles with surface
energies at a high and low rate was monitored in order to tune the
surface topology. According to the results, the coating exhibits the most
efficient mechanical and superoleophobic features when the molar ratio
is at 2:4 between the SiO2 nanoparticles’ low and high surface energy.

4.2.2. Etching
The etching is a simple process and cost efficient which can be used

for the creation of surfaces with various roughness's and this process is
being used widely for the fabrication of superoleophobic surfaces
[175–177]. As mentioned, re-entrant and overhang surface texture is
necessary in order to have superoleophobicity on the surface. It should
be stated that the creation of these structures can readily be done, using
the etching method. The etching process can be classified as wet etching
and dry etching, whether it uses a solution or not. Generally, wet
etching is being used for simple species and controlling the surface
topology is complicated, however; dimensional control is simpler in wet
etching and the required equipment for dry etching is more complicated
and also more expensive. Anyhow, fabricated surfaces using both
methods are fragile, as they get bitten from the primary etching sub-
strate. Fabrication of the superoleophobic surfaces via etching method
has been the subject of many studies [151,178–181]. One of the main
challenges that are concerned in the fabrication of superhydrophobic
and superoleophobic coatings, is the mechanical stability of these
coatings. Due to the fact that fabricating most of these coatings require
incorporation of the rough surfaces, the created surface roughness can
be removed by mechanical forces and as a result of that, the hydro-
phobic or oleophobic efficiency of these surfaces decreases. Aluminum
and its alloys are an important part of engineering materials and have
applications in most of the industries due to the unique properties
[182]. Therefore, fabricating both superoleophobic and super-
hydrophobic surfaces on the aluminum to improve its unique

Fig. 18. Schematic of various approaches to fabricate superoleophobic surfaces.
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Fig. 19. The scheme of the preparation of superamphiphobic CuO/TiO2 dendrite micro/nanostructures on the Q235 steel surface [193].

Fig. 20. Schematic view of the fabrication processes for the grooved mushroom structures and geometric parameters [175].
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properties, is of great importance. So far many pieces of research have
been done on this subject [151,183–185]. Peng and Bhushan [186]
fabricated a hierarchical structure via etching method, which exhibited
high mechanical stability.

Lee et al. [175] fabricated a superoleophobic surface with the
grooved mushroom structure on a silicon wafer via chemical etching
method which is a simple and cost-effective method and afterward, they
investigated the wetting properties of the surface. Schematic of this
process is shown in Fig. 20. In this figure, geometrical parameters that
are incorporated on the surface is also being shown. The fabrication
process consists of fabricating 4 structures which SiO2 and Si3N4 layers
were grown on the silicon wafers substrate via thermal oxidation and
low-pressure chemical vapor deposition processes, respectively. After
this step, the type 1 and type 2 silicon wafers were etched in tetra-
methyl ammonioum hydroxide solution, in 85°C. Etching parameters
were controlled precisely in order to achieve a structure with controlled
geometry. The type 3 and type 4 specimens were etched in Tetra-
methylammonium hydroxide (TMAH) solution, in 54°C. After the
etching step, the etched specimens were treated by molecular vapor
deposition of Tridecafluoro-1,1,2,2-tetrahydrooctyltrichlorosilane, for
minor interfacial energy.

Song et al. [151] fabricated re-entrant structure on the aluminum
substrate via etching method which leads to the creation of super-
oleophobic property on the surface. The re-entrant structures include
rectangular-shape in micro/nanometer scale and step-like Al structures
which are achieved via electrochemical etching and Ag grains in nan-
ometer scale are also obtained from immersion in [Ag(NH3)2]+ solu-
tion. Furthermore, surface energy decreased due to the presence of
perfluorooctanic acid containing− CF3 and− CF2 groups. Results from
this research showed that the creation of the re-entrant structure and
also reduction in the surface energy because of the presence of− CF3
and− CF2 groups, lead to a 160° angle for contact angle of the oil.
Fig. 21 shows the SEM images of the electrochemically etched Al sur-
face. As can be seen, electrochemical etching results in the creation of
rectangular-shaped and step-like erections in 1–5 micrometer scale.
Also, it can be found out that the main phase is Al. The main reason
behind the creation of this structure after electrochemical etching is
related to the great quantities of grain boundaries and dislocations
presence in polycrystalline Al [187].

Seungmuk Ji et al. [179] also fabricated superhydrophobic and

superoleophobic structures on the Al surface via an etching process. The
formation process includes grinding, acid etching and coating with
fluoroalkylsilane in sequence. The wettability of the fabricated coating
was characterized using different liquids with various surface energies,
such as water, diiodomethane, and hexadecane. The best wetting
properties were observed with 10 min etching and it was found out that
the nanostructure on Al surface was disappeared with 20 min etching
which leads to the reduced wettability

Yu Strong et al. [188] manufactured superhydrophobic and oleo-
phobic surfaces on Zn substrate via chemical etching process and hy-
drothermal reaction. The fabricated surface consists of micro hexagonal
prisms with 4 μm in length, 0–1 μm in the gap and 0.4–1 μm in dia-
meter. Then, the fabricated surface had superhydrophobic and oleo-
phobic properties with a fluoride coating. In this study, the effects of
diverse parameters such as etching time and hydrothermal reaction
factors, on the coating wettability were examined and the etching time
of the 90 s and the hydrothermal temperature of 95°C were found out as
the optimum parameters. With these optimum parameters, the contact
angle of water was 151.85̊ and 145.62̊ for the contact angle of edible
peanut oil. Furthermore, the superhydrophobic and oleophobic surface
have fabricated via electroless etching of silicon in sodium tetra-
fluoroborate (NaBF4) aqueous solution [189]. Then, silver particles
were deposited on the fabricated surface which changes the overall
physical morphology and finally, the obtained surface was coated with
two low surface compounds, in order to create superhydrophobic and
oleophobic properties. Results from this study showed that the mod-
ification with poly(α,β,β-trifluorostyrene) (PTFS) had the best outcome
and by using this method, the contact angle of 160̊ and 110̊ were ob-
tained for water and hexadecane, respectively. However; creating re-
entrant structure by the deposition of silver particles on the nanos-
tructured silicons improved the wetting properties.

4.2.3. Lithography
By using this method, it is feasible to have precise control on the

surface construction and surfaces with different patterns and sizes can
readily be fabricated via this method. This method has some advantages
including convenient creation of the template and using it for multiple
times and low cost of it [190,191]. Fabrication of the superoleophobic
surfaces using lithography has been the subject of many studies
[192–195].

Fig. 21. SEM images and XRD pattern of electrochemically etched Al surfaces: (a–c) top-view SEM images; (d and e) tilt-view SEM images; and (f) XRD pattern [151].
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In research by Choi et al. [196], the reverse nanoimprint litho-
graphy technique was exploited to generate a surface with both oleo-
phobic and superhydrophobic features and an overhang structure.
These researchers created four types of nanopatterns on the surface of
the overhang structure separately applying the improved version of
inverse imprint lithography in order to improve oleophobicity. On the
other hand, the mentioned researchers coated the achieved overhang
structure with a fluoroalkylsilane monolayer to decrease the surface
energy. The oleophobic feature was enhanced due to the presence of
various overhang angles caused by the generation of the nanopatterns
on the surface. Fig. 22 contains data on various kinds of nanopatterns
created on the surface.

Four various kinds of nanopatterns (i.e., cone, hole, line, and pillar)
are defined and exhibited in the mentioned figure. In addition, the
pillar and cone-shaped nanopatterns are presented in Fig. 22(a) and (b),
respectively. According to the results, these nanopatterns had no im-
pacts on the overhang angle and were only present on the overhang
structures. However, the features were affected by these nanopatterns
through the increase of the solid-liquid interface's area. Meanwhile, the
line and hole-shaped nanopatterns exerted an impact and formed new
kinds of overhang structures, which could have an impact on the wet-
ting features.

The colloidal method or nanosphere lithography is a favorable and
flexible method for the organization of self-assembly particles [197]

and there are many studies about the fabrication of superhydrophobic
and self-cleaning surfaces by using this method [171,198,199]. The
superhydrophobic, oleophobic and superoleophobic surfaces with or-
dered hierarchical (triple-scale) structure were fabricated on the poly-
meric substrate of methyl methacrylate (PMMA) via polystyrene (PS)
microparticle colloidal lithography method by Ellinas et al. [191]. In
order to create amphiphobicity, the fluorocarbon plasma deposition
treatment was carried out on the obtained surface. It was observed that
improvement of the hydrophobic and oleophobic properties was related
to the hierarchical and re-entrant topologies.

Combined with hydrothermal synthesis, the ultraviolet nanoimprint
lithography was carried out to apply the ZnO nano-in-micro hier-
archical structures in the formation of the superhydrophobic and su-
peroleophobic surfaces in a study by Byeol Jo et al. [200]. Results were
indicative of a high level of superhydrophobicity ((contact angle above
160̊) presented by the attained structure. Moreover, the sliding angle
and the contact angle hysteresis were below one and two degrees, re-
spectively.

The combination of nanorods and micropatterns led to the creation
of air pockets in a structural manner, thereby causing the observed
behavior, as shown in Fig. 23. In this figure, the structural combination
of nanorods and micropattern resulted in the creation of air pockets
between the water droplets and the hierarchical structure, which is
related to the hierarchical ZnO structure. Following the generation of
air pockets, a composite interface is created between the hierarchical
structure and water droplet made of liquid-air fraction and a solid-li-
quid fraction. The creation of composite interface leads to the changing
of the surface wetting condition of the ZnO hierarchical nano-in-micro
structure from Wenzel to the Cassie–Baxter state, causing the formation
of the superhydrophobicity on the surface [201].

4.2.4. Conductive polymers
The accompanying polymers have particular optoelectronic features

that lead to their sensitivity to different stimuli, compared to other
elements. In addition, they have fascinating uses in oil/water separa-
tion membranes, sensors, and optical devices. Oxidative chemical

Fig. 22. SEM images of different types of nanopatterns embedded overhang structures: (a) cone-, (b) pillar-, (c) hole-, and (d) lineshaped nanopatterns (scale
bar= 2 μm). Inserts are low magnifications, respectively (scale bar= 5 μm) [196].

Fig. 23. Surface wetting of (a) the micro-pattern, (b) Nanorods, and (c) the
hierarchical structure [200].
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polymerization creates the conducting polymer nanostructures in these
methods, chemical vapor deposition, plasma deposition and electro-
deposition (pre and post approaches).

The substrate surface is covered by metal using the electrodeposi-
tion method and the surface morphology of the fabricated coating can
be controlled by changing the parameters that affect the electro-
deposition method. There are some studies about the fabrication of
superoleophobic surfaces via this method [202–206]. Electrodeposition
is applicable on both flat and non-flat surfaces, the only requirement is
the substrate must be conductive and does not get oxidize simply. For
instance, electrodeposition can be carried out on gold, platinum,
stainless steel and titanium, however; not on aluminum. Since long
fluorinated tails can have destructive effects on the environment [207],
nowadays fabrication of the superoleophobic surfaces using short
fluorinated tails is challenging. Therefore, most of the times, a combi-
nation of fluoropolymers with short tails (conductive polymers) and
electrodeposition method is used for manufacturing a superoleophobic
surface. The conductive polymers with fluorinated chains or hydro-
carbon chains can be replaced for the creation of superoleophobicity
[208–213]. Using conductive polymers has advantages such as various
possible states of wetting properties and also various electrical and
optical properties [214,215]. One of the advantages of this method for
fabrication of the superoleophobic surfaces is that it has only one step.
Also by using this method, films with controlled surface morphologies
and surface roughness can be obtained through adjusting deposition
charge, electrochemical parameters and chemical structure of the
monomer [216,217]. According to the references, polymerizable core
like pyrrole ، thiophene،, 3,4-ethylene dioxythiophene (EDOT) and 3,4
ethylenedioxypyrrole (EDOP) does have a high impact on the super-
oleophobic features of the polymeric films and it seems that EDOP
derivatives have the highest impact [116,218–220]. This effect has
been reported by other researchers who used EDOP products for the
fabrication of the superoleophobic surfaces.

As mentioned in previous sections, surfaces with specific roughness
and morphology which is called re-entrant structure and also fluori-
nated compounds with long perfluorinated tails are required for the
fabrication of superoleophobic surfaces. However; because of the toxi-
city problems with these long tails [34,221], most of the strategies are
toward the fabrication of superoleophobic surfaces using short per-
fluorinated tails. To this end, Darmanin and Guittard [202] fabricated
superoleophobic surfaces using EDOT derivatives and EDOT– NH–Fn
monomers. The polymers were deposited at a constant potential via the
electrodeposition method and the wettability of the film was described
by static and dynamic contact angles. The results showed that reaching
superoleophobic properties is possible only with F-butyl tails. It was
also concluded that presence of the nanofibers (re-entrant structures)
and the amide connectors may lead to the increased stability of Cassie-
Baxter state by oil droplets, which results in the possibility of reaching
near Cassie-Baxter state with polymers including F-butyl tails.

Recently it has been shown that the superoleophobicity of the poly
(3,4-ethylenedioxythiophene) polystyrene sulfonate (PEDOT) polymers
can be improved by making a connection between the fluorinated
chains and the polymer, with an amide connector. Also, Drame et al.
[222] added two fluorinated chains to these polymers, in order to im-
prove the superoleophobicity of these polymers.

The fluorinated tails create a specific morphology in addition to the
reduction of surface energy, in order to create superoleophobicity
[223,224]. Researchers have shown that the surfaces with various
morphologies can be obtained through the electrochemical poly-
merization of the fluorinated monomers [225,226]. In these studies,
various surface morphologies have obtained via this method. The pre-
cise effect of the fluorinated tails on the conductive polymers’ mor-
phology which is fabricated via electrical deposition, has been in-
vestigated by Darmanin and Guittard [227]. For this research, a series
of the fluorinated monomers and their hydrocarbon homologs were
synthesized and in an identical condition, were deposited on the surface

via electrodeposition method. Results from this study showed that the
fluorinated monomers have a role in the fabrication of surface mor-
phology with the purpose of creating superoleophobicity. In fact, in an
identical condition of polymerization, highly fluorinated pyrroles lead
to a spherical microstructure while the surfaces obtained from hydro-
carbon pyrrole are almost flat. Also in another study [228], it has been
showed that the fluorophobic effect leads to a nanoporous structure due
to the use of fluorinated EDOP which causes a superoleophobic prop-
erty on the surface.

4.2.5. Electrospinning
Electrospinning is a modest but multipurpose technique for the

production of continuous fibers with diameters smaller than nan-
ometers and also with porosities about 30–90 percents from various
polymeric materials [229]. A simple set-up used in the electrospinning
process is presented in Fig. 24.

This method has been implemented in order to fabricate super-
hydrophobic surfaces [230,231] and also been carried out to fabricate
superoleophobic surfaces [111,232,233]. To assure the improvement of
the non-wetting property from liquids with low surface energy, fibers’
diameter and the distance between fibers can be controlled by adjusting
variables of electrospinning for example solvent, viscosity, surface en-
ergy, and electrical conductivity. Also, both of the superoleophobic and
superhydrophobic properties of the fibers are able to be improved by
subordinate structures like wrinkles, beads or intrananofibers
[234,235]. The electrospinning method can be carried out as two steps
or a single step process, however; most of the times this process is done
in two steps and after the electrospinning of ordinary polymers process,
materials which result in the creation of superoleophobicity should be
deposited on the surface. The single step process which includes elec-
trospinning of the fluorinated compounds is difficult due to the fact that
fluorinated compounds do not dissolve in the electrospinning solutions
[236]. Nevertheless, many researchers pursue the direct electrospin-
ning process of fluorinated polymers. Rin Choi et al. [236] fabricated a
network of poly (2,2,2-trifluoroethyl methacrylate) (PTFEMA) nanofi-
bers via electrospinning method without further post surface treat-
ments. Results from this study showed that the surface was rich in
fluorine. Also, the created superoleophobicity by this method was de-
pendent on the fibers’ diameter and the distance between them. Fig. 25
shows the SEM images of the PTFEMA fibers electrospun in solutions
with 24, 26, 28 and 30 wt%. Also the fibers’ diameter, distribution of
fibers and contact angle of hexadecane can be observed in this figure.
As can be seen, the fibers’ diameter increases with the increase of
PTFEMA concentration in the electrolyte and the contact angle of

Fig. 24. Schematic diagram of the electrospinning set-up.
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hexadecane in solutions with 26, 28 and 30 wt%, were the highest
amount, equal to 150̊. The oleophilicity of the electrospun specimen
with 24 wt% attributed to the high variation of the fibers’ diameter.

Ganesh et al. [237] used electrospinning method for the deposition
of SiO2 nanofibers, uniformly on the glass. In this process, the SiO2

nanofibers acted as a template for the fabrication of superamphiphobic
surfaces. After the deposition of the SiO2 nanofibers, porous membranes
of silica were applied to the surface via vapor deposition treatment, in
order to create superoleophobicity and after the heat treatment, the
fabricated coating includes hybrid silica network which this network
consists of SiO2 nanofibers embedded with silica membranes. Results
from this study showed that the contact angle of water and hexadecane
was approximately 161̊ and 146̊, respectively. Also, researchers believe
that these types of coatings can be utilized as a self-cleaning surface in
the windows. Also, in another study [238] by this group of researchers,
TiO2 nanostructures were applied to the surface of glass via electro-
spinning method, in order to obtain superoleophobic and super-
hydrophobic surfaces. The fabricated surface was hydrophilic at first
and then with silane treatment, the surface nature was changed to a
superhydrophobic and superoleophobic surface. Results showed an
angle of 166̊ for water and 138̊ for hexadecane. Also, the results con-
firmed high mechanical and thermal stability along with good adhesion
to the substrate. Having these properties in mind, these types of coat-
ings are a suitable option for industrial applications.

4.2.6. Layer by layer method (LBL) assembly
In general, the layer by layer method is described as a process that

involves consecutive absorption of the species with negative and posi-
tive charges via immersing in the solutions. The reaction between the
charged species is used in this method and layers will be deposited on
the surface with species with opposite charges (polymers, particles,
surfactants and …), one after another. This will result in a multilayer
coating which layers are electrostatically cross-linked. This technique

can be used in various applications due to the fact that components
with different charges can be used in each layer. This method is widely
used for the fabrication of superhydrophobic surfaces [239,240]. Also,
it has been used for the nanoparticles assembly [241,242] and fabri-
cation of superoleophobic surfaces [243]. Cao and Gao [244] fabricated
a transparent coating with both superhydrophobic and superoleophobic
properties, using silica nanoparticles assembly and also the sacrificial
polystyrene nanoparticles. At first, the silica and polystyrene nano-
particles were deposited via the layer by layer assembly technique.
Using this method, it is possible to have precise control on the chemical
composition, surface morphology and also the coating thickness is
controllable in the nano-scale range. Li et al. [245] used this method
and the SiO2 nanoparticles with different sizes in order to fabricate a
series of nanoparticle- coatings with the hierarchical raspberry-like
structure and dual roughness, on the stainless steel meshes which are
used for the water/oil separation. Brown and Bhushan [246] fabricated
a surface which possesses both superoleophobic and superhydrophobic
properties with high mechanical stability, via combining the layer by
layer and fluorosilane vapor deposition methods. Fig. 26 shows a
schematic of the steps involved in the fabrication of this coating and
also the chemical structure of each of the species. As it is shown, the
obtained coating consists of 4 layers which are deposited separately.
Each of these layers assists in fabricating a coating with high mechan-
ical stability. Polydiallyldimethylammonium chloride (PDDA) was used
as a polymer-based layer due to its high cathodic charge density and
good connection with the glass substrate.

4.2.7. Solution-immersion
The solution-immersion is a simple method in order to fabricate

superhydrophobic and superoleophobic surfaces and it has also been
used for the fabrication of superoleophobic coatings [247,248]. Zhu
et al. [249] used a two-step method for fabricating a coating with both
superhydrophobic and superoleophobic properties on the copper

Fig. 25. Hexadecane contact angle images, SEM images, and their distributions of diameters of 100 individual fibers gained randomly in SEM images of PTFEMA
fibers electrospun with different polymer solution concentration (a, e, i) 24 wt.-%, (b, f, j) 26 wt.-% (c, g, k) 28 wt.-%, and (d, h, l) 30 wt.-%. The volume of
hexadecane is 6 mL 236.
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substrate which the first step included immersion for obtaining a sur-
face with hierarchical morphology and the second step was creating a
superamphiphobic surface by perfluorooctanoic acid. After these two
steps, the surface became superamphiphobic which this property at-
tributed to the simultaneous effect of the surface chemistry and the
specific surface morphology. Fig. 27.a shows the surface wettability by
liquids with different surface energies. As can be seen, water, glycerol
and rapeseed oil have a spherical shape on the surface and also their
sliding angle is smaller than 15°. This behavior has been observed for
alkane liquids like hexadecane which has the contact angle of 153̊ and
the sliding angle of 23̊.

Meng et al. [250] fabricated a superhydrophobic/superoleophobic
coating with one step via immersing the zinc substrate in an ethanol
solution containing perfluoro carboxylic acid, at ambient temperature
and for several days. Creating superoleophobicity and super-
hydrophobicity in this method was due to the electrochemical reaction
in the solution. After 10 days of soaking in the solution, the contact
angle of water reached 158.1̊ and the contact angle of oil reached 155.6̊
which this fact is shown in Fig. 27.b. Also, the camera pictures of these
liquids on the substrate are prepared which are shown in this figure.
These pictures display the excellent superoleophobicity and super-
hydrophobicity and also the surface morphology of the prepared sur-
face can be observed which is peta-like. This microstructure is like the
microstructure of lotus leaf.

4.2.8. Hydrothermal
The hydrothermal method is one of the important and effective

methods for incorporating roughness on the surface. The fabricated
surface can be precisely controlled using this method. One of the flaws
of this method is the high price of its equipment and also being ha-
zardous which has limited its practical applications. Furthermore, high
pressures and high temperatures are being used in this method. This
method has been implemented in order to fabricate superoleophobic
surfaces [251,252]. Wang and Guo [253] fabricated the TiO2 coatings
with hierarchical rutile TiO2 flowers structure using a single step hy-
drothermal process on a thin fluorine-doped oxide substrate. The ob-
tained coatings exhibited superhydrophobicity in the air and also su-
peroleophobicity in the underwater which leads to the excellent self-
cleaning property in the underwater. One of the main properties of the
obtained coating was the self-cleaning property due to the presence of
TiO2 which is the cause of probable applications of the coating in the
industry. In another study [254] via hydrothermal treatment, ZnO na-
norods were fabricated on the substrate under ambient condition. The
obtained surface exhibited superhydrophobicity in the air and super-
oleophobicity in the underwater.

4.2.9. Anodizing
Anodizing is one of the surface treatments of metals that a metal

surface converts to an oxide by the application of anodic current on the
metals surface and their alloys. Sometimes this treatment is used as a
metals protection technology [255,256]. Surfaces with controlled
morphologies can be achieved using this method. This method has been
used for the creation of super oil repellent surfaces [257–261]. Tita-
nium oxide is one of the most important and applied semi-conductors
due to the unique properties it has and has been used in many appli-
cations [262,263]. There are many methods available for the fabrica-
tion of titanium oxide on various substrates [264,265]. Therefore, it is
obvious that using the anodizing method on the titanium substrate is an
important and useful method for the fabrication of superoleophobic
surfaces. The electrochemical anodizing method is a modest, fast and
flexible method for the assembly of arrays of TiO2 nanotubes on a ti-
tanium substrate [266,267]. Barthwal et al. [257] used an electro-
chemical and two-step anodizing method. First titanium oxide nano-
tubes were grown on the titanium substrate in an aqueous solution then
a layer of fluorooctyltrichlorosilane was coated for the creation of
surface superoleophobicity. This sequence of treatment is shown in

Fig. 26. Schematic of the layer-by-layer composite coating. Each layer is de-
posited separately. Also shown are the chemical composition and charge of
each layer. The fluorosilane (FL) condenses onto the layer-by-layer stack via
absorbed water [246].

Fig. 27. (a) Optical images of water, glycerol, rapeseed oil, and hexadecane
droplets on the superamphiphobic surface (1) and their contact angle profiles
(2). (b) (1) Large-area SEM image of the prepared petal-like surface; the inset is
a high-resolution SEM image. (2) The camera pictures of water and oil droplets
setting on the as-prepared surface. (3) Contact angle profiles of a water droplet
(left) and oil droplet (right) on the surface [250].
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Fig. 28. In this study, the wetting properties of the obtained coating
were investigated by liquids with different surface energies and the
longtime stability was also studied. Researchers believed that the ob-
tained coatings via this method could have many industrial applica-
tions.

Furthermore, Li et al. [268] achieved underwater super-
oleophobicity by growing TiO2 nanotubes with hierarchical structure
via the anodizing method. They fabricated underwater superoleophobic
porous membranes on the titanium substrate. The fabricated porous
membranes included TiO2 nanotubes with a hierarchical structure
which showed superhydrophobicity in air and superoleophobicity in
underwater. This property made it possible to use the obtained mem-
brane in water/oil separation applications. In this condition, water
easily penetrates through the membrane which leads to the water/oil
separation. Also, the obtained membrane causes water refinement as
the water passes through the membrane. In addition, results from the
wetting recovery of the porous membranes were related to the wetting
recovery at the time of encountering contaminations from organic
molecules.

A surface with the hierarchical dual-pore geometry was fabricated
via a combined, practical and cost-effective method of chemical
etching, then anodizing and pore widening by Nakayama et al. [269] on
the aluminum substrate. After coating with fluoroalkyl phosphate, the
surface on the aluminum became superoleophobic. Results from this
study showed that the dual-pore structure with optimum condition
exhibited super-repellency even for liquids with very low surface en-
ergy. Li et al. [268] used a similar procedure consist of chemical etching
and then anodizing in order to fabricate a superhydrophobic/super-
oleophobic coating on the aluminum substrate. The fluorination treat-
ment led to the superoleophobicity and superhydrophobicity on the
surface. A diagram of the fabrication stages of the Ag NP-loaded hier-
archical coating is shown in Fig. 29. Before anodizing treatment, the
substrate was immersed in a HCl and CuCl2 solution to have a hier-
archical step-like structure. After the anodizing treatment in the oxalic

acid solution, in order to create a chemical bond between Ag NPs on the
aluminum surface, APS monolayer was implemented on the substrate
surface via vapor deposition technique and then Ag NPs were stabilized
on the APS monolayer by amino-group bond, throughout the self-as-
sembly procedure and thereafter, by the fluorination treatment of the
specimen with species with minor surface energy, a surface with high
superhydrophobicity and high superoleophobicity was obtained.

4.2.10. Spray coating
Spray coating is a simple technique for the fabrication of super-

hydrophobic coatings and recently it has been implemented in order to
fabricate superoleophobic surfaces, too [91,110,270,271]. In this
method metal perfluoroalkanoates are used as the coating for the fab-
rication of superoleophobic surfaces via the chemical etching of the
metals in perfluoroalkanoates, the perfluoro carboxylic acid solution
[250] and then applying the coating process. This method requires
much time and also it is limited to the specific substrates. Yang et al.
[140] introduced a simple method for the synthesis of copper per-
fluorooctanoate via a reaction between copper acetate and per-
fluorooctanoic acid in the water. They showed that via spraying this
material, a uniform coating with the high superoleophobic property
will be obtained and a solid-liquid-air composite interface will be
formed and the contact angle will reach above the 150̊, even for the
liquids with low surface energy. The coating superoleophobicity was
attributed to the obtained re-entrant morphology and also the super low
surface energy which is preventing from the change of Cassie-Baxter
state to the Wenzel state. The SEM images of this coating and the
contact angles for the liquids with dissimilar surface energies are shown
in Fig. 30. As can be observed, the hierarchical structure is clear in the
images and also the multiple scales roughnesses and high amount of
porosities on the coating surface can be seen. A considerable issue from
Fig. 30(b) is the presence of re-entrant morphology on the surface. Also,
the droplets on the surface which are shown in the images indicate that
they tend to stay in a spherical shape, even in the case of liquids with

Fig. 28. Schematic diagram of the fabricated micro- and nanostructured Ti foil [259].

Fig. 29. Schematic illustration of fabricated Ag NP-loaded hierarchical superamphiphobic surface on the Al substrates [268].
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lowermost surface energy like dodecane and this is due to the obtained
surface superoleophobicity. The shiny surface under the droplets is due
to the presence of stocked air and also the formation of the solid-liquid-
air composite interface.

4.2.11. Other approaches
Fundamental methods for the manufacturing of the superoleophobic

coatings and surfaces have mentioned in previous sections. However,
recently some other methods for the fabrication of superoleophobic
surfaces have been introduced which these include the template
method [194,272–274]. In this method, natural or structural synthetic
materials can be used as a template for the fabrication of super-
oleophobic surfaces with a hierarchical structure. The next method is
pyrolysis [275,276] and chemical vapor deposition (CVD) [277] which
is a chemical technique used for the fabrication of solid materials with
high purity and high performance, and have been used for the fabri-
cation of superoleophobic surfaces. Other processes that have been
implemented in order to fabricate superoleophobic surfaces include
laser processes as a novel method for the fabrication of surfaces with
specific topology [278–280]. This is a single-step and environmental-
friendly method in which the surface structure can be controlled by
manipulating the parameters involved in the process. Casting has also
been implemented in order to fabricate superoleophobic surfaces [281].
The summarized results of the recent fabricated superoleophobic sur-
face are given in Table 2.

5. Applications of superoleophobic coatings

As the advancement of the industry and an increasing requirement
for the surfaces with special wettability, the necessity of the

superoleophobic surfaces has been grown. In this section, the most
important applications of the superoleophobic surfaces are presented.
The most important application of superoleophobic surfaces is sche-
matically summarized in Fig. 31.

5.1. Fabrication of transparent coatings

A widespread of studies have been focused on the super-
amphiphobic coatings. Optic surfaces which possess the ability to repel
several types of liquids are a suitable candidate for the applications in
various technologies such as self-cleaning solar panels, antifreeze win-
dows, anti-wind coatings in the automobile industry and aerospace, and
anti-smudge touch screens. If the superamphiphobic surface were to be
transparent, their structural size should be smaller than the visible light
wavelength. Therefore, all of the longitudinal scales should be 300 nm
or less. Almost every researcher in this section used SiO2 particles due
to its unique hydrophobicity on the surface and the capability of pas-
sing visible light wavelength through itself. Mazumder et al. [305] re-
ported a surface with high transparency (93.8% visible spectrum
transmission, 1% diffraction and 0.5% reflection). The surface was
made-up by a mixture of dewetting and reactive-ion etching (RIE)
processes (the primary nanopillars) on a glass surface and via com-
bustion chemical vapor deposition (CCVD) (branches of secondary na-
noparticles). At the final step, a layer of fluorosilane was applied on the
specimens.

Coating transparency is needed by several uses of liquid-repellent
surfaces. In this regard, polydimethylsiloxane (PDMS) along with a
scalable and easy method of production were applied by Martin et al.
[98] to generate transparent superoleophobic surfaces. A super-
oleophobic binder/nanoparticle coating was formed by adding

Fig. 30. SEM images of the copper perfluorooctanoate coating at (a) low and (b) high magnification. The inset shows a schematic diagram of re-entrant geometries.
(c) Droplets of water, ethylene glycol, rapeseed oil, hexadecane and dodecane on the superoleophobic coating. (d) The high hexadecane repellency of the super-
oleophobic coating when kept in a petri dish with hexadecane [140] (colored with oil red O). (For interpretation of the references to color in this figure legend, the
reader is referred to the web version of this article.)
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fluorination through fluorosilane. As presented with flat PDMS, the
polymer is inherently transparent. For the superhydrophobic samples,
transparency enhancement through the micropatterning and not the
binder/nanoparticle coating leads to the decrease of transparency.
However, transparency for the fluorination step is slightly reduced due
to the adding of a small thickness level by the fluorination, compared to
the binder/nanoparticle layer. Chen et al. [306] has developed trans-
parent, pH-responsive inverse opal film via the oil-water interfacial self-
assembly method. As is shown in Fig. 32, the whole procedure is de-
picted in order to build a transparent small surface.

5.2. Corrosion resistant coatings

Another major property of the superamphiphobic surfaces is their
corrosion resistivity. Due to this fact, many studies have been done on
the deposition of these coatings onto the metallic surfaces. In recent
years, there are several reports about the superamphiphobic surfaces
which are applied to iron [312], copper [249,313,314], zinc [315],
aluminum [316–319], titanium [320], and other alloys [321–323] and
metal oxides [324]. Yuan et al. [312] have successfully deposited su-
peramphiphobic coatings onto the iron by preparing several acidic
baths and a perfluorocarboxylic acid bath at the end. No pieces of rust
observed in a normal environment after 6 months, since the super-
amphiphobic had applied onto the iron specimen. Fig. 33(a) indicates
the SEM image of cast iron without the coating and (b) is the SEM
image of the coated cast iron by acetic acid and H2O2.

Hao et al. [325] have made-up CuO hierarchical flower-like struc-
tures which looked like to the surface morphology of the lotus greenery
on X90 pipeline steel substrate. potentiodynamic polarization mea-
surement designated that the superamphiphobic CuO film clearly en-
hanced the corrosion resistance of the X90 pipeline steel. This coating
has been achieved through two steps consisting of Cu electrodeposition,
and fluorinated modifications. A major application of superoleophobic
surfaces is underwater oil trapping or water/oil separation which is
discussed next sections. Su et al. [326] have developed an Ag nano-
particles coating using HF immersion for etching and then specimens
were immersed in STA solution. Anti-corrosion feature may depend on
the mechanical steady stainless steel mesh, the hierarchical structure
coated via Ag nanoparticles and the superhydrophobicity.

5.3. Self-cleaning surfaces

The self-cleaning surfaces first discovered with the investigation of
blue lotus microstructure in 1970, which in spite of a smooth appear-
ance, has nano- or micro-scale roughness. The self-cleaning phenom-
enon depends on the contact angle, therefore the self-cleaning surfaces
are divided into two class, superhydrophilic and superhydrophobic. The
superoleophobic surfaces can be classified along with the super-
hydrophobic surfaces.

Brown et al. [246] fabricated a transparent self-cleaning surface
using a film with fluorinated compounds and copolymers. In this study,
the settlement of water-oil on the surface was enhanced by controlling
the surface roughness and also the self-cleaning ability was shown by
the oil and water droplets and calculating the receding contact angle of
the hexadecanes.

Xiong et al. fabricated a series of polymers via consecutive anodic
polymerization [332,333] and the method of atomic transfer radical
polymerization (ATRP) [334–336]. They also used PIPSMA blocks to
enhance the coating by sol-gel method and PFOEMA copolymers for the
preparation of surfaces with low tension. These two copolymers have
been utilized for the fabrication of various amphiphobic coatings, either
singular [333] or in combination with silicate nanoparticles. The ob-
tained coatings could maintain their properties after 50 cycles of ma-
chine wash.

Xiong et al. [337] fabricated a superamphiphobic coating on the
glass and cotton fabric via spray-deposition method andTa
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photopolymerization of resins including SiO2 nanoparticles and per-
fluorinated thiols. The obtained coating exhibited adequate thermal
and chemical resistance. Another study on spray coating was done by
Muthiah et al. [338] in order to fabricate a superamphiphobic and
mechanically-durable surface on the glass. The obtained surface
showed anti-smudge properties, too. The spray coating was composed
of SiO2 nanoparticles and fluoropolymers. The anti-smudge property
was measured by cleaning the coating which has artificially con-
taminated, by employing an oil-impregnated cloth. Recently, another
group of researchers have developed chitosan (CS)/poly(vinyl alcohol)
(PVA) coatings cross-linked with glutaraldehyde (GA) [339]. The most
important aspect of this coating is it's underwater self-cleaning and
durability. It was realized that the procedure of immersing the CS/PVA
coatings into NaOH solution was vital to improve rough structure on

the coating surface. Peng et al. [186], has fabricated superoleophobic
aluminum developing nanoretcula nanostructures on aluminum sur-
face. The superoleophobicity was achieved by trapping of air inside
hierarchical micro/nanostructure. As is shown in Fig. 34, after the
rinsing process, there were still a few particles lasting on the nanos-
tructured surface, although the microstructured and hierarchical sur-
faces became totally clean. These results prove that the microstructured
and hierarchical surfaces provide more effectiveness contaminant
elimination capacity in comparison with the nanostructured surface.

The summary of the results of literature about the application of
superoleophobic surface in fabrication self-cleaning surface is shown in
Table 5.

Table 4
Summary of results of literature about the application of superoleophobic surface in corrosion resistance.

Substrate Coating technique Corrosion behavior enhancement Water droplet Ref.
Surface tension (mN.m−1) OCA (ᵒ) SA (ᵒ)

Zn Chemical methods Improved 152 <10 [327]
Co Deposition 97% 72.1 166 <5 [328]
TiO2 Epoxy Improved 155 [329]
Al Spray coating Improved 173 <1 [330]
X90 Stainless Steel Electrodeposition 95% 152 14 [325]
Stainless Steel Solution-casting method Improved 150 <10 [331]
Metal or glass slide Solution-casting method Improved 167 [325]

Fig. 31. Schematic of various application of superoleophobic surface.
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5.4. Separation/filtration of gas, oil, and non-oil aerosols

The porous superamphiphobic particles have many applications in
the filtration fields. The first group of filtration is for gaseous particles.
The main challenge in this matter is to reach the high transmission rate
along with the prevention of embrittlement and clogging the filter
pores. Wei et al. [340] have developed a novel method enhancing the
filtration effectiveness for separation of minor oil mists from the air
without speciously increasing the air flow resistance. Through a che-
mical procedure using a perfluoroalkyl acrylic copolymer, they have
successfully increased the filtration effectiveness for minor oil mists
from 96.40% to 99.44%, while the pressure drop is increased only by
6% but the downstream oil mist content is decreased by 85%.

The second class of filtration was introduced by Wang et al. [341].
In this performance, filtration of the oil and non-oil aerosol particles is
carried out by employing a nanofibrous membrane synthesized from
electrospun polyacrylonitrile/PU nanofibres and fluorinated PU.

Separation of oil and water by the superamphiphobic filters is in-
troduced in the third class. Currently, an intelligent coating has been
generated by Xu et al. [342] with the application of the combination of
heptadecafluorononanoic acid containing TiO2 sol and silica nano-
particles applying the dip-coating method. Separation of oil and water
is made possible when the coating owns the superhydrophilic and su-
peramphiphobic features through the exposure of the attained coating
upon ammonia. Moreover, the coating can be exploited for several
compounds, including PU sponges and polyester fabrics. The pre-wet-
ting technique that can eliminate water from the light water-oil com-
bination and suspensions by gravity in a discriminatory manner was
exploited by Ge et al. [297] to generate a water-oil separator which has
multiple functions. Applying SiO2 nanoparticles, a paper cloth was
spray coated to generate the superamphiphobic separator. Currently,
gaseous oil method or discriminatory clarification of liquid, gas and
water has been developed by a number of researchers [343]. Generally,
the approach is exploited to assess the wettability of three-dimensional
graphene foams. As is shown in Fig. 35, three separate surfaces has been

developed with a different condition to allow gas, water or oil to pass.

5.5. Oil transportation

There have been some reports that the smart superamphiphobic
coatings are able to manipulate oil droplets with the degree of adhesion
or external stimulation. These surfaces have applications in localized
chemical reactions, drug delivery, ultra-small laboratory chips and etc.
Huang et al. [344] fabricated superamphiphobic surfaces with TiO2

nanoparticles via a combination of anodizing and self-assembly tech-
nique along with the surface fluorination at the end. The micro-pattern
process of the surface was carried out by covering the surface with
water-proof alcohol-based ink. Finally, the adhesion of the covered and
uncovered surfaces with ink was greatly different and a few images of
the droplet manipulation, sensitizing, and site-selective cell im-
mobilization was displayed. Zhou et al. deposited perfluorosilane
monolayers using ultraviolet (UV) light and found that it leads to the
enhanced wetting properties however; this method requires special
types of equipment and strong power supply. Fig. 36 shows a com-
parison between two methods of the patterned superamphiphobic sur-
face preparation.

Kang et al. [345] fabricated anisotropic micro-grooves with direc-
tional oil sliding property which is inspired from rice leaf. With patterns
of prism and rectangle which are fabricated via UV-assisted micro
molding procedure using a combination of photoinitiator and acrylate
functionalized prepolymer consisting of Al2O3 nanoparticles. The sur-
faces with arrays of overhang lines were capable of oil anisotropic
sliding on the surfaces according to the measured contact angle (CA)
and sliding angle (SA < 20) for the mineral oil droplets and photoresist.
Zhang et al. [150] have developed an antigravity oil gathering and
transportation underwater driven mostly by the surface energy release
of oil droplets. this underwater antigravity superoleophobic “pump”
can unceasingly carry oil from water/oil phase to air/oil phase, which
can meet the necessities for the large-area oil gathering in an oil spill.
Also Xu et al. [342] fabricated dual superoleophobic polyimide films

Fig. 32. The preparation and property of the transparent smart surface. (a) PS spheres; (b) PS spheres self-assembled on the surface of the substrate to form a
monolayer; (c) the colloidal monolayer was backfilled with MANUSCRIPT the solution of TEOS; (d) the organic colloids was calcined to obtain an inverse opal film
composed of silica; (e) the surface was modified by the copolymer PMPS- b -P(HFBMA- co -DEAEMA) to form the transparent smart surface; (f) the reversible
transition between superhydrophobicity and underwater superoleophobicity of the transparent smart surface; (g) the molecular structure of the copolymer PMPS- b
-P(HFBMA- co -DEAEMA) [306].
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and a stainless steel mesh using a simple one-step hydrothermal ap-
proach. The most important aspect of this study is the simplicity of the
method which led to fabrication of dual superoleophobic materials in
various oil—water system.

Another technique to achieve oleophobicity is through using a li-
quid-liquid interface instead of the complex solid-liquid interface which
has been described previously. In these case, usually, there is a need for
a perfluorinated lubricant in which all of the classic lubricants has the
hydrophobic property and other liquids repellency except oil. The
chemistry of the fluorine which has been spoken about would lead to
the oleophobicity. When a porous or patterned surface in micro-scale is
used, it is possible to increase the surface adhesion to its maximum
capacity, if the designing has been done accurately. In the end, by
keeping the lubricant inside the pores, the lifetime of the surface could
be increased. The chemical similarity of the lubricant and the material
could also improve its adhesion. In contrast to the superoleophobic
surface, the lubricant surface is very smooth and the oleophobicity of
the surface is not related to the surface pattern, but it’s dependent on
the forces among lubricant and oil. Commonly these have smaller static
CA and similar dynamic to the superoleophobic surfaces. Therefore, the
oil droplets on these surfaces which will form angles smaller than 5̊, will
be sliding.

The concept of oil-lubricated pores was first described by Wong
et al. [346] which was called “Slippery Liquid-Infused Porous Surfaces”
(SLIPS) that were inspired by pitcher plants which imprison prey with
the peristome [347]. Table 6 includes development, advances and

SLIPS surfaces applications that show significance and applicability of
them.

The main scheme is to fashion a large-area surface texture by means
of micro- and/or nanoscale structures that can be merged with a totally
wetting nonvolatile lubricating liquid which is also hydrophobic to
water, therefore, avoiding the lubricant from being moved. Having a
great surface area of this textured surface leads to the captivation of the
lubricant into surface pores and to spread into and be held by the
surface while also creating an unchanging thin film through the surface.
In this condition, a water droplet stays on the lubricant film, conse-
quently, completely eliminating direct contact amid the droplet and the
solid surface and the associated contact angle hysteresis which l leads to
contact line pinning [356]. It should be noted that the efficiency of
liquid-repellent property of is not instigated from the nano/micro-
structures but the thin film of lubricating liquid on the top of the nano/
microstructured layer, the chemically consistent and physically flat
lubricant film on the surface outcomes in a low CAH and SA. This al-
lows water and organic droplets to simply move on the surface even
with the CA much lesser than 150° SLIPS then shows both slippery and
omniphobic features.

5.6. Oil capture

The leakage of oil into the sea or into deeper sections can result in
serious ecological problems [357]. Specific methods and technique
must be used for the separation of the oil that will be spilled into the sea

Fig. 33. SEM images of (a) untreated common cast iron substrate surface, and (b) the acetic acid/H2O2-treated common iron substrate surface; (c) is the higher
magnification than (b) [312].
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[358]. In general, there is a need for an eco-friendly, oil or other liquids
absorbent in high amounts, ultra-lightweight, stable and durable me-
chanism [359]. Recently there have been many studies on the oil cap-
ture and oil transportation through an aqueous environment

[1,335,357,358,360–372]. Chen et al. [373] successfully fabricated oil-
repellent surface inspiring from the robust anchoring ability and easy
availability of plant polyphenols. By altering tannic acid concentration
in solution and also pH and temperature, they were able to fabricate
diverse superoleophobic surfaces. Fig. 37 show various oil-repellent
surfaces with different CA values which based on their application can
be used in different environments to decrease oil pollutions Using a
controllable oil-adhesion within the range of ultralow-ultrahigh, an-
other group of researchers has generated a “mechanical hand” ac-
cording to the glass surface that has a superoleophobic pattern [374]. A
non-structured flat center circle domain with oleophobicity and inter-
mittently organized designed micro/nano dual-scale rough domain
with superoleophobicity are among the parts of the surfaces. We can
tune the surface morphologies and relevant adhesions through chan-
ging the area ratio of the two, more specifically known as the center
circle's diameter. This device can be applied to perform oil rapid cap-
ture, transportation, and fusion. Specifically, the mechanical hand can
be exploited in the manufacturing of bioreactors, in-situ detectors, and
microfluidic devices.

6. Perspectives on eco-friendly approaches

Green or Sustainable Chemistry is an idea that discusses the for-
mation of chemical products and procedures that decrease or remove
the usage and fabrication of unsafe substances. They have used entirely
compounds and chemical procedures that do not have undesirable costs
for the environment. It is grounded on a few principles that can be
implemented to primarily produce or reproduce molecules, compounds,
reactions, and procedures that are more harmless for human healthiness
and the environment [375].

Even though strong researches have been prepared in the ad-
vancement of liquid-repellent surfaces, current surfaces display limited
repellency to oils and are not totally or in some cases at all environ-
ment-friendly. Produced surfaces are continually accompanying with
biological and environmental risks due to their poisonousness and non-
biocompatibility of fluorochemicals. A perfect oil-repellent layer should
have steady oleophobicity to various types of oils, have a duty to be
able to be deposited in a guileless process on materials irrespective to
their scope, form, or structure. And the chemicals implemented in the
creation of the oil-repellent layer must be eco-friendly [376]. Overall,
the improved omniphobicity of a surface are instructed because of the
attendance of fluorine atoms. This usually is demonstrated when a
substance’s C-H bonds are replaced by C-F bonds. The expansion and
design are converting from the usage of chemical structures including
Fluorine atoms to eco-friendlier substances and molecules. These ha-
zards are dual: first, there is danger linked with the synthetic proce-
dures in the production of suitable fluorochemicals where the com-
pounds mixed and derivatives of these procedures are not reflected
’green,’ and second, the deterioration of such compounds (as well as
artificial Perfluorooctanoic acid [PFOA or Perfluorooctane sulfonic acid
[PFOS]) on final output, which may let the compounds to discover their
path into the wide-ranging inhabitants by means of following bioac-
cumulation trails (contamination of water storages, polluting the food
chain, etc.).

Almost every one of the methods that have been presented for the
manufacture of oleophobic surfaces so far requires fluorinated mate-
rials. The perfluorinated compounds which contain eight or more car-
bons in their structure have caused some concerns about health issues
and bioaccumulation in humans, biopersistence, remaining toxicity,
even by partitioning, and nutrition issues [74,335,377]. In addition,
even after the decomposition of these materials which take a long time,
some the by-products would still be toxic like perfluorooctanoic acid
[378–380] and perfluorooctanesulphonate [381]. alongside the long-
chain fluorinated complexes issue, there are other worries as well in
relation to the mentioned methods. Most of them require poisonous and
flammable solvents and/or corrosive acids which can endanger the

Fig. 34. Optical microscope images of the samples, including the nanos-
tructured, microstructured, and hierarchical surfaces before and after self-
cleaning experiments. silicon carbide (SiC) nanoparticles were removed par-
tially from the nanostructured surface, while the microstructured and hier-
archical surfaces become totally clean after the experiments. Particle analysis
software was used to quantify particle removal [186].
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health of those who come in contact with them. Despite these issues, the
eco-friendly methods for fabricating patterned surfaces, using long-
chain fluorocarbon molecules, are still challenging and unsolved.

In this section of the review, the progress, challenges, and per-
spectives of the alternative methods for the fabrication in which have
less risk of the used materials and the methods to achieve oleophobic
properties on the surface are presented. These processes require using
risk-free and non-flammable solvents, short-chain fluorinated com-
plexes (C6 or less) or alternative materials free of fluorine atoms.

6.1. Shorter-chained fluorinated

Suggested to have the equal positive physicochemical properties
deprived of the complications relating to toxicity in humans and
wildlife, the shorter-chained C6-based greaseproofing agents have been
currently applied by the industry as a replacement for C8-PFCs. Current

studies have proposed the complete and quick excretion of C6-PFCs and
their lack of accumulation in biological fluids [34]. Fabrication of su-
peromniphobic surfaces that cause no harm to the environment has
been carried out by short-chained fluorinated compounds, reported in
other studies. In research by Milionis et al. [382], hydrophobic nano-
silica and biodegradable thermoplastic starch composites were applied
to fabricate superhydrophobic surfaces While not applied to oleopho-
bicity, it is possible to attain roughness of the surface by different hy-
drophobicity and measures through the use of an easy coating done by
spraying. In this research, an extra layer of the diluted C6 fluorinated
chemical compound was sprayed, which resulted in the achieving of RA
of 15° and a CA of 166° with oil. A short-chained fluorinated silane sol-
gel mixture encompassing tetramethoxysilane (TMOS) and 3,3,3-tri-
fluoropropyltrimethoxysilane was exploited by Park et al. [383] to
create a transparent and flat surface with active oleophobicity for
various alkane liquids. According to the mentioned scholars,

Table 5
Summary of results of literature about the application of superoleophobic surface in fabrication self-cleaning surface.

Substrate Coating technique Coat WCA (ᵒ) UOCA (ᵒ) Ref.

Stainless steel mesh LbL Sodium silicate and TiO2 nanoparticles 20 165 [337]
Stainless steel mesh dip coating Copolymer-fluorosurfactant <10 80 [338]
TiO2 LbL Polyelectrolyte binder/SiO2 nanoparticles/fluorosurfactant/

Polydiallyldimethylammonium chloride
<5 155 [326]

Fluorine-doped tin
oxide

one-step hydrothermal method Hierarchical rutile TiO2 flowers 64 155 [327]

Stainless steel mesh LbL Poly (diallyldimethylammonium chloride)/halloysite nanotubes 68 145 [339]
Stainless steel mesh LbL Ultralong copper microwires/TiO2 nanowires <1 93 [340]
Stainless steel mesh one-step solution-based coating

method
Methyltrimethoxysilane 80 163 [341]

Fig. 35. (a) Photograph of a 3D structural graphene foam 25.4mm in diameter. FE-SEM image of the graphene foam with an average pore diameter of 150–200 μm.
The inset shows a higher magnification image of the surface of a single graphene wire, in which the graphene laminated on the fracture surface is clearly observed.
(b–d) Schematic illustration of three different types of graphene by using surface treatment and their selective filtering properties [343].
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application of TMOS exerts significant impacts on the formation of a
homogeneous/continuous film and enhancement of dynamic wett-
ability for different alkane liquids. To reduce the biodegenerative im-
pacts of long and linear perfluorocarbon chains, El-Maiss et al. [384]
studied the possibility of using branched perfluorocarbon chains in-
stead of the mentioned type of perfluorocarbon chains.

In order to prepare superoleophobic nanocomposites through the
application of fluoroalkyl end-capped vinyltrimethoxysilane oligomer/
calcium silicide nanocomposites by the technique of sol-gel, Saito et al.
[385] corresponded calcium silicide particles with fluorinated oligomer
reaction under alkaline conditions. According to the results, a pyrolytic
product was generated by mixing these nanoparticles with calcium
fluoride by calcining at 800°C. This shows that a new environmental
cyclical type-fluorine recycle system can be created due to the capacity
of these composites.

6.2. Other substitution

Saifaldeen et al. [380] fabricated aluminum with a textured surface
without using any type of chemical and toxic materials. The surface was
prepared via machine-driven sanding (micro-roughness) and boiling
water method (nano-roughness). At the final chemical treatment,
fluorinated silane was used for the fabrication of nano-textured surface
which led to a superamphiphobic surface along with the two methods
that have mentioned. This group of researchers carried out the boiling
water treatment onto a copper layer. Relaying on the time of being
exposed to boiling water, achieving a variety of topographies was
possible starting from cubic-like CuO to leaf-like CuO nanoparticles.

In the last part, there are some studies which prove that the oleo-
phobicity can be reached even without using the fluorine-containing

compounds. Urata et al. [386] fabricated a hybrid film on the surface
via a simple process of sol-gel centered on cohydrolysis and co-con-
densation of a combination of a series of alkyltriethoxysilanes with a
various number of carbon atoms in its chain, from 3 to 18. Un-
expectedly, once carbon atom numbers of an alkyl chain were 10 or
less, the obtained hybrid film was very even, greatly translucent and
showed insignificant CAH formed with several alkane droplets (hex-
adecane, dodecane, and decane), even their static CA was small
(20–40). In these hybrid surfaces, the alkane droplets could readily
move without pinning, in small deviation angle (< 5). Alternatively, as
the number of carbon atoms increases above 12, both the transparency
and the probe mobility will decrease. The TMOS molecules play a
crucial part in the creation of continuous films (as a binder) and also act
as an amplifier of the long-chain alkyl flexibility (as a molecular
spacer), which will lead to a smooth and liquid-like surface. This group
of researchers found out the reason behind the mobility amplification of
the alkane droplets, was its relationship with the dielectric constant.
Rohrbach et al. [387] fabricated hydrated hydrophobic, oleophobic
cellulose-based filters which are utilized in the water-oil separation. In
this process, the filter was coated by a layer of nanofibrillated cellulose
hydrogel via the dipping-drying method and the hydrophilic behavior
of the hydrogel layer was benefited. This mechanism would lead to the
formation of a filter with a hydrated layer absorbing. A threefold in-
terface formed of a hydrogel layer, water and oil will enhance the
oleophobicity. The hydrogel roughness will cause water to get trapped
in microscopic valleys. Considerable difference of the surface energy
between water and oil will prevent oil permeation into the filter. Both
water and oil permeation through the filter are possible without the
coating. By hydrating this coating, the oleophobicity will be achieved
without using the traditional functional groups. The hydrophobic/

Fig. 36. Schematic illustrations of two contrary patterned superamphiphobicity process by the mechanisms of a top-down “cleavage method” (left) and a bottom-up
“combination method” (right) [344].

Table 6
Development, advances and SLIPS surfaces applications.

Authors SLIPS surfaces advancements

Wong (2011) [346] Slippery Liquid-Infused Porous Surfaces (SLIPS) introduction which was inspired by pitcher plants
P.Kim (2013) [348] It was learned that the boehmite nanostructures are the most real parameter on the liquid-repellency property which are derived from the

aluminum or alumina coating fabricated via sol-gel
Zhang (2014) [349] By controlling the evaporation process, it is possible to achieve a variety of adhesion degrees (oleophobic and slippery, adhesive and

superoleophobic and lotus leaf-like superoleophobicity).
Daniel (2014) [350] the liquid-repellency was successfully controlled by adjusting the lubricant temperature and viscosity.
Yeo (2014) Fabrication of flexible, transparent SLIPS.
Sunny (2014) [351] Preparation of nano-scale SLIPS using LBL method using positively charged polyelectrolytes and negatively charged SiO2 nanoparticles
You (2014) [352] Development of the device which can control the movement of droplets with low surface energy on areas of the omniphobic SLIPS. In contrast to

the old PDMS-based microfluidic devices, due to its compatibility with organic solvents, this device is capable of performing organic reactions.
Yang (2015) [353] proved that the SLIPS fabricated on the low alloy steel can afford an effective self-standing layer to protect the steel substrate.
Zhang j. (2017) [354] Fabrication of a SLIPS coat on Mg alloy with anti-icing performance
Kuan-KaiTseng (2018) [355] Fabrication of the highly-transparent slippery surfaces with omniphobicity developed from porous superhydrophilic nanoparticulate thin films

through hydrophobization and liquid lubricant infusion.

S. Ghaffari, et al. Surfaces and Interfaces 17 (2019) 100340

31



oleophobic behavior is achieved by incorporating differences in char-
acteristics and structures of the cellulose in both microscopic and na-
noscopic scale, without using any detrimental chemical materials. In
another research by Du et al. [388], they fabricated omniphobic sur-
faces via treatments including tetrabutyltitanate (TBT) and octadecy-
lamine (OA) which have increased the surface roughness and reduced

the interfacial energy. It was also observed that by increasing possible
reactive sites and with 1,2,3,4-Butanetetracarboxylic (BTCA) acid, the
hydrophobicity will be enhanced. As shown in Fig. 38, there are con-
siderable differences in the surface morphology of BTCA- and TBT-
treated and untreated samples [389].

Underwater superoleophobic films for oil/water segregation have
made excessive development. However, there are still a few trials in this
modest manufacturing of low-cost and eco-friendly membranes with
underwater superoleophobicity. Wang and Wang [390] a facile NaClO2

treatment which can fabricate an eco-friendly superoleophobic surface.
The advanced textile can be implemented as a gravity-driven oil/water
separation filter with high efficiency (>92.8%). Moreover, Hou et al.
[391] have fabricated a unique stainless topology using PDDA/halloy-
site nanotubes which can perform a good oil/water separation in un-
derwater conditions. The hierarchical arrangement and roughness of
the PDDA/HNTs coating surface were organized by regulating the
amount of layer deposition.

7. Conclusion

In this paper, we tried to build a comprehensive review of recent
progress and fundamentals of the superoleophobic surfaces’ require-
ment for fabrication, examination, evaluation, fabrication methods, and
application. Due to the lower surface energy of oil, it is tough to
manufacture superoleophobic surface in comparison with the super-
hydrophobic surfaces. According to these complex requirements, only a
few surfaces have been reported with the superoleophobic property.
Thus, recent progress in designing, fabrication, and maintaining on
superominophobic surfaces were investigated and thoroughly re-
viewed. According to the results of recent researches, number of pro-
gresses in fabricating superoleophobic surfaces such as sol-gel, etching,
lithography, electrodeposition of conductive polymers, electrospinning,
LBL assembly, solution-immersion, hydrothermal, anodizing, and spray
coating alongside to the contact angle of each method were reviewed.

Fig. 37. A general strategy to fabricate underwater superoleophobic surfaces with ultra-low oil adhesion for different oils and metal sheets. The underwater
superoleophobicity and ultra-low oil adhesion of (a) different oils and (b) various TA-coated metal sheets. (c) Digital images show that there is no residual oil (silicon
oil dyed by oil red O, viscosity= 14,000 CST) stained on the TA-coated sheets after washing by water compared with the bare sheets, revealing the excellent anti-oil
adhesion property [373]. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

Fig. 38. Surface morphology of nylon fabric: (a) untreated, (b) BTCA treated,
(c) BTCA–TBT treated, and (d) BTCA–TBT–OA treated. (note: BTCA 2%; TBT
treatment: TBT: acetic acid=1:0.6 in mole, TBT:H2O=1:8 in mole, TBT :
ethanol= 1:90 in mass, reaction time 2 h; OA treatment: OA 4%, NH4OH 1%,
fabric was cured for 5 min at 110°C) [388].
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Due to the special characteristic of the superoleophobic surfaces, these
surfaces have been found numerous applications such as fabrication of
transparent coatings, application in fabricating corrosion resistant
coating, application in fabricating of self-cleaning surfaces, SLIPS, oil/
water separation-filtration, oil transportation, and oil capture were
studied in details in this paper. Also in this review paper, perspectives
on eco-friendly approaches to fabricate superoleophobic surface was
reviewed. The expansion trend of superoleophobicity may encounter a
tense development in the direction of the design, awareness, and usage
of more complex and intelligent superoleophobic surfaces. The prospect
of superoleophobic surfaces is optimistic and exhilarating due to the
excessive marketing, promising horizons and increasing the number of
researchers and engineers dedicated to attaining superoleophobicity. In
today's world, more and more companies are moving towards omni-
phibic and superomniphibic surfaces because of the vast range of ap-
plications which helpd them to explore brand new opportunities.
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