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1.1 Natural Creatures with Special Wettability

In order to acclimatize themselves to the natural environment, many plants and animals in
nature have developed particular morphology and structures during long-time evolution.
Recent advances in comprehending the underlying mechanisms of naturally occurring supe-
rhydrophobic and superoleophobic surfaces have prompted an abundance of biomimetic
studies modeled after the characteristics of gecko setae, butterfly wings, and other structures
[1, 2]. Particular attention has been paid to a number of well-known instances of oil-repellent
surfaces found in nature (in the air) [3]. For example, bacterial (Bacillus subtilis) biofilm colo-
nies and pellicles (Figure 1.1a) have a persistent antiwetting property to many liquids with
low surface tension, as reported by Nishimoto et al. [4]. According to Gorb’s group, leathop-
pers with consistent and dense coatings of bronchosomes, a type of highly organized particle,
were oil-repellent on their integuments (Figure 1.1b) [5]. Werner et al. discovered that spring-
tails (also known as collembolan), as one of the most significant and attractive natural organ-
isms with oil repellency, can sustain themselves without suffocating in water or even oil
environments [6-9]. The cuticle structures of these organisms display robust surface plas-
trons that are made up of hexagonal or rhombic comb-like patterns or secondary granules
with hexagonal basic patterns. A visible layer of protective air cushion, characteristic of a
superamphiphobic surface, was present on the surfaces after the springtails were submerged
in water and oil. After conducting a thorough investigation into the cuticle micro- or nano-
morphology of approximately 40 different springtail species (Figure 1.1c-f), the researchers
concluded that the extreme oil repellency of these springtails in air is a result of a combina-
tion of multiscale roughness (e.g. the reentrant topography) and chemical composition
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Figure 1.1 Habitus images and respective morphological characteristics of representative oil-repellent
examples in nature. (a,al) Bacterial biofilms of Bacillus subtilis [4] / National Academy of Sciences. (b, b1)
Leafhoppers [5] / Royal Society Publishing. (c-f) Different species of springtails [8] / Springer Nature.

(e.g. chitin or protein). The inspiration from these oleophobic surfaces in nature has paved
the way for more examples of oil-repellent surfaces [10-12].

1.2 Characterization of Wettability

A sessile drop will normally form in the shape of a sphere sectioned by the surface when it
is placed on a flat substrate. There is a discrete and measurable contact angle 6c4 between
the sphere and the surface at the circular solid-liquid-vapor three-phase contact line.
Generally speaking, a hydrophilic surface possesses @ca < 90°, while hydrophobicity
displays s > 90°. A surface is specifically designated as super-repellent if its Oc, is greater
than 150° and its sliding angle s, is less than 10°. Superhydrophobicity refers to a surface
that exclusively repels water, while superamphiphobicity is the ability of a surface to exhibit
super-antiwetting properties toward both water and other oil liquids with surface energy
lower than water. Characterization is crucial in order to explore the superamphiphobic
characteristics. The most straightforward method for locating a super-antiwetting surface
is usually eye visualization. Using this technique, the wetting and flowing behaviors can be
observed when a probing liquid is applied gently to the surface. If oils and water can both
flow across the surface easily, it is considered superamphiphobic. However, precise profes-
sional equipment is required to measure the static contact angle and contact angle hyster-
esis in order to accurately distinguish between various super-repellent properties.

1.2.1 Static Contact Angle

Classically, the static contact angle, as given by Young’s equation (Figure 1.2a), is the
traditional method used to determine the surface wettability. When a droplet of fluid
comes into contact with a surface, a combination of interfacial tensions between the
solid-liquid (ysp), solid—vapor (ysy) and liquid-vapor (yry) interfaces can control the
contact angle:

YsL — Vsv (1.1)

CoS Ocp = iy
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Figure 1.2 (a) Rough structures can enhance surface wettability. (b) The droplet with high
adhesive force in the Wenzel state can firmly adhere to the substrate surface even when it is
reversed downwards. The droplet with low adhesive force in Cassie state can easily roll down the
substrate. (c) Several typical states of super-repellant surfaces: “petal” state; “gecko” state;
metastable Cassie state; and liquid-infused state [25]. Schematic illustration of the characterization
analysis for contact angle hysteresis [26]: (d) advancing €4, and receding contact angle Ggec; tilt
angle, i.e. the so-called roll-off angle or sliding angle s4 (e) and the shedding angle @sy, (f).

However, the aforementioned Young’s equation [13] only can be applied to smooth, flat
surfaces, ignoring the actual interactions between droplets and substrates as well as other
external forces in practical situations [14]. But in fact, such an ideal surface does not exist.
Due to the more complex solid-liquid interactions, contact angles on a rough surface typi-
cally exhibit fluctuation. Two distinct models have been constructed to represent the water
contact in the Cassie-Baxter regime [15] and the Wenzel regime [16] in order to better
explain this phenomenon. In the Wenzel regime, surface roughness can promote both wet-
tability and nonwettability, depending on the surface’s chemical properties (Figure 1.2a,b).
In this regime, the following equation [17] describes the relationship between the meas-
ured 6ca and the “true” contact angle of a flat surface (6,,):

coS Oca = R - cos Oga; (1.2)

where R is the ratio of the actual surface area of the rough surface to the apparent area.

A composite liquid—-vapor-solid interface and a more antiwetting surface might result
from stable air pockets existing in rough interstices between the droplets and surfaces. This
situation is known as the Cassie-Baxter regime [17].

cos Oca = —1 + @ - (1 + cos Og,y) (1.3)

where @5 is the fraction of the surface that is in contact with the liquid. In this condition,
the liquid just partially rests on the surface, with a relatively tiny contact area. Because of

5



6

1 Fundamental Understandings of Superamphiphobicity

the trapped air in the pores, the contact angles of a rough surface composed of the same
materials are always significantly larger than those of a flat surface. Consequently, surface
morphology plays a very key role in wettability.

The two states described above are always considered as extreme cases where droplets are
positioned on extremely repellent surfaces. However, in certain exceptional circumstances,
certain intermediate states, such as the “petal” state [18], “gecko” state [19], and metastable
Cassie state [20], also occur, where droplets may partially moisten the roughened surfaces
(Figure 1.2c). The droplet partially wets the surface of a rose petal as it penetrates into the
rough structure. The large-scale micropapillae on the petal surface are shown to be impreg-
nated by droplets, but the nanofolds that sit on top of them remain unwetted. Even when the
petals are positioned upside down in this wetting case, the droplets are still able to adhere
firmly to their surfaces. Additionally, a different high-adhesion wetting condition known as
the “gecko” state explains a negative pressure created by sealed air pockets trapped in the
nanospace between the surface and the water droplet, which results in a high adhesive
force. As implied by its name, the metastable Cassie state is not an actual equilibrium state.
Such a state originates from a superoleophobic surface with local curvature. Despite having
low surface tension and liquid CA greater than 90°, the textured surface’s air-liquid inter-
face is pinned by the local surface curvature, which keeps the liquid from penetrating and
giving rise to the superoleophobic property [21-24]. Nevertheless, the surface may lose its
superoleophobicity if some external disturbance causes it to transition from the metastable
Cassie state to the Wenzel state.

It is noteworthy that the liquid-infused surface has been recently developed into a liquid-
repelling one. Its repellency, however, cannot be explained by the Wenzel and Cassie-
Baxter equations. Rather, instead of using micro/nanoscale features to reject fluids, the
liquid-infused surface has eliminated adhesion between the droplet and the substrate
depending on the liquid surface. The oil liquids with extremely low surface energy can
produce a stable and smooth interface, restricting most liquids from permeating and at the
same time resisting the adhesion of a variety of matters [25].

1.2.2 Contact Angle Hysteresis

Not only must the contact angle for water and oil droplets be greater than 150°, but a
comparable low contact angle hysteresis (CAH) is also necessary for a super-repellent
surface. The difference between two contact angles, viz. advancing contact angle (Adv)
and the receding contact angle (Rec) on a surface with a specific roughness or uneven
chemical composition is known as the CAH [14]. CAH has an impact on surface adhesion.
For example, a self-cleaning surface requires a low hysteresis. Thus, for superhydrophobic
and superoleophobic surfaces, CAH is yet another crucial character. Many methods have
been devised to date for the characterization of the CAH; the most commonly used ones
are Opgy/ Orec and the tilt angle.

Advancing/receding contact angle: Usually, the advancing contact angle (0aqy) and the
receding contact angle (fg,.) are typically measured using commercial equipment equipped
with an enhanced video microscopy system and digital image analysis (Figure 1.2d). First,
a syringe pump is applied to generate a standard water droplet. And then the water fluid is
continuously pumped into (or sucked from) the droplet at a lower speed. In the meantime,
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a solid state charge-coupled device camera displays @4y in a frame grabber. Following the
water pumping, the suction action is carried out to recede the water droplet, and to record
the Ogec [27].

Tilt angle: A critical angle between the substrate and the horizontal surface is termed as the
tilt angle, below which the droplet starts to move upon inclining the substrate. For both water
and oil droplets, a tilt angle smaller than 10° is thought to be required for the super-repellent
surfaces and self-cleaning properties. The two types of tilt angles that are typically distin-
guished are the sliding angle (6s4; Figure 1.2e) and the shedding angle (fsya; Figure 1.2f).
When a droplet fully rolls off the surface due to gravity alone, the angle of inclination of the
surface is known as the sliding angle, also known as the roll-off angle. The sliding angle can
be measured by the -, measuring instrument through the use of a tilt plate with an angle
that can be adjusted between 0° and 90°. The plate rotates continuously from 0° to 90° during
the measuring procedure until the droplet begins to roll or slide off the substrate surface [22,
28]. The rotation angle is immediately noted as 6sa. There is, in fact, a small difference
between sliding and rolling with respect to the droplet’s real motion. The sliding case has a
somewhat bigger contact area between the droplet and the substrate than the rolling case.
Furthermore, in the former case, the droplet gets stuck on the substrate because of the strong
adhesive force, whereas in the latter case, the droplet is free to roll [29-31]. Nevertheless, in
most of the cases, the difference was not reported along with the recorded angle. The sliding
angle approach is no longer suitable when measuring surface adhesion on some difficult
surfaces, including textiles, because of the many clinging fibers that obstruct droplet sliding
[28]. Consequently, a new method called the shedding angle has been proposed for the char-
acterization of superhydrophobic textiles [32]. In essence, the shedding angle (Osya) is a criti-
cal angle at which a water droplet of a certain volume dropped from a set height begins to roll
off or bounce away from the inclined substrate. When comparing data from several studies,
caution must be taken because the drop volume and needle-to-substrate distance have an
impact on the measured fs4 value.

1.3 The Mechanism for Superamphiphobicity

1.3.1 Chemical Composition

Owing to its decisive effect on surface energy, the chemical composition is a major factor in
a material’s wettability. Young’s equation (Eq. 1.1) provides a good description of the CA of
a flat substrate [13]. On a flat surface, hydrophobicity or oleophobicity must be achieved
with a CA greater than 90° for both water and oil droplets. yy is less than yg if CA is more
than 90°. Ignoring that the contact force between two surfaces has an actual order, Eq. (1.4)
allows us to approximate the yq [33]:

Ysl=Ysv + Vv — 2/Vsv Ty 1.4)

The surface free energy of the solid substrates (ys,) should be sufficiently low to be less
than one-quarter of the surface free energy of the liquid (y},), as determined by combining
Eqgs. (1.1) and (1.2). Some common oils, including hexadecane, have surface tensions that
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Figure 1.3 Chemical structures of commonly used perfluorinated materials applied to the surface
modification of a roughened substrate.

are typically substantially lower than water’s (27.5 m Nm™). Therefore, the solid surface’s
surface energy needs to be extremely low, just a few m Nm™}, in order to achieve supero-
leophobicity. Only a few unique chemical groups, such as —CFj3, allow for this. This rigid
requirement restricts the choice of materials and enhances the challenge of fabricating
superamphiphobic surfaces.

Generally speaking, the appropriate materials can be created by depositing molecular
perfluoroalkane that has a functional group at one terminal (F-monomer), such
as 1H,1H,2H,2H-perfluorooctyl phosphate (PFOP), 1H,1H,2H,2H-perfluorooctanoic
acid (PFOA), 1H,1H,2H,2H-perfluorooctyl trichlorosilane (PFOTS), 1H,1H,2H,2H-
perfluorodecyl trichlorosilane (PFDTS), 1H,1H,2H,2H-perfluorodecane-1-thiol (PFDSH),
and 1H,1H,2H,2H-perfluorodecyl acrylate (PFDAE). Additionally, it can also be achieved
by spin- or spray-coating a solution of fluorinated polymers (F-polymers). F-monomers
can always be grafted to create a fluorinated layer either liquid phase deposition or vapor
phase deposition.

The fluorinated materials can be broadly classified into the following groups based on
the types of chemical modification materials: fluoroalkane, perfluorocarboxylic acid,
fluoropolymers, fluorosurfactants as well as C4Fg plasma. Figure 1.3 summarizes a few
perfluorinated compounds that are often utilized. This section will cover the benefits and
drawbacks of each fluorinated material.

1.3.1.1 Fluoroalkane

Fluoroalkanes are frequently utilized for prepatterned surfaces and are thought to be the
ideal compounds to make superamphiphobic surfaces. Generally, perfluoroalkane with a
functional group at the chain terminal (F-monomer) can be deposited on a variety of
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substrates to generate a fluorinated layer. Fluorosilanes and fluorothiols are the two
types of fluroroalkanes that are frequently employed.

Fluorosilanes: On many different patterned substrates, fluorosilanes can produce thin, self-
assembling layers. Before fluorination, the patterned surface must be activated (by UV or
plasma) to form —OH on the surface. After fluorosilanes are added, a covalently linked layer
can be achieved. Fluorosilanes that are primarily used in applications are 1H,1H,2H,2H-
perfluorooctyltrichlorosilane (PFOTS), 1H,1H,2H,2Hperfluorodecyltrichlorosilane (PFDTS),
and 1H,1H,2H,2Hperfluorodecyltriethoxysilane (PFDTES). Wong et al. have fabricated
transparent and superamphiphobic surfaces with inverted cone nanostructures by omnidi-
rectional self-assembly of nanoparticle aerosols and gas phase fluoro-silanization of PFOTS
[34]. Besides, using a simple molding technique and PFDTS modification, Jang et al. were
able to successfully produce functional superamphiphobic polymer-based surfaces [35]. The
molding template was composed of hierarchical structures with ratchet-like microscale
structures and nanoscale spheres and an ultrathin-protecting layer for the repeated molding
process.

Fluorothiols: The fluorothiols are efficient fluoroalkane modifiers to reduce the surface
energy of reentrant structure, much like fluorosilane. Moreover, thiols are able to form a
thin, self-assembling layer on the substrates. However, they lack oxidative stability and are
restricted to specific substrates like copper, silver, gold, platinum, palladium, or palladium
[36-38]. 1-Decane-thiol (DT), as one type of fluorine-free low surface tension material, is
utilized to passivate the prepatterned surface. The surface energy of DT is higher than that
of PFDT (1H,1H,2H,2H) due to the distinct functional groups in their chemical structures
(DT possesses —CH;, PFDT —CF3) [38]. Using a two-step surface texturing procedure and
surface fluorination with PFDT, Ou et al. created a superamphiphobic surface [38].
Superamphiphobicity of the surface could be restored with remodification with PFDT,
demonstrating indirectly that PFDT desorption may be the cause of the deterioration.

1.3.1.2 Perfluorocarboxylic Acids

Perfluorocarboxylic acid has also been employed to reduce the reentrant structure’s
surface energy. It is often applied to the prepatterned surface, just like the fluoroalkane
compounds. Perfluorooctanoic acid (PFOA) [39], perfluorononanoic acid (PFNA) [40],
and perfluorodecanoic acid (PFDA) [41] are examples of perfluorocarboxylic acids that
are often used. Chen et al. [39] have developed a strong and long-lasting superamphi-
phobic surface with great repellency to various liquids, including water, glycerol, peanut
oil, and some chemical solvents. The superamphiphobic powder’s primary constituents
were Cu and Cu,0, which were covered in CF; and CF, functional groups. The super-
amphiphobic surface exhibited a high number of morphologies that resembled leaves,
protrusions, and corallines, which randomly aggregated and were covered in a huge
number of micro/nanoparticles.

1.3.1.3 Fluoropolymer

Another ideal low surface tension material for fluorinated modification is fluoropolymer.
Usually, it mixes with nanoparticles, which are employed to produce superamphiphobicity
by raising the surface roughness. The fluoropolymer’s shortcomings include its inability to
attain sufficient roughness on its own and its unsuitability for pretextured surfaces. That is
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to say, more nanoparticles need to be introduced [42]. Furthermore, there is a need for
additional improvement in the durability of the fluoropolymer-based superamphiphobic
surface. Using SiO, nanoparticles and fluorinated polyurethane, Wang et al. created a
superamphiphobic breathable membrane that was comparable to the process used to make
amphiphobic nanofibrous membranes made of poly (trifluoroethyl methacrylate) and elec-
trospun silica [42]. A three-step polymerization process with a terminal perfluoroalkane
segment produced the fluorinated polyurethane.

1.3.1.4 Polyhedral Oligomeric Silsesquioxane

POSS, or polyhedral oligomeric silsesquioxane, is an organosilicon molecule that resembles a
cage. It is surrounded by either 1H,1H,2H,2H-perfluorodecyl (FD-POSS) or 1H,1H,2H,2H-
perfluorooctyl (FO-POSS). POSS has an ultralow surface tension, with a solid surface energy of
about 11.5 mN m™" [43]. Pan et al. [43] created an electrospun layer of fluorodecyl POSS and
cross-linked poly(dimethylsiloxane; PDMS) on top of the stainless steel wire meshes. For a
variety of various polar and nonpolar low surface tension liquids, such as acids, alkalis, and
solvents, the as-fabricated superamphiphobic surface exhibits a high contact angle (Figure 1.4c)
due to a hierarchical structure (Figure 1.4a,b) and low surface energy. Crucially, the superam-
phiphobic surface demonstrates an efficient chemical shielding property and can chemically
shield against nearly every type of liquid, whether organic or inorganic, polar or nonpolar,
Newtonian or non-Newtonian (Figure 1.4d-f).

1.3.1.5 Fluorosurfactant

The superamphiphobic surface can also be effectively created using fluorosurfactant with
a high surface energy head and a low surface energy tail group [42]. There could be a low
surface energy barrier as a result of the fluorinated tails segregating at the surface. Using a
wet-chemical technique, Zhou et al. produced a strong, self-healing, and superamphipho-
bic surface [44], which was created by dispersing fluorocarbon surfactant (DuPont
Zonyl321), lyophobic nanoparticles (PTFE NPs), and fluorinated alkyl silane (FAS) in
water. The goal of using PTFE NPs was to improve the surface’s mechanical robustness and
provide secondary roughness. FAS functioned as a coupling agent to enhance the adher-
ence between the superamphiphobic coating on a variety of substrates, including fabrics,
sponges, wood, glass, and metal, while also acting as a low surface tension modifier to
lower the surface free energy by introducing a fluorinated alkyl chain (Figure 1.4g,h).

1.3.1.6 Plasma Treatment

Plasma treatment is an additional modifying technique. The octafluorocyclobutane (C,Fg)
plasma was used in this process to deposit a fluorocarbon film on the substrates. One
benefit of the plasma treatment is that, regardless of its morphology, it can be adminis-
tered to the entire surface [42]. However, due to unique experimental conditions and
chemicals that place restrictions on the applications of plasma treatment, it is only appli-
cable to small-scale treatments. Using soft lithographic microfabrication and C4Fg plasma
treatment, Kang et al. created a strong superamphiphobic surface with mushroom-shaped
micropillars [45]. Reentrant structures were produced using the direct micromolding
technique (Figure 1.4i,j). Following the etching procedure, a thin and uniform polymeric
layer was formed on the textured surface by introducing the C4Fg gas in a deep reactive ion
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Figure 1.4 (a) SEM image of the hierarchically structured surface illustrating the electrospun
coating of cross-linked PDMS +50 wt% fluorodecyl POSS on a stainless steel wire mesh 70. (b) SEM
image illustrating the reentrant curvature of the electrospun texture. (c) Droplets of various low
surface tension liquids showing very high contact angles. Side view of an aluminum plate,
immersed in (d1) concentrated hydrochloric acid (HCL) and (d2) concentrated sodium hydroxide
(NaOH), respectively. The uncoated aluminum surface reacts violently with HCL or NaOH, releasing
bubbles of hydrogen gas, but the coated aluminum surface remains unaffected. The uncoated
aluminum surface appears rough and damaged after immersion in (e1) HCL and (e2) NaOH,
respectively. The coated aluminum surface remains unaffected after immersion in (f1) HCL or

(f2) NaOH, respectively [43] / American Chemical Society; (g) Schematic illustration of the
procedure for solution preparation and coating treatment. (h) Illustration of possible interaction
among PTFE NPs, FAS, and Zonyl321 [44]; (i,j) Side and top-view SEM images of PDMS mushroom-
like micropillar arrays. (k) Transmittance spectra of various samples over UV-Vis wavelength regime.
(1) Measurement of static contact angles of the PDMS sample over a time period of 6 months. The
insets show optical photographs of various liquids: DI water (transparent), mineral oil (blue), and
ethanol (yellow) at different time points [45] / with permission of The Royal Society of Chemistry.
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etch system. In addition, C4Fg gas polymerization provides better resilience and repeata-
bility when compared to alternative surface treatment techniques. Significantly, the poly-
mer structures remain unchanged following the plasma treatment, which is thought to be
a beneficial fluorocarbon surface treatment. As a consequence, the superamphiphobic
surface is extremely repellent to different liquids with a broad range of surface tensions
from 22.3 to 72.1 mN m™. The superamphiphobic surface has a transmittance of up to
90% (Figure 1.4k) and a durability of at least six months (Figure 1.41).

1.3.2 Special Rough Morphology

The surface topology is another crucial factor. As previously mentioned, air can become
trapped on a rough surface when liquids come into contact, significantly decreasing the
contact between the surface and the droplet. However, repelling liquids with extremely
low surface tension is not always the case for all rough surfaces with low surface energy.
It was far from sufficient for industrial applications to repel just liquids with higher
surface energy, such as water and glycol. To construct superoleophobicity, only a cer-
tain type of rough structure with reentrant geometries is applicable. In recent years,
numerous review articles have concentrated on and gathered information about the
design of complicated reentrant geometry, overhang structures, inversetrapezoidal
structures, and mushroom-like structures, to fabricate superamphiphobic interfaces, as
shown in Figure 1.5a-f [46-50]. The rough structure with reentrant curvature balances

(a) Impact of Topography on Superamphiphobicity

Wet by Liquid Not Wet by Liquid

a=0°
Oy = 70°

0,
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O + 0 <90° O + 0 2 90° Geometry

Types of Topographies of Superamphiphobic Interfaces

.: e

Figure 1.5 (a) Schematic depicting the impact of various reentrant topography for achieving
superamphiphobicity. For non-reentrant geometry, the liquid wets the surface for g4 < 90°.
When 654 + o 2 90° for reentrant inverse trapezoidal geometry, the liquid does not wet the
surface. But curvature geometry in reentrant structure supports the nonwetting of the surface
with 6g4: = 70°. Also, other reentrant geometries support the nonwetting of the surface for

Onat < 90° and Osae = 0° [46] / with permission of Elsevier. (b-f) SEM images of various reentrant
geometries that aid in exhibiting superamphiphobicity including [51] / American Association for
the Advancement of Science - AAAS (b) electrospun morphology, (c) well-defined micropillar type
structures, (d) inverse trapezoidal microarrays, () wavy stem with wider head. (f) Overhang
T-shaped microstructure [50] / The Royal Society of Chemistry.
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the downward mixing force generated by Laplace pressure and droplet gravity and
generates an upward combined force, therefore repelling liquids with lower surface
tension.

1.3.2.1 Reentrant Structure

The notion of the reentrant surface structure was first proposed by Tuteja et al. [51] and
used in the construction of superamphiphobic surfaces; it is thought to be an effective tech-
nique. Notably, this notion has significantly aided in the advancement of this field. So as to
keep low contact angle hysteresis and reasonably high contact angles, superamphiphobic
surfaces are predicted to produce composite solid-liquid-air interfaces with air pockets in
the valleys between pillars. Reentrant curvature can be produced to some extent via mush-
room-shaped structures, micro-hill-like structures, or even randomly stacked nanoparti-
cles [52-55]. As we all know, the concave shape of the top of springtails, as one of the main
factors, can contribute to liquid repellency. Kang et al. [52] used silicon microelectrome-
chanical systems and soft lithography techniques to create mushroom-like micropillar
(SIMM) arrays that resemble springtails in size and shape, with diminutive heads and
broad feet. It was discovered that the meniscus of the SIMM array may be altered to provide
selective liquid sliding features by varying the texturing angle and spacing between neigh-
boring microcolumns. This occurs as a result of competition between internal gravity and
Laplace pressure near the meniscus. It was shown that the mushroom-like head possesses
both superomniphobicity and selective liquid sliding features. Zhang et al. [53] developed
superamphiphobic surfaces with micro-hill-like reentrant microstructures by spraying
fluorinated multiwalled carbon nanotubes (F-MWCNTs). The F-MWCNTs accumulating
randomly and solvent evaporating jointly contributed to this particular reentrant structure.
Such surface possesses sliding angles of 1.2° and 4.3° and contact angles of 172.4° and
163.0° for water and cetane, respectively (Figure 1.6a).

1.3.2.2 Overhang Structure

Previous research [56, 57] has indicated that innately hydrophilic materials can be made to
exhibit superhydrophobic behavior if they have surfaces with microtextures with over-
hanging structures. These features contribute to keep water from entering grooves due to
capillary forces. Likewise, it has been shown that superoleophobic surfaces can be formed
on innately oleophilic substrates with overhang structures preventing oil from penetrating
the textures, thus exhibiting superamphiphobicity [58-60]. Wang et al. [59] have developed
a multifunctional coating composed of fluorinated alkyl silane, micro-sized ammonium
polyphosphate particles, and functionalized silica nanoparticles (Figure 1.6b,c). A unique
randomly overhanging hierarchical structure can be constructed on a variety of surfaces
using an easy and economical spaying technique and exhibits super-repellency to water
and oils with low surface tensions. Reverse imprint lithography and reactive ion etching
techniques were used by Wooh et al. [60] to develop superamphiphobic surfaces with over-
hang patterns. They also incorporated conical, pillar, hole, and linear nanopatterns onto
the overhang structure’s surface in addition to the single overhang structure. The supero-
leophobicity of embedded holes and linearity could be enhanced by creating a new over-
hang angle of approximately 0° beside the original overhang structure, while the embedded
conical and pillar nanopatterns just decrease the solid-liquid contact area.

13
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Figure 1.6 (a) Schematic illustration of the process for F-MWCNTs coating preparation [53] / with
permission of Elsevier. (b) Schematic illustration of liquid-wetting models of a single particle with
the radius r wetted by water and hexadecane. (h: penetration depth of the liquids; 0: the static
contact angle of the liquids on a smooth surface possessing identical surface chemistry as the
rough surface.) Assumed wetting models for the coating surfaces wetted by water and oil.

(c) Schematic illustration of the mechanism of forming the superamphiphobic surface [59] / with
permission of Elsevier. (d) General surface SEM, enlarged surface SEM, and cross-section SEM [62] /
The Royal Society of Chemistry.

1.3.2.3 Porous Structures

Superamphiphobic coatings with porous structures are rarely constructed because of the
unclear correlation between the structural parameters of the pores and the repellency of
the coating. Nevertheless, it is worth noting that creating air pockets by trapping gas is
crucial for liquid repellency as it creates negative Laplace pressure. Liquid repellency is
greatly influenced by the amount of air present in the pores or vacancies of porous struc-
tures, another important type of nanostructure for creating superamphiphobic surfaces
(Figure 1.6d) [61-63]. An artificial porous superamphiphobic surface has been developed
by Li et al. [61] by combining adhesive agent polydopamine with hydrophilic SiO, nano-
particles for constructing a porous micro-network. Following a two-step CVD process, the
superhydrophilic microstructure porous coating transformed into a superamphiphobic
one. It should be highlighted that a porous coating’s repellency is significantly influenced
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by structural factors like pore height and size. Therefore, it is advantageous to optimize the
structural characteristics in order to improve the coating’s repellency. Besides, Cao et al.
[63] have constructed a superamphiphobic, self-cleaning, and robust coatings on a variety
of rock substrates depending on the low surface energy of fluorinated compounds and the
inherent roughness of stone substrates. The superamphiphobic chemicals are housed in
the pores of the stone, which functions as a microstructure to resist abradant removal and
maintain the substrate’s chemical and physical integrity.

Generally speaking, the two aforementioned factors should be carefully and extensively
considered in order to properly accomplish superamphiphobicity.

1.4 Summary and Outlook

This section briefly introduced the several fundamental wetting states, dimensionless
parameters, and design criteria that characterize the performance of a well-defined
structured surface. Furthermore, commonly used chemical modification materials and a
wide diversity of surface topographies of oil-resistant materials were summarized using
pertinent classification.

To fully comprehend the superamphiphobic surface, it is important to discuss both cur-
rent challenges and promising prospects. Firstly, additional investigation is needed to bet-
ter comprehend the formation concept of a superamphiphobic system. The fundamental
theory plays a very important guiding role in the fabrication and applications of superam-
phiphobic surfaces. Secondly, in order to quantify the performance stability of the super-
amphiphobic surface and facilitate performance comparison, a set of predetermined
standards should be established. Last but not least, long-chain fluoride, which is frequently
employed to reduce surface tension during chemical modification, is poisonous and harm-
ful to the environment. Since low surface energy chemistry is not required, double reen-
trant structures should be further studied to produce superamphiphobic surfaces, as this is
thought to be a more environmentally friendly technique. Double reentrant configurations
can be optimized and used to build superamphiphobic surfaces by controlling the
structural angle of the structured surface.

Generally speaking, there is still a huge potential for the development of superamphi-
phobic surfaces. With consistent effort, scientists and engineers will propose more theoreti-
cal research based on unique results to further grasp superamphiphobicity. A promising
future lies ahead for superamphiphobic surfaces because of their high commercialization
value and potential, which is driving an increasing number of scientists and engineers to
strive for superamphiphobic surfaces.
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