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Preface

Superhydrophobicity was first observed in nature on a lotus leaf and some other plants
when their leaves would not get wet. The main reason for that phenomenon was the unique
surface structure of the lotus leaf and also the presence of a low surface energy material on
the surface of the leaf. In order to achieve superhydrophobic surface or coating, the surface
must possess hierarchical micro and nano roughness and low surface energy at the same
time. Hierarchical micro and nano scale roughness will trap air on the surface that will cause
an increase in the water contact angle and low surface energy will decrease the tendency of
water to bond with the surface. So almost all the methods to achieve superhydrophobicity
consist of two requirements of a hierarchical surface roughness as well as presence of a low
surface energy material. These surfaces have many practical applications, from industrial to
biomedical applications, including water/oil separation, self-cleaning, drag reduction, anti-
fogging, anti-bacteria, anti-fouling, anti-icing, corrosion resistance, as well as many applica-
tions in industries such as marine, oil, and gas, aerospace, biomedicine etc. Hence,
superhydrophobic surfaces, which can be achieved by surface modifications and/or surface
coatings, have become very interesting in the last decade. The important issues and chal-
lenges in the field of superhydrophobic surfaces is stability and robustness of the surfaces.
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Chapter 1

Introductory Chapter: Superhydrophobic Surfaces -
Introduction and Applications

Mehdi Khodaei
Additional information is available at the end of the chapter

http://dx.doi.org/10.5772/intechopen.85359

1. Introduction

Superhydrophobicity was first observed in the nature on lotus leaf and in some other plants
in which their leaves would not get wet. The main reason of this phenomenon was the unique
surface structure of the lotus leaf and also presence of a low surface energy material on the
surface of the leaf. In order to achieve superhydrophobic surface or coating, the surface must
possess hierarchical micro- and nano-roughness and low surface energy at the same time.
Hierarchical micro- and nanoscale roughness will trap air on the surface that will cause
increase in water contact angle, and low surface energy will decrease the tendency of water
to have bonding with the surface. So, almost all the methods to achieve superhydrophobicity
consist of two steps: first to make a hierarchical surface roughness and then surface modifica-
tion by a low surface energy solution of some materials like fatty acids, fluoroalkyl silanes, etc.

Atoms and molecules of liquid and solid have higher energy on the surface because there are few
chemical bonds on the surface. This energy of surface atoms or surface molecules is known as
the surface tension or the surface free energy. This energy is shown by y and is equal to energy
per unit area needed to build surface in constant temperature and pressure (J/m? or N/m). In
case solid and liquid are in direct contact with each other, the surface energy will be lower in
comparison to the situation in which these two are separated. The relation between surface
energies and adhesion work is shown in Dupre equation.

WSL =Yoa T ¥4 " Yo 1

In this equation, W, is the adhesion work per unit area, y,, is the surface free energy between
air and solid, y, , is the surface energy between air and liquid, and y, is the surface free energy
between liquid and solid.

© 2019 The Author(s). Licensee IntechOpen. This chapter is distributed under the terms of the Creative
InteChOpen Commons Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use,
distribution, and reproduction in any medium, provided the original work is properly cited. [{(cc) ExgIN
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When water droplet is placed on the surface of the solid, these two will reach equilibrium and
water droplet makes a specific angle with the surface known as water contact angle (6,). The
total energy can be calculated by the below equation:

Etotal = YLA(ALA + ASL)_ Ws A (2)

L~ "SL

In this equation, A , and A are, respectively, liquid/air interface and liquid/solid interface. In
this situation, regardless of gravitational potential energy and in constant volume and pres-

sure in the equilibrium, dE_,  is considered equal to zero.

YLA(d ALA +d ASL)_ WSL d ASL =0 ©)
For a droplet with constant volume, 6 can be calculated by the equation below:
dA ,/dA, =cosb, 4)

Then according to these equations, cosf, can be calculated by the equation below known as
the Young's equation:

COS@O =(Ysa™ YSL)/YLA ©)

2. Wetting models

Several wetting models have been defined to calculate contact angle on the surface. The first
wetting model is Young’s equation that was just mentioned. This model does not consider
surface roughness of the solid surface. The Young’s equation is shown below:

Ysc ™ YsL

cosf = Ve (6)

In this equation, 0 is contact angle and y ., 4, and y, . are, respectively, surface free energy
of solid/gas, solid/liquid, and liquid/gas interface.

It is obvious that in most cases, the surface is not smooth; so, Young’s equation is not able to
calculate the contact angle properly; thus, Wenzel equation was introduced. In this equation,
it is considered that the surface wetting occurs uniformly and the equation is shown below:

cosOw =rcos0 (7)

In this equation, 8w is the Wenzel contact angle, 0 is Young’s contact angle, and r represents
the surface roughness factor that is equal to ratio of real surface to apparent surface.

As mentioned before, wetting is considered to be uniform in Wenzel’s equation, or in other
words, it is considered that water went through all surface cavities and there is no dry part.
On the other hand, there is another wetting model that considers that the wetting is not
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Figure 1. Schematic illustration of (a) Young’s model, (b) Wenzel model, and (c) Cassie-Baxter model.

uniform and air packets do not let water to get into the surface cavities. In this case, water is in
contact with solid and air packets, and water contact angle with air is equal to 180°. The model
is called Cassie-Baxter and the equation is shown below:

cos 6, =f, % cos 0, + f, % cos 0, cos Ocp =f, * cos 0, +f, * cos(m) (8)
cos 0., =f, * cosd - f, 9)
cosO ,=f, *(cosO+1)-1 (10)

In the above equations, 0, is the Cassie-Baxter contact angle, f, is the ratio of area that liquid
is in contact with solid, and f, is that ratio of area that liquid is in contact with air packets made
or trapped air inside the surface cavities. In Figure 1, the difference between three aforemen-
tioned wetting models is shown [1].

3. Application of surfaces with superhydrophobic properties

Superhydrophobic surfaces and coatings as mentioned have a unique behavior against water
droplets. This unique behavior result into a new set of applications including self-cleaning,
anti-icing, antibacterial, oil-water separation, corrosion resistance, etc. Some applications are
described below.

3.1. Oil-water separation

There have been many reports of oil contaminants in sea waters and rivers due to leak of fac-
tories waste into nature and accidents like Deep Water Horizon. Removing oil contaminants
from water was always challenging and expensive; so, different methods have been intro-
duced by scientists in order to remove them. These methods are categorized into three main
groups: water removing, oil removing, and smart controllable separators. The water removing
filters are superhydrophilic and superoleophobic; this kind of filters works under water and
when they get wet by water, the presence of the water on the surface of the filter prevents oil to
pass from the filter pores. The category in oil removing method which by my personal opinion
is a more efficient way because the amount of oil is always less than the amount of water; so,
it is logical that we try to remove oil from water and not water from oil. To remove oil from

3
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(a}

(b)

Toluene

Water

Figure 2. (a) Oil-water separation with use of TiO,-coated superhydrophobic and superoleophilic mesh [2], (b) opposite
behavior of silicone elastomer-coated mesh against water and toluene droplets [3].

water, the material should be superhydrophobic and superoleophilic. Superhydrophobic oil
removing filters are the main part of the oil removing category. Gao et al. [2] used a TiO,-
coated mesh in order to separate oil from water (Figure 2a), and Crick et al. [3] used a silicon
elastomer coating on a mesh to efficiently separate organic solvents like hexane, petroleum
ether, and toluene from water. As shown in Figure 2b, water droplet cannot pass through the
filter but toluene can easily pass through.

3.2. Corrosion resistance surfaces

There are several ways to protect a surface from corrosion. During the past two decades, sci-
entists have been using superhydrophobic nanocomposite coatings without any toxic materi-
als in order to protect various surfaces from corrosion. The corrosion protection capability
of the superhydrophobic coatings mainly is because of the presence of air packets between
surface and corrosive solution, and these packets act like a barrier and prevent from corrosive
ions diffusion and protect the substrate [1].

Superhydrophobic metallic surfaces could be able to decrease the corrosion rate of metals by several
orders of magnitude through imparting hydrophobization. Several reports have been published
that demonstrated the enormous capability of superhydrophobic surfaces on the corrosion mitiga-
tion. The potentiodynamic polarization test revealed a significant decrease in the corrosion current
density (Figure 3) of metallic surfaces by using a commercial hydrophobic surface modification [4].
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Figure 3. Potentiodynamic polarization curves of bare metallic surfaces (hydrophilic) and surface modified samples
with a commercial hydrophobic material (hydrophobic) and with developed commercial hydrophobic materials
(superhydrophobic) [4].

3.3. Self-cleaning properties

The lotus leaf’s surface is always clean regardless of any contamination that may be present
in its surrounding environment. This leaf has a unique surface structure coated with wax
and shows superhydrophobic properties, and sliding angle is very low so water can easily
slide on the surface of the leaf and remove any contaminants. The aforementioned proper-
ties of superhydrophobic surfaces and coatings are called self-cleaning properties. There are
many superhydrophobic coatings which were synthesized with different methods and used
in industries. It is worth to mention that the actual self-cleaning surface is the surface exhibit-
ing the combined superhydrophilicity and photocatalytic behaviors to decompose the dirt.
The use of the term, self-cleaning surface, is not appropriate for superhydrophobic surfaces,
which are extremely dry and repel water drops. As schematically shown in Figure 4, these
surfaces do not actually clean themselves but they wash away the dirt when the water drops
roll over the surface.

3.4. Anti-icing properties

In recent years, superhydrophobic coatings have been suggested as anti-icing coatings. As men-
tioned before, the presence of air packets on the superhydrophobic surfaces causes the water
droplets to slide easily on the surface; therefore, there will not be enough time for the droplet
to freeze on the surface; consequently, this reduces the side effects of frosts on the surfaces.

5
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(a) €
S —

Figure 4. Schematic illustration of self-cleaning process in (a) non-hydrophobic and (b) hydrophobic surfaces.

Figure 5. Comparison of the ice formation on the uncoated and superhydrophobic-coated insulators [5].

Every year ice storms harm the equipment such as electrical transmission equipment, commu-
nication systems, aerospace facilities, highways, etc. In order to reduce this kind of damages,
different methods have been developed such as local warming and preventing of ice formation
by chemical activities and additives, which have some limitations in practical applications. On
the other hand, the preventing of surface from ice development by superhydrophobicity phe-
nomena could be practical in most cases without requiring special requirements and devices.
One of the important applications of icephobic surfaces is using the insulators of transmission
lines, which are needed to prevent the ice formation in a cold area. The experimental survey
of ice formation on coated and uncoated surfaces of an insulator (Figure 5) under a condens-
ing weather condition at —5°C and saturated humidity revealed that the superhydrophobic
surface is completely effective in reducing ice adhesion to the surface up to 97%.
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Actually scientists have some disagreements about the relations between superhydrophobic-
ity and anti-icing properties. Some believe that these two are not related to each other; on the
other hand, some insist that superhydrophobicity results to anti-icing properties. This dis-
agreement is because there is no specific standard that can be used to evaluate ice adhesion to
the surfaces; also, the method of preparing ice for each study is different from the others; so by
now, it is not possible to have a definite answer to this matter. The recent studies have helped
to get a better understanding about ice formation process on superhydrophobic surface but
there is still much left unknown about the nucleation, growth, and adhesion to the surface
which need more studies and information in this subject.

3.5. Drag reduction

Drag force is one of the major problems that a solid moving in water such as a ship or subma-
rine faces. This force is resulted from the friction force between water and moving solid sur-
face in the water. Inspired from shark skin, several superhydrophobic coatings were fabricated
in order to reduce the drag. As mentioned before, superhydrophobic coatings have some air
pockets inside their hierarchical micro- and nanoscale surface structures which will reduce the
contact between solid and liquid so that the drag force will dramatically reduce. Drag reduc-
tion phenomenon by superhydrophobic surfaces was investigated in various works such as
the one reported by Dong et al. [6], where they have fabricated a superhydrophobic coating on
a model ship with a large and curved surface by electroless deposition of gold aggregates. The
superhydrophobic model ship exhibited a remarkable drag reduction of 38.5% (Figure 6). On
a non-coated sample, the friction is just between solid and water, but on a superhydrophobic

(a) (b)0.85
- __.ﬂ.ﬁﬂ ! Mode with super.
@ o055} i e
Eoso}
2045]
Q 040f
< 0.35} yJ
> D.30¢ Nommal Model
0-25)20.0 0.2 0.4 0.6 0.8 1.0 1.2 1.
Resistance value (ohm)

(c)

Figure 6. (a) Illustration of the device for the drag-reducing test; (b) velocity of the model ships with and without
a superhydrophobic coating versus the values of the resistance in the circuit within the ship; snapshots of (c) at the
beginning and (d) at the end of the drag-reducing test [6].
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Figure 7. Antibacterial activity of (a) normal cotton (the upper two) and Ag NP modified cotton (the lower two) textiles,
and (b) normal cotton (the upper two) and hydrophobized Ag NP modified cotton (the lower two) textiles [7].

surface, there are three phases, water, solid, and trapped air between these two; so, the friction
will be drastically reduced in this situation which is known as the plastron effect.

3.6. Antibacterial properties

Antibacterial properties are essential in biosensors, implants, food packaging, and industrial
and marine equipment. For example, one of the main reasons that cause infection in patient
after surgery is bacteria that grow on implants. In order to solve this problem, antibacterial
coatings that reduce the bacterial adhesion to the surface suitable are used. One research in
this regard fabricated the silver nanoparticles on cotton fibers and then modified by the hexa-
decyltrimethoxysilane to get superhydrophobicity [7]. Antibacterial activity of the samples
(inhibition zone formed on agar medium) has been determined as shown in Figure 7. The
results showed that the normal cotton samples, exhibit no antibacterial activity, whereas the
silver modified cotton surfaces killed all the bacteria under and around them showing a dis-
tinct inhibition zone with an average width of 8.78 mm around the samples.
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Abstract

Superhydrophobic materials rely upon highly rough surface morphologies in order
to maximise water repellency, and requires surface features on the micro/nanoscale.
These tremendously small surface structures are inherently physically weak, relative to
characteristics of bulk materials. This limits the real-world applicability of many super-
hydrophobic surfaces, as degradation and loss of superhydrophobicity readily occurs
upon exposure to anticipated stimuli. Consequently, there is an absence of long-lasting
commercial products, but instead rely upon frequent regeneration. These materials dem-
onstrate a tremendous potential for application in a range of areas, including antifoul-
ing, self-cleaning, drag-reduction, anti-icing, etc. To realise application on these fields,
superhydrophobic resilience must be maximised. This chapter summarises evaluation
methods and engineering procedures in attaining resilience, both are highly important in
the development of robust materials.

Keywords: superhydrophobic, resilience, evaluation, engineering, degradation,
microstructure, chemistry

1. Introduction

Superhydrophobic materials exhibit potential real-world application that encompasses a wide
range of commercial sectors [1-3]. This is a result of properties inherent to superhydrophobic
surfaces, including; self-cleaning, antibiofouling, drag-reduction, and oil-water separation.
State-of-the-art research provides a tremendous breadth of superhydrophobic coatings and
membranes reported within the literature [3]. However, there is a noticeable absence of commer-
cial solutions currently available. The majority of superhydrophobic products concentrate on
short-term treatments, which require reapplication of the coatings to retain functionality [4, 5].

© 2018 The Author(s). Licensee IntechOpen. This chapter is distributed under the terms of the Creative
InteChOpen Commons Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use,
distribution, and reproduction in any medium, provided the original work is properly cited. [(cc) ExgIEN
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The short-term nature of many applied superhydrophobic surfaces stem from the architec-
ture required to induce extremely water repellent properties. The two major features of these
materials are; (i) an inherently water repellent surface chemistry, and (ii) a highly rough
surface microstructure [6-8]. The latter of these necessitates a surface structure composed
of micrometre, or nanometre, sized features—which are fundamentally physically weak
structures. Therefore, commercial products that impart superhydrophobicity tend to degrade
overtime, deteriorating at a faster rate as the intensity of the application increases [9].

The major challenge facing researchers aiming for applicable materials is surface fragility, and
routes for engineering resilience. This chapter aims details the nature of superhydrophobic
degradation, and monitoring techniques, in addition to required materials tolerances, and a
summary of approaches to achieving resilience.

2. Superhydrophobic surface degradation

2.1. Chemical/physical degradation

The loss of superhydrophobic properties can stem from changes to surface chemistry, or the
loss of tapped air at a surface (e.g. by degradation of surface roughness), or a combination of
these factors [10, 11]. Understanding the cause of the loss of superhydrophobicity enables the
targeting of specialised surface design for resilience enhancement.

2.1.1. Surface chemistry changes

The surface chemistry of a material determines its Young contact angle; this value is a measure
of wetting for a flat ideal surface [12]. The Young contact angle feeds into the main surface
wetting models; Wenzel, and Cassie-Baxter [13, 14]. As most superhydrophobic materials are
fabricated with an inherently water repellent coating, any deviation from this will lead to an
observed reduction in water contact angle (WCA —Figure 1) [6]. This is demonstrated by the
covalent attachment of self-assembled monolayers (SAMs), where the strength of SAM-surface
binding is an extremely important consideration with respect to coating longevity. Another fac-
tor that affects the stability of surface bound molecules is molecular size, whereby variation in
the size of these molecules can either enhance, or impair their relative stabilities [15]. Chemical
robustness can be ensured through the utilisation of energetically stable surface chemistry, or
the incorporation of hydrophobic coatings that exceed the thickness of a monolayer [16, 17].

Another pathway that includes surface chemical change is surface fouling, especially when
considering real-world application. This issue can be seen when biofouling, or chemical con-
tamination (e.g. hard water staining) is a concern [18, 19]. Surface fouling can be controlled
through solutions to particular contaminants, however the success of a particular approach is
very much dependent on the operational environment of the materials [20].

2.1.2. Physical degradation

A lowering in WCA achieved by a superhydrophobic surface is anticipated when the over-
all surface roughness is reduced [1-3]. However, a WCA reduction would be also expected
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Figure 1. A demonstration of the effect of SAM surface coverage on the resultant WCA. This theoretical example utilises
ideal Youngs WCAs for the complete SAM coating, and bare substrate of 110°, and 60° respectively [12-14].

through any unfavourable alteration of the water-surface wetting interface (e.g. loss of trapped
air) [21]. This can be reasoned through examining the roughness terms in the Cassie-Baxter
surface model, where f, represents the liquid-solid interfacial unit area (akin to the ‘roughness
factor’ within the Wenzel model), and where f, represents the liquid-air interfacial unit area
(a ‘roughness factor” for the air trapped at the interface). Therefore, any change to the solid
roughness (e.g. surface microstructure damage) is reflected by a reduction f,, and the removal
of air causing a reduction in f, (Figure 2) [14].

The removal of trapped air, without any additional surface variation, can be considered a
form of recoverable degradation (covered in Section 2.2), if this air is allowed to re-enter the
surface porosity [22]. However, recovery from physical damage (i.e. scratching, material
removal, or flattening) cannot be achieved simply, unless engineered into the surface compo-
nents (e.g. self-healing materials—Section 4.3). Resilience to this type of damage requires is a
key engineering challenge within superhydrophobic research (detailed in Section 4).

2.2. Recoverable degradation

As outlined in the previous section (Section 2.1.2), not all degradation is results in a perma-
nent change in wetting behaviour [22]. The removal of trapped air, transitioning from Cassie-
Baxter to Wenzel type wetting, can result in a change in the way water interacts with the
surface, in addition to the loss of superhydrophobicity (Figure 2(iii)/3) [23]. This air can be
removed physically (via hydrostatics), additionally it can also be slowly dissolved by water
over time [24, 25]. Hydrostatic removal can occur when water interacts dynamically with the
surface (e.g. water impact, turbulent surface flow, etc.), whereas air solvation most commonly
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Figure 2. Scheme showing the effect of variation of surface roughness and trapped air (f,/f,) on the on the WCA for a
surface. Where; (i) is the original superhydrophobic surface wetting (i.e. Cassie-Baxter), (ii) shows the partial removal
of roughness features, (iii) demonstrates the Cassie-Baxter to Wenzel transition (NB; f, increases), and (iv) complete
removal of all surface features. The schematic presumes a consistent surface chemistry [12-14].

occurs when superhydrophobic materials are submerged underwater for extended periods.
In either case, once air is reintroduced and the Cassie-Baxter state is regained, surface hydro-
phobicity (i.e. WCA, hysteresis, etc.) will return to the original state (Figure 3) [22].

2.3. Degradation analysis

The optimisation of a materials resilience can be facilitated through understanding the nature
of superhydrophobic degradation (changes to; surface chemistry, microstructural damage, or
recoverable degradation), within the context of the type of resilience testing used, or degra-
dation stimuli applied [26]. The following section details commonly used degradation, and
degradation analysis protocols.

2.3.1. Degradation protocols

A commonly used approach in testing the physical robustness of superhydrophobic materials
includes an array of scratch or abrasion testing methods [26]. In the literature, this ranges from
arbitrary scratching of the surface with a blade or scalpel, to quantitative abrasion testing
compatible with industrial standards (e.g. linear abrading) [26-28]. Arbitrary testing methods
(e.g. blade scratching) can provide a good indication of surface resilience, particularly if the
exact specifications of testing are reported (Figure 4). However, many examples throughout
the literature do not provide adequate detail to assess materials resilience (e.g. blade testing;
blade type, blade dimensions, scratch protocol —force applied/blade travel/etc., or indication
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Figure 3. SEM/photos of substrates fabricated to probe the Cassie-Baxter to Wenzel wetting transition, and their wetting
behaviour. The ridge surface structures (A) facilitate superhydrophobicity via the trapping of air (B). Once fully wetted,
the surface demonstrates a direction dependent WCA variation (C/D). The original WCA are regained when samples
are dried and retested.

of reproducibility) [27]. Another commonly used method employs adhesive tape, which
is applied to the superhydrophobic material and then removed to cause surface damage.
Although this may provide some insight into surface resilience, the techniques are associ-
ated with many variables (e.g. adhesive strength, tape application/removal protocols, surface
microstructure, etc.) imparting a level of uncertainty to the testing. In contrast, quantitative
abrasion tools are able to provide a reproducible method of surface degradation (Figure 4).
While providing an objective indication of the magnitude of surface roughness. The utilisa-
tion of a commercial linear abrader has been shown to provide details of; abradant type/size/
contact area, and abrasion force/velocity [28].

These testing examples focus in the physical degradation of the surface material (i.e. the flat-
tening of surface roughness), subsequently affecting surface hydrophobicity. Recoverable
degradation (without surface damage) is less often probed, however several literature proto-
cols have been developed [30]. One example of probing the Cassie-Baxter to Wenzel transition,
is the use of water-surface compression apparatus. This utilises a parallel plate configuration,
where water is place between two superhydrophobic surfaces which are then progressively
moved closer together (Figure 5). The result is a surface tension induced pressure increase
at the interface, which progressively squeezes air from the surface microstructure (hence
transitioning from Cassie-Baxter to Wenzel wetting). The pressure required for the wetting
transition is a measure of the stability of the superhydrophobic trapped air stability [31].
An example aimed at accessibility uses water bouncing to characterise superhydrophobic
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Figure 4. Physical degradation protocols utilising arbitrary surface abrasion (A —weighted abrasion cycling), and
quantitative industrial abrasion (B—linear abrader) [27, 29].

resilience. The technique enables an assessment of trapped air stability, however does not
require the use of specialised equipment (e.g. parallel plate set-up) [32, 33].

The use of dynamic water interactions with superhydrophobic surfaces has been employed to
examine both physical degradation, and the reversible removal of air at the water-solid interface.
This includes water flow, and water-surface collisions, and ranges from arbitrarily flowing water
across a surface, to quantitative techniques (e.g. sheer stress endurance) [34-37]. Water sheer has
been shown to be provide the conditions for testing reversible and non-reversible degradation,
while offering in situ monitoring of surface hydrophobicity (detailed in Section 2.3.2—Figure 5).
The application of water sheer stress provides a direct measurement of the materials resilience to
water flow across the surface [34]. In contrast, the wider relevance to other forms of degradation
(e.g. scratch resistance) can only be considered with some amount of ambiguity [27].

The development of highly resilient superhydrophobic materials is a key concern within the
research field [1-3]. Tremendous progress has been made in the engineering of materials
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Figure 5. Recoverable degradation testing, via parallel plate pressuriser (A), and cone-on-plate rheometry (B) [31, 34].

robust enough to survive real-world application (summarised in Section 4). However, the
lack of standardised testing, through the use of arbitrary (e.g. scalpel scratch testing), or semi-
quantitative (e.g. abrasive drag testing) techniques, hinders potential advancement, as this
leaves some literature open to interpretation. As mentioned within this section, quantitative
techniques are able to provide an accurate indication of materials resilience to a particular
stimulus. In many cases, further analysis is required to provide a comprehensive indication of
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robustness. This ambiguity pushes the development of a standardised testing regime, which
takes into account a range application-specific testing protocols, particularly if a material is
targeted at broad real-world application.

2.3.2. Degradation analysis protocols

The degradation pathways (detailed in Section 2.3.1) inflict a range of chemical, structural,
and recoverable changes on superhydrophobic materials [26]. For physical/chemical changes,
post degradation analysis is most commonly employed, as in situ monitoring of surface
roughness (macro/nanoscale features), and surface chemistry is not trivial [38-40]. The revers-
ible removal of air can be successfully tracked using in situ monitoring, as it is suitable to the
dynamic wetting/drying of the surface microstructure [41]. The following section highlights
the range of analysis techniques available for monitoring these types of degradation:

2.3.2.1. Surface chemistry alteration

Changes to surface chemistry can be tracked in two main ways; (i) analyse the result of the
changing surface chemistry, or (ii) directly characterise surface chemistry [42, 43]. Primarily,
WCAs can be used to estimate the variation in hydrophobicity [42]. This is relatively straight-
forward, however due to the WCAs connection to both surface chemistry, and surface rough-
ness, morphological effects must also be monitored to specify the nature of chemical change
[10]. Direct characterisation of surface chemistry can be conducted using a multitude of
techniques [43]. Vibrational spectroscopies (e.g. infrared/Raman) provide a non-destructive
indication of surface functionality and are commonly employed. Monitoring of surface chem-
istry is important particularly when environmental degradation pathways are likely, such as
superhydrophobic materials constructed from photocatalytic materials (e.g. Titanium diox-
ide, TiO,). TiO, nanoparticles are commonly used for superhydrophobic coatings, as they are
commercially applicable (white pigment utilised worldwide) and can be easily functionalised
to induce hydrophobicity. TiO, is a semiconductor, which can produce highly active species
which break down organic species on the surface (i.e. coatings required for superhydrophobic
materials) [44]. Therefore, a reduction in the amount of hydrophobic surface coating can be
tracked using infrared, in addition to the resultant reduction in observed WCA (Figure 6)
[45, 46]. X-ray photoelectron spectroscopy is a highly sensitive technique, able to distinguish
changes in elemental composition, surface contamination, and can be combined with depth
profiling. However, the technique is not widely accessible (i.e. costly equipment that requires
supportive infrastructure), it also requires samples to be exposed to vacuum, which may limit
its applicability. Quantitative analysis of XPS intensities has been demonstrated to provide
understanding of film thicknesses and stoichiometries. Utilisation over extended periods can
provided an extremely detailed interpretation of surface chemistry degradation [47].

2.3.2.2. Surface microstructure change

Changes to surface morphology can be investigated by the interpretation of 2D representations,
or more accurately from quantitative 3D techniques. A simple approach to assessing changes to
surface roughness is optical microscopy, however comprehensive assessment can only be made
by using techniques such as confocal imaging as this provides a 3D representation [48]. Optical
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Profilometry provides 3D topological information, able to facilitate analysis of surface damage,
material displacement, in addition to other surface changes (e.g. self-healing materials). The
technique is however limited to the analysis of relatively large surface features (i.e. >0.4 pm),
due to diffraction limits of visible light [49]. 2D representations at higher resolution can be made
using electron microscopy (Figure 7). Scanning electron microscopy (SEM) is very commonly
used in the analysis of superhydrophobic morphology (Figure 7). Partial 3D interpretations can
be attained through using tilted views of surfaces within SEM, however this does not provide
reliable quantitative data [44, 50]. Contact profilometry can be used to provide 3D morpho-
logical data, and higher sensitivity analysis through atomic force microscopy (AFM —Figure 7)
[51, 52]. These are similar techniques aimed at different morphological scales, with contact pro-
filometry aimed at solely microscale roughness, and AFM able to measure nanoscale features.
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Figure 6. The degradation of surface bound molecules (stearic acid), monitored using infrared spectroscopy, on the
surface of mesoporous TiO, films (A), and concentration analysis for steric acid degradation under UV light irradiation
(B) on TiO, coatings formed under various conditions (1-3) [45].
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Figure 7. Surface change assessment techniques. Includes; confocal optical microscopy (left), side-on SEM imaging
(centre), and AFM (right) [50, 54, 55].
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These techniques (contact profilometry/AFM) lack the ability to resolve surface features it can-
not make direct contact with, as they both use probes mounted perpendicular to the materials
surface [53]. In addition, the ability to gain accurate/valuable information from the analysis
depends on a range of factors, including; probe tip dimensions, mode of operation (contact,
tapping, etc.), structural integrity of the surface material (potential movement/flex of analysis
substrate), and contamination of probe tip by surface material, in addition to others [53].

2.3.2.3. In situ monitoring

Superhydrophobic degradation can be examined directly with WCA measurements, how-
ever, testing must be paused during this analysis (in addition to the using other analysis tech-
niques mentioned in this Section 2.3.2) [56]. In situ monitoring of surface roughness is cannot
be carried out easily, unless examining large surface features (e.g. using optical microscopy)
[57]. Therefore, in situ monitoring is most valuable when examining reversible degradation.
A commonly used example is the examination of surface reflectivity of a wetted surface [58].
The presence of air trapped at the water-surface interface notably produce mirror-like effects
due to increased reflection of light from the water-air interface, when these materials are sub-
merged in water (Figure 8). The monitoring the level of reflected light can be used to gauge
the amount of trapped air, and its resultant variation. This testing has been implemented to
show air layer stability in a range of conditions, including; submersion endurance, immersion
depth testing, and flow measurements. The lifetime of the air layer at the surface upon sub-
mersion, has been shown to be highly dependent on both the test conditions (i.e. water flow,
or applied pressure) and superhydrophobic surface morphology [59].
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Figure 8. Analysis of recoverable (and non-recoverable) degradation via the use of surface reflectivity to monitor
the surface plastron caused by superhydrophobic surfaces (A). The illustration (B) shows the distribution of micro/
nanobubbles arranged across a superhydrophobic surface when submerged in water [59].
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As mentioned in Section 2.3.1, water sheer can be used to induce superhydrophobic degrada-
tion [35]. Controlled water sheer (through the use of rheometry), has been used as a method
for progressive monitoring of surface degradation under water sheer [34]. These techniques
utilise the slip-length phenomenon demonstrated by superhydrophobic surfaces. Whereby,
slip-length is gauged by monitoring the apparent viscosity of water on a superhydrophobic
surface (measured by rheometry), which is lower than expected. The magnitude in the lower-
ing of viscosity is directly proportional to the superhydrophobicity of the surface, and the
amount of air trapped at the interface. As sheer stress is applied, both physical and reversible
degradation occurs, which consequently reduces the measured slip-length. This measure-
ment is carried out while the sheer stress testing is conducted.

3. Real world survivability

The potential application environments for superhydrophobic technologies are extremely
diverse [1-3]. As a result, the requirements that ensure the long-term stability of these materi-
als can be focus on a range of different priorities. This section highlights potential applica-
tion environments, the associated expected tolerances, and the introduction of the associated
engineering challenges.

3.1. Application environments

The potential applications areas of superhydrophobic materials, and the expected operational
conditions, stem from their numerous functional properties (self-cleaning, antibiofouling,
drag-reduction, oil-water separation, etc.) [1-3]. These areas can be classified with respect
to environmental tolerances; (i) high (broad-spectrum), (ii) low, and (iii) high (application
specific challenges). The environmental stimuli able to influence surface degradation include;
fluid flow (water/air), physical (solid) contact, chemical/biological exposure, and environ-
mental changes (pressure, temperature, etc.). These expected tolerance classifications are
briefly summarised below.

3.1.1. Broad-spectrum high tolerance environments

This covers a wide range of potential applications, but includes those that require; manual
handling, abrasive interaction, sheering water flow, and multi-environment resilience [60].
Currently, no commercially available superhydrophobic products exhibit a generally high
environmental tolerance. An example application would be the superhydrophobic treatment
of textiles, which requires resilience to handling, abrasion, varied environmental exposure,
etc. [61]. Additionally, for superhydrophobic textiles, the loss of functionality when laundered
(i.e. water sheer and chemical exposure) would also be a concern [62]. As a result, currently
all commercial superhydrophobic fabric treatments are marketed as temporary, requiring
reapplication after prolonged wearing, or after laundering [63]. The use of superhydrophobic
surfaces in extreme environments would prove hugely beneficial. Aerospace surfaces are an
example of a highly challenging, yet highly relevant operational environment, this includes;
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high fluid sheer, rapid temperature change, and airborne particle impact [64, 65]. Affording
self-cleaning, anti-fogging, and anti-icing properties in these applications would be highly
desired, however this currently exceeds technological capabilities.

3.1.2. Low tolerance environments

The current standard of commercial superhydrophobic technology already enables applica-
tion in low tolerance areas [63]. As described above, the temporary treatment of textiles can
be readily achieved. However, superhydrophobicity cannot be maintained by these treat-
ments under garment tolerances over long periods. These types of coating, as well as many
other surface treatments reported in the literature, have been shown to resist low intensity
stimuli (e.g. water flow, or adhesive testing) [63, 66]. Surfaces that do not experience physical
interactions (surface-solid contact) would be an area for potential application. An example
would include the internal surface of liquid carrying pipes (e.g. water drainage pipes), omit-
ting any high sheer forces, and any application specific challenges (described below) [67].

3.1.3. Application specific challenges

Surface degradation via physical action, or fluid shear, are commonly considered as target
forces to resist [27, 28, 34]. However, there are a range of degradation sources specific to par-
ticular applications. Surface chemistry variation can be accompanied by tremendous changes
in surface wettability. This commonly occurs via two main mechanisms; (i) surface reactions
to remove and/or alter hydrophobic chemistry, or (ii) the addition of surface material to mask
effective surface chemistry [18, 19]. The former can occur upon exposure to harsh chemicals
or other degradation route (e.g. highly basic conditions, or photocatalytic degradation), but
can also degrade readily under ambient conditions over time [9, 44, 68]. Therefore, a thorough
consideration of superhydrophobic resilience would include the stability of surface function-
alisation, the compatibility between the surface coating and underlying material, in addition
to the effect of any reactive species present within the local environment. Surface fouling is
often accompanied by an associated reduction in surface hydrophobicity [18]. Biofouling in
particular is a rapidly escalating process, whereby any initial fouling can encourage further
biological surface attachment. Fouling prevention has been shown possible with respect to
specific surface contamination sources. For example, there are many literature examples of
the removal of particulates, or dyes from the surface [69]. However, the design of general
fouling prevention is not facile, as it depends on a multitude of factors (surface morphology/
chemistry, contamination source, and contaminant delivery method). This is evident when
considering the biofouling process, which is a multifaceted mechanism (Figure 9) [70]. The
primary fouling prevention target are small molecules that are able to contaminate the surface,
conditioning it for microbial attachment. Antifouling in subsequent biofouling focuses on pre-
venting the attachment of microbial species.

3.2. Expected tolerances

The expected resilience of a surface can be considered in three categories; (i) physical degra-
dation, (ii) reversible degradation, and (iii) chemical degradation.
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Figure 9. The attachment of bacteria to superhydrophobic surfaces is shown to preferentially occur at the tops of surface
protrusions. This is caused by superhydrophobic wetting mechanisms, which leaves these areas as the only viable
attachment points. This has been demonstrated in bacterial attachment assays (upper), and shown by the illustration
(lower) [71].

Physical degradation can occur via a range of mechanisms (Section 2.3.1), and the challenge
of optimising physical resilience is a multifaceted consideration. However, there are some key
principles in surface engineering that can be targeted. The morphology of superhydrophobic
surfaces can be imagined as an array of surface protrusions [10]. Physical degradation of these
features can occur via compression/destruction, or removal, which is dependent on both the
structural integrity of individual surface features, and their attachment to the underlying sub-
strate [10, 11]. The real-world applicability of superhydrophobic materials requires the survival
of nano/microstructured features. A key consideration for surface design is the exact forces asso-
ciated with a particular application. Furthermore, considering whether a given design route can
offer the required resilience. The surface pressures applied during heavy-duty manual handling
processes can range from 100 to 400 kPa [72]. The pressure applied to individual surface features
is expected to be higher than this, due to an uneven morphology caused by surface roughness.

The conditions required for reversible degradation can be predicted for highly ordered sur-
face structures, as the hydrodynamic factors that dictate air entrapment at a surface are well
established [73, 74]. Most materials aimed commercialisation are made up of randomised sur-
face features, and provide an array of trapped air environments. Therefore, practical testing
of these surfaces is the only reliable method for assessing trapped air stability [31]. Generally,
critical pressure is used to classify the hydrodynamic pressure required to remove trapped
air. Critical pressure is the pressure required for conversion of Cassie-Baxter to Wenzel wet-
ting. For superhydrophobic materials this critical pressure is generally greater than 0.5 kPa,
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however nanosized features can increase this to ~300 kPa and greater [75]. A reason why
superhydrophobic leaves may also incorporate nano-roughness in their surface morpholo-
gies, is that this allows protection from impact of rain droplets, where the applied pressure
range is 10-1000 kPa [75].

Stable surface chemistry can be ensured via careful consideration of the hydrophobic surface
treatments [16, 17]. Facilitated through the incorporation of strong chemical bonding between
the surface coatings and underlying morphology, or the exploitation of strong adhesive
forces. There are many examples in the literature that report resilience to a range of chemical
environments (e.g. extreme pH or solvent exposure) [76]. As mentioned in Section 3.1, a gen-
eral approach for chemical/biological fouling prevention is not straightforward. Successful
fouling prevention can be carried out if specific contaminants are targeted. Many literature
examples examine the removal of particulates that are loosely arranged on the surfaces [69].
In addition, the prevention of bacterial attachment has also been studied, however no com-
prehensive approach has been reported that relies upon solely superhydrophobic antifouling
properties [77]. Many superhydrophobic surfaces with high antifouling properties also incor-
porate biocidal species within the reported materials [78].

3.3. Engineering challenge

The requirements for truly resilient superhydrophobic surfaces that are able to function in
real-world applications are extremely demanding, particularly if a general high tolerance is
required. Numerous approaches for resilience have been developed (Section 4), however a
multi-faceted research effort is required to probe the extremities of physical possibility with
respect to maximising resilience. This investigation incorporates aspects of chemistry, materi-
als science, materials engineering, fluid mechanics, and microbiology, in addition to other rel-
evant areas. The development of real-world materials requires a drive toward the standardised
testing and reporting of resilience, this allows for formulation of an effective design approach.

4. Approaches for robustness

4.1. Hardening materials

The structural integrity of superhydrophobic surface morphology is key to the magnitude
of their physical resilience [10]. An improvement to the integrity of a structured surface can
be made by modifying the composition of the component materials. This has been achieved
through using inherently high strength materials to construct a surface (Section 4.1.1), or via
the utilisation of strengthening modifications (Section 4.1.2—Figure 10).

4.1.1. High strength materials

A range of factors determines the strength of a material (e.g. chemical bonds/structure, intra/
intermolecular binding, etc.), this directly affects the materials stress tolerances [82, 83]. As a
result, there is a range of candidate materials for engineering resilient superhydrophobic mate-
rials. Materials formed by strong compression of superhydrophobic components provide an
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Figure 10. Approaches for the formulation of robust superhydrophobic materials. Includes; (A) hardening materials
(inherent strength, or via physical/chemical strengthening additives), (B) protective surface features, and (C) the strategic
design of optimised surface features [79-81].

assembly method, able to greatly increase their physical resilience. The compression of hydro-
phobic polymer nanoparticle mixtures has been used to form superhydrophobic disks [84]. These
are reported to have high robustness, able to withstand cutting, abrasion, and chemical exposure.
The materials are compacted, a high surface roughness remains, and maintain an inherently
hydrophobic surface chemistry, facilitating superhydrophobicity. The resistance to physical
degradation is explained as a result of the fabrication technique, which relies upon pressing
pressures of up to 40 MPa, and the highly condensed material that results. However, within this
example, the resilience testing carried out does not provide quantifiable resilience data [84].

Electroplating has also been used to fabricate highly robust coatings on to conductive sub-
strates. The electroplating techniques can provide strong underlying connection to the sub-
strate [85, 86]. Highly rough surface features have been reported via numerous literature
electroplating routes, with superhydrophobicity resulting from the addition of a hydropho-
bic surface coating [87]. Superhydrophobic surfaces fabricated via electrodeposition exhibit
a range of surface features, including; nanopillars, nanoflakes, and various crystallite forma-
tions (Figure 10). An example reporting high resilience utilises zinc/nickel/cobalt composites
to generate superhydrophobic materials able to resist prolonged surface abrasion. The physi-
cal robustness is explained through the formation of a highly strong composite material, in
combination with effective substrate binding [79].

Another example reported to enhance both physical and chemical resilience, is the utilisa-
tion of protective surface treatments. Silanisation has been effectively applied to melamine
sponges [88]. Whereby the sponge microstructure acts as a roughening template, with hydro-
phobic silanisation [-(Si(R)-O) -, where R =-(CH,), CH, ] delivering superhydrophobicity. The
sponge is demonstrated as a selective oil absorbent material, with an affinity for a range of
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hydrophobic liquids (includes; toluene, chloroform, diesel, and motor o0il). Upon absorption
of the liquid, it is subsequently removed by applying a compressive force; this deforms the
internal microstructure and is a potential cause of degradation. The sponges undergo succes-
sive liquid absorption/removal cycles (up to 1000 iterations) without the loss of functionality.
The resilience demonstrated by the sponges is explained through the flexibility properties of
the melamine sponges, and robust chemistry of the surface protecting chemistry [88].

4.1.2. Strengthening modifications

The modification of materials can be classified by considering the alteration as either a
physical, or a chemical, variation to an existing material. In a physical addition, the chemical
structure of the original components does not change (e.g. incorporation of carbon nanotubes
into polymer matrix) [89]. Chemical additions are therefore associated with a change in the
chemical structure of one or more original components (e.g. the doping of semi-conductor
structure) [90].

4.1.2.1. Physical addition

The addition of strengthening components into an existing structure operate via a combination
of two main mechanisms. The components can fortify the superhydrophobic microstructure
by cohesive binding, in addition to the impregnated material imparting intrinsic resilience
[82, 83]. The exact balance of these factors varies depending on the particular materials combi-
nation. A commonly used physical strengthening additive are carbon nanotubes, as they have
an intrinsically high structural integrity, and can also contribute additional roughness to the
surface microstructure. The incorporation of carbon nanotubes has been shown to increase
resilience to applied forces, while improving surface hydrophobicity [89, 91].

4.1.2.2. Chemical addition

The microstructure and resultant resilience of a superhydrophobic material can be directly
determined by the chemical structure of the composite materials. Chemically altered compo-
nents have been utilised throughout the literature as a means to increase surface hydropho-
bicity, and improved resilience [90]. Porous organic polymers (POPs) are an example of the
importance of chemical structure, as some POPs are susceptible to hydrolytic degradation
[92]. The protection of these porous polymers can be achieved through the incorporation of
hydrophobic species into the polymer, which reduce the chemical degradation—achieving
water contact angles of 152°. This is demonstrated to greatly extend the applicability of the
reported POP material [92].

4.2. Structuring materials

The architecture of surface morphology can play a significant role in determining a materials
resilience (Figure 10). This has led to the development of a range of surface design approaches
to secure the physical robustness of superhydrophobic materials.
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4.2.1. Protective surface features

The dual-scale roughness of many superhydrophobic surfaces can be exploited to generate
bulkier protective features (Figure 10) [93, 80]. The principle behind this approach is to utilise
larger, more resilience morphological features to act as the sacrificial points of contact when
handled manually. Two types of surface architecture that utilise this approach include sacrificial
points of contact that emanate from the surfaces, and surfaces with inaccessible superhydropho-
bic divots. The superhydrophobic divot approach has been accomplished via laser etching of
metals followed by hydrophobic surface treatment. Whereby the non-etched areas act as protec-
tive contact points [93]. Eminent structuring has been achieved through a number of fabrication
techniques, this includes micromachining, followed by moulding of polypropylene (Figure 10).
The result was a multi-scale surface roughness generating samples with large features able
withstand mechanical compression up to 20 MPa, and abrasive wear tests up to 120 kPa [80].

4.2.2. Optimised surface architectures

The surface microstructure has been shown to play a significant role in increasing the physical
strength of surface features. The degradation of surface microstructures can occur in a range
of ways (i.e. shearing, mushrooming, and splitting), with the surface architecture influencing
the route of degradation [94]. In the fabrication of thin films and coatings, the strength of
adhesion to the substrate must also be considered. Many high strength coatings are supported
by the inclusion of binding layers to improve adhesion [95, 96]. Many superhydrophobic
coatings from the literature incorporate surface treatments to improve substrate binding, this
includes; molecular layers (e.g. SAMs), polymer films, and commercial adhesives [56, 97, 98].

Strategically designed surface architectures are highly challenging to formulate, particularly
when designing intensely water repelling, as they require dual-scale roughness (i.e. micro/
nanoroughness) [1-3]. Examples of utilising exclusively micrometre-sized structures to
ensure robustness have been reported [99]. One approach implements microfabrication to
generate a polydimethylsiloxane pillar array (Figure 10), further optimised by the addition of
a fluoroalkyl film. Whereby substantial micropillars, in combination with targeted geometry
prevent physical degradation, and the loss of trapped air [81]. An example that targets both
strong substrate binding, and robust surface features, utilises a multi-step coating deposition
[100]. The technique ensures strong substrate adhesion (using a solution growth of silica onto
glass), whereby surface roughness is generated by depositing three forms of silica (mesopo-
rous thin film, nanoparticle dispersion, and mesoporous nanosheet dispersion), which is then
locked into place by a final coating of silica. Hydrophobic surface treatment is then used to
generate the final superhydrophobic material, able to with stand abrasive forces [100].

4.2.3. Preventing air loss

The stability of air trapped at a wetted superhydrophobic interface can be assessed experimen-
tally (Section 2.3.2), however cannot be fully predicted, especially if morphological features are
distributed arbitrarily [23]. Generally, it is observed that statistically larger volumes of trapped
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air are more easily removed then smaller volumes [34]. However, a combination of highly
water repellent surface chemistries, and strategically designed morphological features, can be
used to prevent air loss [81]. High aspect ratio needle structure (nanoneedles) with hydropho-
bic surface chemistries have been shown to provide a high stability for trapped air, through a
combination of intrinsically high WCAs, and a wide range of trapped air environments [101].
Superhydrophobic surfaces fabricated from arrays of holes have also been demonstrated to
provide a high stability of trapped air. This approach is able to provide a high proportion of
trapped air that is firmly positioned, requiring a high hydrostatic pressure for its removal [102].

4.3. Responsive surface morphologies

This section summarises materials that exhibit and engineered response to physical stimuli,
preserving high surface roughness, and/or hydrophobic surface chemistry, thus maintaining
superhydrophobicity.

4.3.1. Mobile surface features

High intensity physical abrasion applied to superhydrophobic materials will tend to result in
permanent degradation in wetting properties, due to damage of the surface features [26-28]. An
approach reported in the literature utilises surface features that are able to be displaced from one
position to another on the surface. Where roughening components are repositioned, the degree
of the surface roughness is maintained —the result is a transient microstructure (Figure 11) [56].
The utilisation of nanomaterials in the fabrication of superhydrophobic materials is widespread
throughout the literature [103]. A coating assembled from solely hydrophobic nanoparticles (no
binders/adhesives), has an extremely low resilience, and could be completely removed if manu-
ally handled [104]. This has led to the inclusion of adhesives and binders to hold the nanopar-
ticle coating to the substrate. Resilience testing has reviled that the adhesive layer also prevents
displaced particles from leaving the surface, with the rearrangement causing no change to
observed WCAs. Loss of surface material over extensive abrasive repetitions is reported [105].

4.3.2. Regenerative structures/chemistry

The physical/chemical degradation of superhydrophobic materials and the subsequent
reduction in surface hydrophobicity, is likely to be a permanent process [10, 46]. This is a
result of a loss in surface roughness, and/or a transformation to lower hydrophobicity sur-
face chemistry. Recovery from inflicted damage can be engineered into superhydrophobic
materials by the incorporation of regenerative pathways. Self-healing materials have been
reported via the inclusion of hydrophobic resins within the surface microstructure [107-110].
The leeching of these resins when surface damage occurs shields the exposed area. Although
this leeching approach has demonstrated success, many routes do not involve the recovery of
surface roughness. As a result, a reduction in WCAs are generally observed when extended
abrasion testing is carried out [107-110]. The comprehensive recovery of surface hydropho-
bicity requires the regeneration of surface roughness. An example that targets this utilises
multicomponent mixtures (including; hydrophobic elastomer, and polyhedral oligomeric
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Figure 11. Surface morphologies engineered to provide reactive resilience, through the use of (A) transient micro/nano-
structures, and (B) regenerative surfaces [56, 106].

silsesquioxane) that are able to regenerate surface roughness even when the material is fully
abraded. The regeneration is facilitated through strategic selection of the mixture compo-
nents, and an optimised regeneration protocol (Figure 11) [106].

5. Conclusions

This chapter has provided a summary of approaches for evaluating and engineering resilience
within superhydrophobic materials. The development of superhydrophobic surfaces robust
enough to withstand even light manual handling has the potential to tremendously extend their
current applicability. There are huge amounts of literature examples asserting varying degrees
of resilience, many utilising arbitrary testing methods that provide minimal quantitative
resilience information (Section 2.3.1). Although the engineering of superhydrophobic surfaces
has made progress toward materials useable under real-world conditions, this advancement
would be accelerated by the adoption of standardised resilience testing techniques.

The approaches to assuring resilience to physical/chemical/reversible degradation are
well established (Section 4). The development of these principles (i.e. improving; strength,
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versatility, air-layer stability, etc.) is a tremendous focus for researchers in this area.
Superhydrophobic materials have been shown to have extraordinary potential in many appli-
cations (e.g. antibiofouling, self-cleaning, drag-reduction, etc.). Exploring the limitations of
micro/nanostructure resilience will be critical in determining the ultimate applicability of
superhydrophobic technology.
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Abstract

In this work, we study the wetting properties of silk fabrics by deposition of plasma-
polymerized (PP) hexamethyldisiloxane (HMDSO) using low-pressure plasma-enhanced
chemical vapor deposition (PECVD). Recently hydrophobic properties are under active
research in textile industry. The effect of exposure time and power on the HMDSO-coated
silk fabrics has been investigated. Water contact angle of PP-HMDSO-coated silk fabric
surface has been measured as the function of power and coating time. Fabric surface
has shown enhancement in hydrophobicity after coating. Attenuated total reflectance-
Fourier transform infrared spectroscopy (ATR-FTIR) reveals the surface chemistry, and
scanning electron microscopy (SEM) shows the surface morphology of the untreated
and HMDSO-coated fabrics, respectively. In the case of untreated fabric, water droplet
absorbs swiftly, whereas, in the case of HMDSO-coated fabric, water droplet remains on
the fabric surface with a maximum contact angle of 140°. The HMDSO-deposited silk
surface is found to be durable after detergent washing. Common stains like ink, tea, milk,
turmeric, and orange juice are tested on the surface of both fabrics. In HMDSO-coated
fabrics, all the stains are bedded like ball droplet. The fabric is tilted to 45° angle; stain
droplets easily roll off from the fabric.

Keywords: plasma polymerization, HMDSO, silk fabrics, hydrophobic, PECVD

1. Introduction

Silk is a natural protein fiber from silk cocoon. It is highly praised as the queen of textiles
because of its properties such as softness, glossy appearance, wearer comfort, warmth, and
biodegradability. Silk fibers have large numbers of polar groups such as -OH, -COOH, and
-NH, which are the backbone and side chains of polypeptide molecules. These hydrophilic

© 2019 The Author(s). Licensee IntechOpen. This chapter is distributed under the terms of the Creative
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structures provide a great atmosphere for growth of bacteria and fungi [1]. Silk fibers are
susceptible to environmental circumstances, such as sunlight, staining from dirt, and debris.
It is essential to extend silk fabrics with water-repellent functional properties having great
potential in stain-free textile products. It prevents from accidental staining or water damage.
The hydrophobicity of the fabric surface depends on its chemical functional groups, surface
energy, and physical geometry [2]. There are some wet chemical methods available to change
the surface properties of the fabrics, based on solvent-borne treatment with alkyl or partially
fluorinated alkyl components [3, 4]. Several studies showed that properties of fabrics could be
altered through surface modification. Alternating the surface properties of natural silk fibers
by deposition of fluorinated polymers on the surface of the fabrics, it is becoming hydrophobic
innature [5]. Iriyama and Yasuda et al. reported that plasma treatment of CF, and C,F, did not
give good durability on the surface of polymer [6-8]. The tensile strength and hydrophobicity
of Muga silk fiber have been reported by using RF argon (Ar) plasma treatment [9]. Li and
Jinjin increased the contact angle of silk fabric up to 120° by C,F, plasma treatment [10, 11].
Silk fabrics treated with SF, plasma showed that F replaced H and fluorination improved the
hydrophobic property of the samples [7, 12-14]. Teli et al. improved the hydrophobic property
of silk and cotton fabric using atmospheric pressure plasma in the presence of helium-fluo-
rocarbon gasses, He/1,3-butadiene, and He/dodecyl acrylate [15-17]. The hydrophobicity has
been achieved by plasma sputtering of polytetrafluoroethylene (PTFE) [18]. Fluorine-based
polymers have hydrocarbons that break up into toxic compounds of perfluorooctane sulfonic
acid (PFOS) and perfluorooctanoic acid (PFOA). The US Environmental Protection Agency
(EPA) banned the long-chain fluorocarbon materials (PFOS/PFOA) due to their toxicity to
human and environment [19-23]. However, the use of fluorocarbon and partially fluorinated
alkyl compounds is undesirable due to the potential risks of the degradation by-products to
human health and the environment, exceptionally high greenhouse effect compared to CO,
[24, 25]. Many researchers’ industrialized nanocoatings, like ZnO,, Cu, TiO,, DLC, etc., on the
fabrics to increase the hydrophobic properties are still under active research [26-32].

Plasma-enhanced chemical vapor deposition (PECVD) of silicon compounds is an eco-friendly
process and has been used to deposit ultrathin layer on the fabrics at a lower temperature
without causing any thermal damages [33]. PECVD employs the conversion of monomer
into reactive radicals, ions, and neutral molecules. Plasma polymerization creates a polymer
film of organic compounds that do not polymerize under normal chemical polymerization
process because it involves electron impact dissociation and ionization for chemical reactions
[34]. Moreover, to reduce waste, pollution, water, energy, and time, plasma polymerization
technology is employed, and it is a dry clean process which does not affect the environment.
Silicon containing precursors like tetramethylsilane (TMS), tetraethoxysilane (TEOS), and
hexamethyldisiloxane (HMDSO) is used for surface modification in textile industries. Among
these, HMDSO precursor is nontoxic and nonexplosive and has a high vapor pressure at room
temperature than TEOS [35-38]. Due to the presence of methyl groups; Si, H, and C atoms; and
oxygen bond on the HMDSO, it changes the surface of the fabric into hydrophobic [35-39].
PP-HMDSO along with inert gasses in various natural as well as synthetic and blended textile
substrates such as cotton, polyester wool, polypropylene, etc. has been studied by various
researchers. Riccardi et al. observed that HMDSO-air was deposited by using dielectric barrier
discharge plasma on silk surface by atmospheric pressure plasma to obtain a water-repellent
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silk fiber [40]. Hocker performed a deposition of HMDSO on oxygen-treated cotton fabric and
achieved a maximum contact angle of 130° [41]. Ji et al. obtained the hydrophobic properties
of polyester fiber by making use of an in-line atmospheric RF glow discharge plasma in a
mixture of Ar and HMDSO [42, 43]. Palaskar et al. reported that HMDSO was coated with
the mixture of helium and argon carrier gas for generating dielectric barrier discharge plasma
on the polyester-/cotton-blended fabrics and improved the wetting properties of the fabrics
[44]. Kale and Palaskar examined that deposition of TESO and HMDSO precursors by using
PECVD was carried out on nylon 66 fabrics and HMDSO deposition rendered more hydro-
phobicity than TEOS [33]. Plasma polymer thin layers were deposited from pure HMDSO on
polyimide substrate for water-repellent property enhancement and charge storage stability
[45]. Shahidi et al. observed that HMDSO/N, plasma polymerization of wool fabrics improves
anti-felting properties and dyeing behavior [39]. Plasma polymerization of organosilicon
compounds is used in textile materials to increase functional properties of the materials. A
lower surface energy indicates higher contact angle and greater hydrophobicity. A deposition
of pure HMDSO by PECVD at low pressure on the silk fabric has not been reported yet.

In this study, the plasma polymerization of HMDSO on silk fabric has been performed by
using the PECVD method at low pressure without causing thermal damage to the fabrics.
PECVD coating technology has many advantages over conventional wet chemical methods.
It has been used in a variety of deposition applications at a lower temperature. PP-HMDSO
coating gives the possibility to obtain durable water-repellent surface due to retention of
methyl groups. This coating makes the silk fabric surface water resistant, preventing it from
accidental staining or water damage.

2. Materials and methods
2.1. Materials

A pure degummed silk fabric is purchased from a silk center with a warp count of 38 per/cm
and a weft count of 38 per/cm 100% pure hexamethyldisiloxane (HMDSO), and the molecular
formula is C;H,,OSi,. It is a colorless and highly volatile liquid, and the chemical structure is
shown in Figure 1. It is obtained from Sigma-Aldrich.

2.2. Experimental

Plasma polymerization of HMDSO coating has been deposited onto silk fabric, and the
experiment is carried out in a capacitively coupled plasma-enhanced chemical vapor deposi-
tion technique (PECVD) using pure HMDSO as a liquid precursor. PP-HMDSO depends on
system pressure, discharge power, and coating time. The plasma reactor composed of stain-
less steel process chamber (24 cm height and 60 cm diameter) powered by a radio frequency
generator (13.56 MHz) at room temperature. The chamber is evacuated to a base pressure of
1 x 107> mbar using rotary and diffusion pump. Plasma reactor consists of a pair of parallel
symmetrical electrodes (35 cm diameter) separated by a distance of 3.5 cm. The schematic
experimental setup is shown in Figure 2. The upper electrode has multipoint gas feeding
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Figure 1. Chemical structure of hexamethyldisiloxane.

Silk Fabric
RF
Power
Supply
Rotary Pump  Diffusion Pump

=

Figure 2. Experimental setup.

Sample code Operating power (W) Exposure time (min) Pressure (mbar)
a — — —

b 100 7 1.5 x 107"

c 100 15 1.5 x 10!

d 150 7 1.5x107!

Table 1. Operating parameters of PP-HMDSO.

shower head which is electrically grounded along with the chamber wall. The HMDSO is
heated to 60°C using a constant temperature water bath. The working pressure is maintained
at 0.15 mbar, and vaporized HMDSO liquid precursor is injected into the reactor using a nee-
dle valve without any carrier gas. The samples are placed on the surface of the lower electrode.
The deposition is carried out for 7 min at 100 W and 150 W power and for 15 min at only 100 W
RF power. The detailed experimental parameters of PP-HMDSO are reported in Table 1.

2.3. Instrumentations

FTIR spectra of the untreated and HMDSO-coated silk fabric are recorded by ATR-FTIR (Nicolet
6700, Thermo Scientific, USA). Morphologies of silk fabric, HMDSO-deposited fabrics, are exam-
ined with a scanning electron microscope (LEO s440i) at 10 kV and a magnification of 500x,



Hydrophobic Surface Modification of Silk Fabric Using Plasma-Polymerized HMDSO 43
http://dx.doi.org/10.5772/intechopen.80304

5000%, and 10,000%. Prior to SEM examination, the samples are pre-coated with gold sputtering
to prevent charging of the samples by the electron beam. The static water contact angles on the
untreated silk fabric and HMDSO-coated fabrics are measured using video contact angle optima
(AST Products, Inc.) goniometer. A 5 pL drop of deionized water is placed on the substrate. The
values of the static contact angles reported are the average of three measured values. Wet-out time
is measured according to AATCC Test 79-1995. A 0.1 ml distilled water droplet is allowed to fall
from a height of 5 cm onto the surface, and the time required for the droplet to be fully absorbed
by the fabric is taken as the wet-out time. To study the durability of the HMDSO-coated fabric,
washing test has been conducted. Based on the home laundering procedure, the HMDSO-coated
fabrics are soaked in 60 ml of a 5.0% aqueous home laundering Surf Excel detergent (sodium
carbonate, sodium aluminosilicate, alcohol ethoxylate, and sodium perborate monohydrate). The
fabric is soaked in the detergent solution for 30 min at room temperature and rinsed with dis-
tilled water for several times and dried at room temperature overnight. Water repellency spray
tester of AATCC Test method 22-2005 is modified to test the self-cleaning ability. In order to study
the aging effect of HMDSO-coated silk fabrics, it has been left at room temperature for 100 days.
Photographic images of different stains like ink, tea, milk, turmeric, and orange juice droplets on
silk fabrics with and without HMDSO coating were measured by a digital camera after 100 days.

2.4. Results and discussion
2.4.1. ATR-FTIR

Attenuated total reflectance-Fourier transform infrared spectroscopy (ATR-FTIR) is used to
examine functional groups of the untreated and HMDSO-coated silk fabrics and is shown in
Figure 3. From Figure 3a, it is seen that the ATR-FTIR spectra of untreated silk fabric, the IR
spectral region from 1700 to 1500 cm™, are due to peptide backbone, and the characteristic
bands at 1621 cm™! (amide I) are due to p-sheet confirmation of C—O stretching vibrations,

a—""'n.

e \/ N\ ) |

Transmittance (%)

Wavenumber {cm”)

Figure 3. ATR-FTIR of (a) uncoated, (b) 100 W_7 min, (c) 100 W_15 min, (d) 150 W_7 min.
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while band at 1514 cm™ (amide II) is assigned due to the random coil conformation of fibroin
molecules. The peak that appeared at 1226 cm™ (amide III) is due to C=N stretching vibra-
tions of the secondary structure of f-sheet [46]. Figure 3b—d shows the HMDSO-coated silk
fabric; it is very clear that additional peak at 1218 cm™ is due to symmetric bending of Si-CH.,.
A band at 1041 cm™" is exhibiting due to Si==O==Si stretching vibrations, whereas the peaks
appeared at 970 and 763 cm™" are due to Si-C rocking vibrations in the Si==CH, groups. The
change in the peak intensities of the region from 1400 to 1800 cm™ is attributed to the deposi-
tion of HMDSO [44].

2.4.2. SEM

SEM images of untreated and HMDSO-coated silk fibers are shown in Figure 4. Figure 4al1-a3
shows SEM images of the untreated silk fabric at a magnification of 500x, 5000, and 10,000x,
respectively. It is clearly observed that the untreated silk fiber has a tranquil surface and is
free from harshness. Since the surface of the silk is smooth, it has high polar groups which
absorb the polar group immediately. Figure 4b1-b3 and c1-c3shows the HMDSO deposi-
tion at operating power 100 W and exposure time of 7 and 15 min with a magnification of
500x, 5000%, and 10,000x, respectively. It is seen in the HMDSO-coated silk fabric SEM images
(Figure 4b1) that the presence of some flakes like structure and roughness of the silk surface
(Figure 4b2) is altered in the case of pop-HMDSO silk compared to untreated silk surface.

al --

—_—

. —
e 1
- » S ——

Figure 4. SEM images of (a) uncoated, (b) 100 W_7 min, (c) 100 W_15 min.
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Similarly Figure 4c1 shows the presence of a thin layer on the surface of the fabrics which
would render the attachment of HMDSQO, and Figure 4c2 shows the higher magnification
of fabrics with increased surface roughness. However, by increasing the deposition time at
constant power, the deposition of HMDSO increases the surface roughness and promotes the
hydrophobicity properties.

2.4.3. Contact angle

Contact angle measurements are carried out using 5 pl water as the polar liquid. The untreated
silk fabric has rich hydroxyl, carboxyl, and amine groups on its surface which exhibit a hydro-
philic nature. The contact angles and wet-out time results are listed in Table 2.

When a thin layer of HMDSO is coated on the surface of the fabric, the fabric becomes hydro-
phobic due to the presence of (Si==CH,), rocking, Si==O==5i, and Si==CH,. Figure 5 shows

Operating power (W) Exposure time (min) Wet-out time (s) Contact angle (°)
— 0 (Untreated) 44 —

100 7 >3600 134

100 15 >3600 135

150 7 >3600 140

Table 2. Contact angle and wet-out time of silk fabrics coated by HMDSO.

- W

Figure 5. Static water contact angles of (a) uncoated, (b) 100 W_7 min, (c) 100 W_15 min, (d) 150 W_7 min.
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Figure 6. Experimental setup of the self-cleaning test.
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a 5 pl water droplet on the silk fabric. It is seen that there is a drastic increase in the surface
contact angle from 0° to 140° for untreated and HMDSO-coated silk fabric. Table 2 represents
the contact angle of HMDSO-coated samples for an exposure time of 7 min with the effect of
discharge power 100 W (b) and 150 W (d), respectively. It is evident from the contact angle
that more deposition is observed in samples treated with 150 W and its contact angle is 140°.
From the above discussion, it shows that lower treatment time (7 min) and higher discharge
power (150 W) result in more deposition on the fabric. However, there are no significant
changes in the wet-out time of all HMDSO-coated fabrics.

2.4.4. Self-cleaning ability test

Water repellency spray tester of AATCC Test method 22-2005 is modified to test the self-
cleaning ability [47]. Figure 6 shows the experimental setup of the self-cleaning ability of
the fabric. Graphite powder is spread on the HMDSO-coated fabrics. The fabric is tilted and
placed at the center of the tester on a 45°-angle slope, and by using the syringe, water drop is
allowed to fall on the fabric surface from a distance of 150 mm. The water droplets easily roll
off along with contaminated surface and remove contamination from the fabric.

2.4.5. Home laundering and aging effect

To investigate the durability of HMDSO-coated silk fabric, the fabrics are washed with
detergents. After detergent washing, there is a slight decrease in the contact angle, which
will not affect the hydrophobic properties of the fabric. The aging effect of HMDSO-coated
fabrics reveals that there are no significant visual changes in the wettability of silk fabrics
after 100 days of deposition of the coating, which suggests good durability of the treatment.
Figure 7a shows the common stains like ink, tea, milk, turmeric, and orange juice tested on the
surface of both fabrics. In HMDSO-coated fabrics, all the stains are bedded like ball droplet.
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Figure 7. Photograph of stain with different kinds of liquids on the uncoated and HMDSO-coated fabric after 100 days.

In the case of untreated fabric, it’s fully observed and stains the silk fabrics. Figure 7b shows
an aging effect after 100 days, the ink droplet on the fabric bedded on the surface of the fabric.

3. Conclusion

The enhancement of hydrophobicity of the silk fabric has been achieved by deposition of
pure HMDSO using plasma-enhanced chemical vapor deposition technique. The hydropho-
bic property has a great potential in the textile industry for stain-free fabrics. It is evident from
the contact angle that more deposition is observed for a shorter exposure time along with
higher discharge power (150 W) and its contact angle is 140°. Functional groups of HMDSO
coating have been confirmed by ATR-FTIR spectroscopy; SEM images show the altered sur-
face morphology of PP-HMDSO-coated silk fabric. Contact angle measurements reveal that
the surface of silk fabric becomes more hydrophobic after deposition of PP-HMDSO. Coated
fabrics are capable of repelling most aqueous liquids and dirt particles.
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Abstract

Protein folding remains not satisfactory understood process. Considering the critical
importance of water for proteins and other biologically active molecules, analysis of
water-protein interactions should play a central role in studies concerning the folding
process and biological activity of proteins. Folding simulations should acknowledge
the aqueous solvent as an active partner which determines the final conformation of
a protein. In the fuzzy oil drop model (which is applied in the presented analysis), the
solvent is treated as a continuum—an external force field guiding the folding process.
This interaction goes both ways: (1) the solvent shapes the protein and (2) the pres-
ence of a natively folded protein also alters the structure of the solvent (the structure
of water has not heretofore been sufficiently studied —except for the solid state). This
work focuses on this second reverse relationship, that is, the influence of proteins upon
the structuralization of water. We formulate a hypothesis which is based on the fuzzy
oil drop model. The ordering of the hydrophobic core which resides inside the protein
and may include local discordances is analyzed from the point of view of its external
effects. In accordance to the fuzzy oil drop model, the solvent is expected to “react” to
local differentiation in the properties of the molecular surface. Our hypothesis remains
speculative, since experimental studies have not yet yielded sufficient evidence to either
prove or disprove it. The presented analysis bases on the assumption that a protein
is nothing more than a tool engineered to perform a specific task. Thus, the protein’s
structure must encode its intended use and the inter-molecular communication system.
Our study focuses on antifreeze proteins, which are particularly interesting since their
function involves altering the properties of the solvent—specifically, preventing the
formation of ice crystals.

Keywords: hydrophobicity, protein structure, hydrophobic core, water-protein surface
interface, role of exposed hydrophobicity on protein surface
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1. Introduction

Protein folding continues to attract a great deal of scientific interest in hopes of discovering its
underlying mechanisms [1-6]. The search for computational algorithms is capable of reliably
predicting the conformational properties of specific residue chain dates back to at least 1994,
which is when the CASP challenge was launched [7]. That each residue sequence encodes a
specific 3D structure is evident from the fact that protein folding—which continually occurs
in living organisms— produces the same results each time [8, 9]. To-date protein folding mod-
els fail to acknowledge the involvement of the aqueous solvent, which plays a crucial role
not only in protein folding, but also in other processes occurring in living cells. In molecular
dynamics simulations, water is typically modeled as a set of molecules (expressing the known
solvent density) [8, 10]. These molecules interact with polypeptide chain atoms in a pairwise
(atom-atom) fashion.

In contrast, the fuzzy oil drop model which underpins the presented research treats the sol-
vent as a continuum whose structural properties are unknown (for example, it is unclear why
the density of water peaks at 4°C) but whose effects can be observed experimentally. The
polar solvent causes hydrophobic residues to congregate at the center of the protein body,
while hydrophilic residues are instead exposed on its surface. Nevertheless, hydrophobic
residues are not perfectly isolated and can be detected on the surface of many proteins.

Rather than delve into the structural properties of proteins, the presented analysis focuses
on the reverse relationship—the effect of the protein’s presence upon the surrounding
environment. This issue is important in light of the variable degree of ordering (or disor-
der) which characterizes the protein’s hydrophobic core. More specifically, it refers to the
occasional exposure of hydrophobicity on the surface and —by the same token—internal-
ization of hydrophilic residues. Clearly, regardless of the structure of the solvent (which
is treated as a continuum), exposure of hydrophobicity must result in local changes in its
properties.

The assumption which forms the basis of the presented work is that the 3D structure of a
protein represents a balance between the effects of internal force fields (pairwise interactions
between atoms) and the external force field (the aqueous solvent, treated as a continuum).

In order to provide a mathematical model of the solvent, we refer to a 3D Gaussian form,
which is assumed to represent an idealized (or “theoretical”) distribution of hydrophobicity
in a perfect protein molecule —with all hydrophobic residues internalized and all hydrophilic
residues exposed on the surface. It turns out that while actual proteins do indeed conform to
this model, they also exhibit certain deviations and localized discordances, which are associ-
ated with their function. For example, local exposure of hydrophobicity usually forms a suit-
able interface for protein-protein interactions [11-14], while local hydrophobicity deficiencies
often characterize ligand/substrate binding cavities [15]. In addition to such localized effects
(which can be formally quantified), the protein as a whole may diverge from the theoreti-
cal model by adopting an entirely different structural pattern, precluding the formation of
a hydrophobic core. Such effects are observed, for example, in solenoid fragments, where
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instead of a centralized core we are faced with linear propagation of alternating bands of
high and low hydrophobicity. This group also includes antifreeze proteins and pathological
structures referred to as amyloids [16]. The difference between both groups is that antifreeze
proteins contain—in addition to solenoid fragments—additional structural units which are
locally accordant with the 3D Gaussian and provide the protein with solubility. Amyloids
lack such structures and therefore remain insoluble [17, 18].

The presence of a protein in which the distribution of hydrophobicity is not in perfect agree-
ment with environmental stimuli must exert an influence upon the environment itself.
Exposure of hydrophobicity is “felt” by adjacent water molecules, which then react accord-
ingly. This reverse relationship between a fully folded protein and the aqueous solvent is the
focus of the presented study.

One of the major concepts in physical chemistry is the phenomenon of micellarization, pro-
ducing various types of micelles (including spherical micelles) [16]. Bipolar molecules which
comprise both hydrophobic and hydrophilic components aggregate to form structures which
limit the entropically disadvantageous contact between hydrophobic fragments and water in
favor of exposure of polar fragments [19-22].

The surfactant micelle, made up of identical loose units, exhibits high symmetry. This sym-
metry is additionally promoted by the large number of degrees of freedom characterizing
each unit molecule—much like in the case of spherical or wormlike micelles [19-22].

The micelle may also intercalate external molecules, regardless of their size, if these molecules
are capable of aligning themselves with the solvent without disrupting the overall symmetry
of the system [23-25]. In all such cases, the surface of the micelle must be uniformly composed
of polar groups, ensuring entropically advantageous interaction with water.

Of course, treating the protein as a “quasi” micelle, with properties similar to those exhib-
ited by surfactant micelles, comes with certain caveats. The principal differences between
proteins and surfactant micelles are twofold: first, in a residue chain, the distribution of
hydrophobicity varies from amino acid to amino acid; second, the residues forming a
polypeptide are not individual molecules—rather, they are connected with peptide bonds
which significantly restrict their conformational freedom and therefore their ability to
reach a location which would reflect their intrinsic hydrophobicity. Consequently, proteins
do not follow the idealized distribution with perfect accuracy. Although it is, in principle,
possible to design a sequence which would fold into a near-perfect spherical micelle, with
excellent agreement between the theoretical and observed distribution of hydrophobicity
[26], the vast diversity of biologically active proteins suggests that some proteins may be
unable to generate a prominent central hydrophobic core. This, in turn, implies that the
type and degree of local/global discordance versus the theoretical model are an expression
of the quality referred to in biochemistry as “specificity”. It should, however, be noted that
in our study, the term does not refer to specificity of chemical interactions (e.g., between
the protein and its ligand) but rather to the specific relation between the protein and the
aqueous solvent, which is intimately linked to the existence and activity of numerous
proteins.
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The structural properties of water remain poorly understood —as evidenced by the lack of a
convincing explanation of why the density of water peaks at 4°C. For this reason, we postulate
extension of further experimental analysis of the aqueous solvent as a critical factor in medi-
ating communication between molecules forming the solute. Further insight in this regard
would help explain how the presence of water affects the protein—but also how the presence
of proteins affects the solvent. The water environment shall also be treated as medium for
inter-molecular communication. The characteristics of protein surface seem to play a critical
role in this issue. This is why we attempt to demonstrate that the relationship water-protein
is mutualistic.

2. Materials and methods

2.1. Data

The presented analysis concerns antifreeze proteins listed in Table 1 (along with brief
descriptions).

The study set presented in Table 1 was assembled in an intentional manner. The protein—
1J5B (type I antifreeze protein)—is a simple helix with highly discordant, however, very spe-
cific hydrophobic core. 2ZIB (type II antifreeze protein) exhibits minor discordance versus the
model. The set is complemented by a globally discordant protein—multidomain antifreeze
protein (5B5H) and a pathological (amyloid-2MVX) protein in which the distribution of hydro-
phobicity is entirely linear and consists of alternating bands of high and low hydrophobicity.

The discordances exhibited in each protein are quantified by applying methods described in
the following subsection.

2.2. Fuzzy oil drop model

The fuzzy oil drop model has been thoroughly described in numerous publications with
detailed presentation [31]. The authors also presented its application to antifreeze proteins
[16] as well as to pathological proteins (amyloids) [17, 18]. For the purposes of the presented
research, we will limit ourselves to a brief recapitulation of the model’s core concepts, enabling
the reader to understand the results presented further below.

PDB-ID Protein Chain length Reference
Helix-1J5B Antifreeze I type 37 aa [27]
Globular-2ZIB Antifreeze II type 130 aa [28]
Solenoid-5B5H Antifreeze-multidomain 223 aa [29]
Amyloid-2MVX Amyloid 73 aa/chain [30]

Table 1. Set of proteins subjected to analysis, along with their basic properties and selected references.
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At its heart, the fuzzy oil drop model is a modification of Kauzmann'’s original oil drop model
[32]. That model likens the folding polypeptide to a drop of oil which—being a hydropho-
bic substance—attempts to limit the area of its contact with the aqueous solvent. Kauzmann
divides the 3D protein structure into two layers: the internal (hydrophobic) layer and the
external (polar) layer. The fuzzy oil drop model replaces this binary division with a continuous
distribution where hydrophobicity peaks at the center and then progressively decreases along
with the distance of the center, reaching almost 0 on the protein surface. This distribution can
be mathematically expressed as a 3D Gaussian. If the protein molecule is encapsulated in a
virtual ellipsoid (whose dimensions are adjusted to match the actual size of the protein), the
Gaussian function directly yields the theoretical hydrophobicity values for arbitrary points
within this capsule.

In mathematical terms, the 3D Gaussian is defined as follows:

o (CETDR () ()
Htf:Hf;,,,lleXp< 2](;3 >exp< 257 exp 2]03 (1)

r, 7,z reflect the placement of the center of the ellipsoid (all three are equal to 0 at the origin
of the coordinate system). ¢ coefficients are calculated as 1/3 of the greatest distance between
any effective atom belonging the molecule and the origin of the system, once the molecule has
been oriented in such a way that its greatest spatial extension coincides with a specific axis
(for each axis separately).

The 1/Ht , coefficient ensures the normalization of both distributions (empirical and theo-
retical) and therefore enables comparative analysis. While theoretical hydrophobicity is
defined at any point within the encapsulating ellipsoid, in practice, we are only interested in
positions that correspond to effective atoms (averaged-out positions of all atoms comprising
a given residue). Consequently, the sum has N components, where N is the number of resi-
dues in the chain. Each component is the theoretical value of hydrophobicity at the position

of the given.

In contrast to the above, the actual distribution of hydrophobicity may diverge from theoreti-
cal values. Observed hydrophobicity (O) results from interactions between adjacent amino
acids, which, in turn, depend on their mutual separation and the intrinsic hydrophobicity of
each residue (which can be determined experimentally or on theoretical grounds [33]). Our
analysis is based on the intrinsic hydrophobicity scale proposed in [31]. Under these assump-
tions, the observed hydrophobicity is given by the following formula [34]:

Hoj = H—%(H’+Hf) [1—%(7 (%)2—9 (%)4+5 (g)f’_ (%)Sﬂ for r, < ¢ @)

0
sum =1 0 for r,’j > c

In both equations (Egs. (1) and (2)), j denotes the position of the effective atom of the j-th
residue. Ho, is an aggregate value descrlbmg the interactions with neighboring residues
(indexed 1) at a distance not greater than 9 A (this distance, c, is treated as the cutoff value
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for hydrophobic interactions, following the original model [34]). Applying a cutoff value
implies that hydrophobic interactions are considered local and depend on the position of each
residue. This function is empirically determined and, according to [34], expresses the force
of hydrophobic interactions. H; and H; represent intrinsic hydrophobicity (constant for each
residue) according to a predetermined scale, which can be arbitrary (in our study, the relevant
scale is derived from [31]). T is the distance between the i-th and the j-th residue, while N is
the total number of residues in the chain.

Normalization of both distributions (with all T, and all O, adding up to 1.0) facilitates quan-
titative comparisons, as illustrated in Figure 1. Differences between both distributions may
vary. Figure 1A shows a protein where the observed distribution is closely aligned with the
theoretical distribution, while Figure 1B illustrates the opposite case—a significantly discor-
dant protein.

Subjective assessment of the degree of discordance (cf. Figure 1) may be supplemented by
quantitative analysis based on Kullback-Leibler’s divergence entropy formula [35]:

N,
D (plp°) = Zpilog,(p./p!) ®)

where D, represents the distance between two distributions: “observed” (p) and “target” (p,).
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Figure 1. Examples of two proteins that differ with regard to their hydrophobic core structure: (A) accordant protein
(SLAH-45 aa [35]) and (B) discordant protein (2MZ7-46 aa [36]). These proteins were selected to illustrate strong
conformance/strong discordance, and are not part of the study set analyzed in this chapter. The disulphide bonds are
shown as yellow lines.
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To provide a quantitative measure of the differences between O and T, the latter distribution
will be treated as a reference.

The status of a given protein is represented by D,, values, which express its proximity to
reference distributions treating distribution T as p° and distribution O as p:

oIT = 20,- 10g,(0,/T) @)

The opposite reference distribution, R, represents the distribution deprived of any form of
hydrophobicity differentiation (each residue represents equal hydrophobicity R, =1/N, where
N is the number of residues in protein). The corresponding O | R relation is defined as follows:

OIR = goi log,(O/R) 5)

For the examples illustrated in Figure 1, D, for protein (A) is 0.08, while for protein (B), its
value is equal to 0.46.

These values cannot, however, be considered on their own, since D, isa relative measure of
relative entropy (and moreover depends strongly on the number of residues in the chain).
Introduction of two reference distributions allows the comparison: O | T larger than O | R sug-
gests similarity between O and R distribution.

In order to avoid having to deal with two distinct values, we further introduce the so-called
relative distance parameter, defined as follows:

RD = O|T/(O|T+O|R). (6)

Values lower than 0.5 mean that O is a better match for T than for R. This is interpreted as the
presence of a centralized hydrophobic core.

For the examples illustrated in Figure 1, RD values are 0.300 (A) and 0.680 (B), respectively.

It should be noted that various distributions may be used as reference. Besides R, we may also
introduce another distribution, denoted H, which corresponds to the intrinsic hydrophobicity
of each residue. In this case, the value of RD will express whether the given protein exhibits a
distribution which more closely resembles T or H. Accordingly, we obtain two distinct values
of RD: one for the T-O-R model and one for the T-O-H model. Such analysis becomes help-
ful when studying amyloid structures, which, according to FOD-based analysis, appear to
be dominated by the conformational preferences of individual amino acids with no regard
for the creation of a global hydrophobic core (unlike in globular proteins) [36]. To further
underscore the influence of intrinsic hydrophobicity, we may also calculate correlation coef-
ficients for three types of relationships: HvT, TvO, and HvO. We will soon show that strong
discordance between O and T, where no centralized hydrophobic core can be observed, leads
to negative HvT and TvO correlation coefficients, along with high positive values of the HvO
coefficient.
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2.3. The aqueous solvent—an interpretation rooted in the fuzzy oil drop model

Protein folding is regarded as the search for a global energy minimum. This implies optimiza-
tion of the protein’s internal force field. Nonbinding interactions (electrostatic, vdW, torsional
potential, and others) are present in every molecule and produce structural forms which are
optimal from the point of view of free energy minimization.

Classic protein folding algorithms (mostly based on molecular dynamics simulations)
acknowledge the presence of the solvent by including a set number of external water mol-
ecules that interact with atoms belonging to the protein chain [12]. In contrast, the fuzzy oil
drop model treats water as a continuum, represented by an external force field which directs
hydrophobic residues toward the center of the molecule while exposing polar residues. This
effect—next to the formation of disulfide bonds—is regarded as a primary force which stabi-
lizes the protein’s tertiary conformation.

The presented model therefore acknowledges the role of the solvent with no in-depth knowl-
edge regarding the properties of this solvent: its mere presence is enough to drive the folding
process, producing structures which are largely consistent with the 3D Gaussian distribution
of hydrophobicity [26].

In fact, the structural ordering present in proteins is highly varied and may include local or
global discordances. A local discordance manifests itself as either local excess hydrophobic-
ity on the protein surface (providing a complexation interface for p-p interactions [11, 12])
or local deficient hydrophobicity inside the protein body (which often characterizes ligand
or substrate binding pockets [13, 14]). On the other hand, global discordance occurs when
the entire protein follows a different structural pattern which does not involve a centralized
hydrophobic core—for example, linear propagation of alternating bands of high and low
hydrophobicity, as observed in amyloid [17, 18].

Analysis of the observed distribution of hydrophobicity tells us whether the protein conforms
to the theoretical model (and if it does —whether it includes any local deviations) or diverges
from the model entirely.

The presented work focuses on the reverse phenomenon, that is, the influence of the protein
upon its environment. Naturally, this is merely a postulate based on the observed nonalign-
ment between O and T for many biologically active proteins. In such cases, the protein itself
may be treated as the source of an external force field which acts upon the solvent. Its presence
alone is sufficient to direct nearby water molecules. This phenomenon may potentially serve
as a carrier of information between proximate proteins—a notion upon which the so-called
iceberg hypothesis is based [37, 38].

One example which provides strong support for the above thesis involves antifreeze pro-
teins. Such proteins are expected to work by disrupting the natural structuralization of water
and thereby preventing formation of ice crystals. The explanation provided by our model
contradicts older analyses, which search for ways in which nascent ice crystals might poten-
tially dock to antifreeze proteins [39]. In our view, no such docking takes place. The docking
model is also overly sensitive to concentrations of antifreeze proteins and does not explain
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the antifreeze effect observed in the context of small particles, for example, saccharides [39]
or phospholipids [40] —not to mention individual ions, which are also observed to prevent
formation of ice crystals in the macro scale.

3. Results

The effect of the presence of proteins upon the aqueous solvent is particularly evident in the
case of antifreeze proteins [41]. Their task is to keep water from freezing in subzero tempera-
tures, which would otherwise destroy cells and tissues, terminating all processes which the
organism relies on in order to function. The increased mobility of water molecules on the
surface of antifreeze proteins observed experimentally supports this expectations [42].

Organisms which undergo hibernation (including fish, plants, and other organisms) [41] have
been found to produce specific proteins whose role is to counteract the formation of ordered
ice crystals. Referring to calcium and sodium ions, if we assume that their presence disrupts
the coordination of water particles (an effect exploited, e.g., for salting roads during winter),
the same should be expected in the case of the aforementioned proteins.

The presented proteins have been intentionally selected in order to highlight various ways in
which proteins affect the local structure of the aqueous solvent and counteract its tendency
to crystallize.

3.1. Small (type I) antifreeze proteins

Type I antifreeze proteins are small and exhibit a uniform secondary structure, that is, they
are entirely helical. One example is IJ5B, as listed in Table 2. Figure 2 presents the theoretical
and observed hydrophobicity distributions for this protein.

As evident in Figure 2, in place of the expected central hydrophobicity peak, we are faced
with a near-sinusoidal pattern. Notably, the cyclical nature of this distribution does not
correspond to individual twists which comprise the alpha helix (the number of residues
per distribution cycle appears greater than 3). If this were the case, we would be dealing
with a perfectly amphipathic helix, whereas the observed periodicity of changes results

Protein RD Correlation coeff.

T-O-R T-O-H HvT VO HvO
1J5B 0.767 0.557 0.221 0.450 0.860
271B 0.556 0.392 0.201 0.531 0.687
271B No 70-78 0.498 0.361 0.214 0.572 0.693

Removal of the 70-78 fragment in 2ZIB produces a chain which is accordant with the theoretical distribution of
hydrophobicity (position No 70-78).

Table 2. Small antifreeze proteins —fuzzy oil drop parameters.
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in strong variations in the structural properties of water in close proximity of the protein.
Hydrophilic patches likely attract water molecules resulting in an energetically optimal
arrangement; however, in hydrophobic areas, the structuralization of water, while not
precisely known, is most likely significantly altered (whatever the word “altered” means
in this context). Water has been found to exhibit increased mobility close to antifreeze
proteins, likely as a result of its complex interactions with the molecular surface [42]. It is
postulated that the protein causes vortices to form in the surrounding medium (as illus-
trated in Figure 3).
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Figure 2. Type I antifreeze protein (IJ5B)—the figure illustrates the misalignemnts between T (blue) and O (red). The H
distribution—green line.
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Figure 3. The distribution of hydrophobic residues along the helix does not correspond to its structural periodicity. The
image schematically depicts the expected reaction of the surrounding water particles, which are either attracted (teal) or
repelled (red) by the molecular surface.
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3.2. Small protein exhibiting marginal local discordance —2ZIB

271B, with a chain length of 130 aa, provides an example of a type II antifreeze protein. Taken
as a whole, it is characterized by RD slightly in excess of 0.5 (Table 2 and Figure 4). Similar RD
values in the T-O-R and T-O-H models, as well as comparable correlation coefficients, suggest
that all factors (T, H, and O) represent some sort of consensus.

Figure 5 reveals the location of hydrophobic residues close to the surface. While most of the
surface is composed of hydrophilic (polar) residues, local exposure of hydrophobicity pro-
duces a change in the structural properties of water as individual dipoles align themselves
with the protein. The resulting structure disfavors ice crystal formation.

Removing the fragment at 70-78 (Table 2) produces a chain which largely conforms with
theoretical expectations (95% of the remaining structure is accordant with the theoretical
model). As noted, the presence of a charged surface induces changes in the structuralization
of the aqueous solvent and thereby counteracts ice crystallization. It appears that the protein
performs its function in much the same way as Na*/Cl~ ions—with the added benefit of being
able to expose a much larger surface area and thereby exert a more significant effect upon the
surrounding medium.

The protein under consideration is also characterized by unexpectedly large number of disul-
fide bonds—in the chain of 130 aa, there are 5 SS-bonds. The disulfide bonds as well as the
presence of hydrophobic core are treated as factors responsible for IlI-order stabilization in
proteins. In this protein, the high stability is reached (and ensured) by both factors since the
structure of hydrophobic core is almost perfect. Analysis of the role of disulfide bonds in
relation to the structure of hydrophobic core was discussed in [43] revealing quite differenti-
ated spectrum from high accordance with the hydrophobic core structure to clear opposite
relation where the 5S-bond fragments represent highly discordant (in respect to expected
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Figure 4.T and O distributions in a type II antifreeze protein (2ZIB). The main discordant section (exposure of
hydrophobicity) has been marked on the horizontal axis. Disulfide bonds shown as yellow lines.
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-.11‘ . }‘,_

Figure 5. 3D (2ZIB) view with the 70-78 fragment highlighted in pink. This fragment represents excess hydrophobicity on
the protein surface. Rest of the molecule represents the status accordant with 3D Gauss distribution of hydrophobicity.

one) formation of hydrophobic core. The presence of so many SS-bonds may additionally
support stabilization of the structure as it is expected for antifreeze protein to be resistant to
the influence of the surrounding.

3.3. Antifreeze protein which contains a solenoid fragment

5B5H provides an example of an antifreeze protein which contains a solenoid fragment. A
general description of this protein can be found in [16]. It is classified as a multidomain pro-
tein (even though this is not reflected by the CATH [44, 45] specification stored in PDBsum
[46, 47]). In this case, the concept of “multiple domains” appears to relate to the presence of
diverse secondary structural motifs. T, O, and H distributions for this protein are visualized
in Figure 6, revealing the fragments of variable alignment between profiles.

Table 3 presents the characteristics of this protein taking secondary fragments as individual
units. The structure, taken as a whole, is regarded as discordant (Figure 7A). However some dis-
tinguished fragments appear to represent the distribution accordant with idealized distribution.

77 f? /]

Figure 6. 3D structure of a multidomain antifreeze protein (5B5H). Fragments marked in color are discussed in details.
The colors of fragments follow the colors used in Figure 7.
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5B5H RD Correlation coeff.

FRAGMENT T-O-R T-O-H HvT TvO HvO
Entire protein 0.676 0.538 0.386 0.436 0.754
N-stop 37-73 0.649 0.645 0.318 0.502 0.743
C-stop 98-113 0.304 0.093 0.298 0.810 0.421
Solenoid 0.669 0.526 0.386 0.436 0.754
Helix 74-98 0.389 0.431 0.551 0.835 0.688

Table 3. Quantitative description of 5B5H and its selected secondary structural components.

Figure 7. T (blue), O (red) and H (green) distributions for 5B5H. The profiles for colour highlighted fragments are shown
individually in B, C and D. A—complete protein, B—N-terminal fragment, C—helix parallel to the solenoid, D—"“stop”
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The solenoid (as observed in other examples of proteins) [16] represents the linear propaga-
tion of local maxima and minima of hydrophobicity. That is why to prevent the unlimited
propagation, the “stop” fragments are necessary. Their status is expected to be accordant with
the model. It means that their role is to allow water to penetrate and in consequence prevent
uncontrolled grow of fibril.

N-terminal “stop” fragment seems not to play such role as its status is discordant (Figure 7B).

Helix—the status of the helix running along the solenoid is accordant with the fuzzy oil drop
model, that is, its polar side is exposed to the solvent, while the hydrophobic side remains in
contact with the solenoid (Figures 6 and 7C). It suggests its role to ensure the solubility of the
entire molecule.

“Stop” helix C-terminal, the solenoid, by itself, is susceptible to unrestricted linear propaga-
tion, which theoretically may propagate in unlimited form (for example, by complexation of
many solenoids). This undesirable effect is prevented by the presence of a short C-terminal
helix (Figures 6 and 7D) which remains accordant with the theoretical model: polar resi-
dues are exposed to the environment, while hydrophobic residues face the solenoid. The
helix therefore acts as a “cap”, which prevents elongation of the solenoid. Notably, this is the
most accordant fragment within the entire protein (as evidenced by its TvO correlation coef-
ficient) —meaning that its conformation is driven by the tendency to generate a hydrophobic
core. Similar “caps” (or “stop” fragments) can be found in many other proteins which include
solenoid fragments, and the phenomenon may be exploited in designing drugs which arrest
the propagation of amyloid fibrils [48].

Much like an amyloid fibril, the solenoid fragment is characterized by negative correlation
coefficients for certain B-structural fragments, which suggests that it actively counteracts the
natural tendency for the protein to generate a centralized hydrophobic core.

* Solenoid fragment (Figures 6 and 7E; marked in yellow) is the structural core of the protein. In
this fragment, the observed distribution of hydrophobicity adopts a sinusoidal pattern with no
distinct central peak. High accordance between O and H distribution can be seen. Additionally,
the expected hydrophobicity concentration (high blue picks Figure 7E) is not present. Recurring
fluctuations reflect both the symmetry of the solenoid itself and the arrangement of residues in
the chain. Such alternating bands of high and low hydrophobicity are thought to affect the struc-
tural properties of the solvent—water molecules, which are attracted to hydrophilic patches
but repelled by hydrophobic patches are also likely to adopt a linear “bandlike” structure. In
[49], the authors suggest, and the experimentally prove, that water levitates above hydrophobic
surfaces. This phenomenon, in turn, increases the mobility of water particles, as proved in [42].

3.4. Amyloid protein— Ap structure (1-40)

Amyloids have a significant impact on the surrounding solvent. Here, we present the beta
amyloid (1-40). This molecule meets the criteria specified in [17, 18] by exhibiting linear prop-
agation of alternating bands of high and low hydrophobicity, which clearly deviate from the
monocentric Gaussian in favor of a different structural pattern. The f-amyloid (1-40) structure
[30] will be analyzed as a superfibril, as a protofibril and as well as an individual chain (com-
ponent of the protofibril).
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3.4.1. Ap(1-40) superfibril

The structure listed in PDB under the ID 2MVX comprises two individual protofibrils arranged
symmetrically (C2 symmetry). Each protofibril resembles a flattened letter C. These protofi-
brils are connected by their tips, with their “backs” facing outward. Figure 8 presents the theo-
retical and observed distributions of hydrophobicity for the superfibril when analyzed as a
whole. Clearly, in place of a monocentric peak of hydrophobicity, we are instead dealing with
a sinusoidal pattern expressed along the fibril’s axis. This type of distribution is typical for
amyloids and results from structural repeatability of the input chain, as well as from the sym-
metry between both protofibrils. In the T-O-R model, the RD value of the superfibril is 0.590,
while in the T-O-H model, it is equal to 0.592, with correlation coefficients of 0.438, 0.673, and
0.727 for HvT, TvO, and HvO, respectively. These values suggest that the superfibril adopts a
conformation which does not involve a central hydrophobic core. It moreover indicates that
the resulting structure represents a compromise between the tendency to generate a hydro-
phobic core and the intrinsic properties of individual amino acids comprising the sequence.

The distribution illustrated in Figure 8 reveals the expected (T) concentration of hydropho-
bicity in the central part of the fibril. The sinusoidal shape of the intrinsic (H) and observed
(O) distribution curves is due to the previously postulated linear propagation of alternating
bands of high and low hydrophobicity —a characteristic feature of amyloids [17, 18].

Figure 9 also reveals a repetitive pattern of alternating peaks and troughs, propagating along
the chains. It should be noted that this single chart (red) represents several individual chains
(shaped like a stack of sheets—on top of and beneath the sheet on which the chart is printed),
each of which is characterized by identical arrangement of local maxima and minima. The
variability seen in Figure 9A is related to the properties of edge chains which—being adjacent
to only one other chain rather than two—exhibit slightly lower hydrophobicity than chains
which make up the fibril’s interior (Figure 9B). It is these interior chains which should be
regarded as particularly representative for the amyloid form, owing to their capability for
unrestricted propagation (observed both in vitro and in vivo).
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Figure 8. H (green), T (blue) and O (red) distributions for the Ap(1-40) super-fibril 2MVX). White and gray backgrounds
distinguish two proto-fibrils.
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Figure 9. T (blue), H (green) and O (red) distributions for: A—all chains making up the super-fibril B—all chains except
edge chains (AEF]).

Plotting the theoretical 3D Gaussian for the entire complex (superfibril) enables us to assess
the status of interface fragments, which include residues in contact with adjacent protofibrils.
These residues have been analyzed in accordance with PDBSUM criteria [14]. The result-
ing RD values for the interface fragments are 0.432 and 0.387 for T-O-R and T-O-H, respec-
tively, with correlation coefficients equal to 0.378, 0.672, and 0.658 for HvT, TvO, and HvO,
respectively. These values suggest the status of the interface as accordant with the theoretical
distribution of hydrophobicity as given by the fuzzy oil drop model, as long as the complex
is analyzed as a whole (note the high values of TvO and HvO coefficients, indicating that the
observed distribution is in agreement with both theoretical and the intrinsic distribution).

The above observations enable us to speculate that protofibrils are dominated by the intrinsic
hydrophobicity of individual residues, leading to linear propagation of alternating bands
of high and low hydrophobicity. In contrast, the complex (consisting of two protofibrils) is
shaped by forces related to the presence of the aqueous solvent.

3.4.2. Structure of the AP(1-40) protofibril

Analysis of individual protofibrils has been performed on the basis of T, O, and H distribu-
tions, with the theoretical distribution (T) plotted for the single protofibril rather than for the
entire complex. Each protofibril comprises five chains labeled A, B, C, D, and E. Figure 10
illustrates the relevant distributions of hydrophobicity.

Again, we observe a repeating sinusoidal pattern instead of the expected central peak. The
observed distribution is a result of the highly symmetrical arrangement of chains which form
the protofibril and of their sequential identity (Figure 10 and Figure 11).
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Figure 10. T (blue), O (red) and H (green) distributions for the Ap(1-40) proto-fibril (chains ABCDE).
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Figure 11. Status of protofibril (Chains ABCDE)—T(blue), O(red), H(green). A—all chains shown, B—central chains
(BCD)—the border chains removed to show the almost identical distribution in central chains.

The status of the protofibril is described by the following parameters: RD (T-O-R): 0.639; RD
(T-O-H): 0.659. This means that the involvement of intrinsic hydrophobicity in shaping the
protofibril’s structure is greater than in the case of the superfibril. Correlation coefficients
are 0.280, 0.365, and 0.718 for HvT, OvT, and HvO, respectively. This further shows that the
conformation of the protofibril is dominated by the intrinsic hydrophobicity of its residues.

3.4.3. Structure of an individual chain present in Af(1-40) protofibril

The status of the C chain (i.e., the central chain in the protofibril) is visualized in Figure 12. The
chart reveals strong dominance of intrinsic hydrophobicity (Figure 12A) with the consequent
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Figure 12. Af3(1-40) hydrophobicity profiles 2MVX). A—T(blue), O(red) and H(green) distributions. Horizontal lines
correspond to local maxima (red) interspersed with local minima (blue). B—Correlation coefficients calculated for
successive 5aa fragments to visualize the status of sequential 5 aa fragments (HvO—blue, TvO—red, HvT —green).

lack of alignment with the theoretical monocentric distribution (T). Comparing correlation
coefficients for successive 5 aa fragments singles out the fragments at 9-16 and 22-27 as par-
ticularly discordant.

It should be noted that the charts plotted in Figure 12A and B for the central chain are also
representative for all chains forming the protofibril, regardless of their length. The presence of
local maxima and minima which are inconsistent with the theoretical (T) distribution applies
to all chains. In this particular case, we can observe a local maximum at 7-9 (contrary to T,
which predicts a local minimum), a local minimum at 9-11 (in place of the expected increase
in hydrophobicity), then another maximum at 10-15, a minimum at 14-17 (where the T dis-
tribution predicts a global peak), a minimum at 22, and another local maximum at 22-27. The
C-terminal fragment is consistent with the theoretical distribution; however, the calculated
RD values and correlation coefficients confirm strong discordance vs. T (Table 4).

Figure 13 provides a visualization of the linear propagation of alternating bands of high and
low hydrophobicity.

Such linear arrangement of alternating bands can be expected to have an impact upon the
properties of the aqueous environment. Experimental research, which focuses on water
in contact with hydrophobic surfaces, suggests that under such circumstances, levitation
of water particles may occur [49]. This phenomenon provides water particles with greater
mobility, which, in turn, disfavors the formation of ice crystals. Since similar conditions are
encountered on the surface of amyloids and antifreeze proteins, we may speculate that water
does indeed gain increased mobility when in contact with amyloids—perhaps even interfer-
ing with the action of proteolytic enzymes [50], which are known not to degrade amyloid
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Fragment RD Correlation coeff.

T-O-R T-O-H HvT ™0 HvO
1-40 0.649 0.686 0.310 0.322 0.779
7-9 0.509 0.459 0.812 0.589 0.795
9-11 0.522 0.808 —-0.227 0.135 0.934
10-15 0.776 0.815 —0.330 —0.566 0.855
14-17 0.493 0.269 0.425 0.275 0.913
16-22 0.427 0.359 0.477 0.521 0.947
22-27 0.509 0.460 0.242 0.190 0.987
27-40 0.615 0.545 0.352 0.577 0.719

Fragments listed in boldface exhibit strong amyloid characteristics.

Table 4. Status of the C chain (the central one in protofibril) and its individual fragments —RD values (T-O-R; T-O-H) and
correlation coefficients (HvT, TvO, and HvO).

Figure 13. 3D presentation of 2MVX, highlighting local maxima (red) (8-9, 12-13, 17-19, and 23-24) and minima (blue)
(10-11, 14-16, 20-21, and 25-26) (dark blue —fragment 14-16 with the minimum which is against the expected maximum —
see Figure 11A) of hydrophobicity, as observed in Af3(1-40). The linear propagation of discordant fragments along the
fibril’s axis can be readily observed. It is possible to put here the arrows (as shown in Figure 3) to visualize the predicted
variability in the structural properties of water (with orientation toward hydrophilic surfaces regarded as more likely),
showing how the peculiar conditions occurring on the protein’s surface disrupt the natural structuralization of the solvent.

fibrils. In effect, the enzyme fails to recognize the “signal” generated by an aberrant protein.
Additionally, the amyloid protein is deprived of any fragments of structure accordant with
the model as it is observed in antifreeze proteins, which act as native, biologically active pro-
teins which undergo standard degradation procedure.
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4. Conclusions

The analysis presented in this chapter, along with numerous other publications which deal
with the fuzzy oil drop model, suggests that deviations from the theoretical distribution
of hydrophobicity in a protein (i.e., exposure of hydrophobic and/or hydrophilic residues
on the surface) are strongly linked with biological activity. This effect clearly disrupts the
natural structuralization of the surrounding solvent and forces it to adapt itself to the pro-
tein’s presence. In light of the presented analysis, the protein may be perceived as a more
or less imperfect micelle (Whether spherical, flattened, worm-like or cylindrical), devoid of
the strong symmetries observed in surfactant micelles. Such imperfections (i.e., deviations
from a perfectly symmetrical micelle) enable the protein to perform its intended function by
interacting with other molecules (ligands or external proteins); however, such local deviations
from optimal water-protein interactions also have an effect on the aqueous solvent itself. The
degree to which the protein deviates from the ideal (theoretical) distribution of hydropho-
bicity is also a measure of the changes induced in its environment; such changes may be
regarded as a means of communication and a carrier of information. This observation echoes
the underlying assumptions of the so-called iceberg model [32].

The influence of water upon the native form of proteins remains an open issue—particularly
in the context of local discordances, which are disadvantageous from the perspective of pro-
tein-solvent interactions. It is uncertain whether such discordances are only due to the nature
of the residue sequence, which cannot produce a fully ordered micelle, or whether some
other factors are at play. On the other hand, it is evident that such local disruptions affect
the properties of the solvent (viewed as a continuum). It can also be demonstrated —on the
grounds of the fuzzy oil drop model —that local deviations from the theoretical distribution
of hydrophobicity are targeted and encoded information concerning the protein’s biological
activity [51].

Our approach likens the protein to an “intelligent micelle” which imposes a specific local disor-
der within the aqueous solvent and thereby encodes a description of the required protein-water
interaction. A surfactant micelle—being perfectly symmetrical —carries no such information.
In a similar vein, antifreeze proteins that are highly consistent with the theoretical distribution
of hydrophobicity (such as the type II antifreeze protein [16]) perform their function simply by
being present in the solvent and do not need to encode any specific information.

It appears that experimental research focusing on such “imperfect” micelles and on their
interaction with the environment may yield clues regarding the function of proteins and, in
particular, their specificity. Under these assumptions, the structure of the protein represents a
very delicate balance between micelle-like ordering (which provides the protein with solubil-
ity) and local deviations, whose purpose is complex. On the one hand, such deviations encode
the capacity to perform a specific chemical reaction as a result of inter-molecular contact;
on the other hand, they represent signals which manifest themselves by the changes in the
solvent as it adapts itself to the presence of the protein.

The solenoid fragment included in certain antifreeze proteins produces more or less paral-
lel bands with very different structural properties in the surrounding medium. Whatever
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the ordering in the neighborhood of hydrophobic bands, it definitely does not resemble the
structure observed near hydrophilic bands. Experimental studies indicate that water gains
increased mobility at the boundary between bands [42, 49]. Such dynamic properties may pre-
vent formation of ice crystals, which otherwise calls for highly uniform conditions in the bulk
medium. Nevertheless, the antifreeze protein is not merely a solenoid —it also includes other
fragments (with diverse secondary structural characteristics), mediating optimal interaction
with the water environment. While similar linear arrangement can be observed in amyloids,
they differ from antifreeze proteins in the sense that their ideal periodicity is dependent on
the sequential identity of each complexed chain. We may speculate that under such condi-
tions, the aberrant protein issues a signal which cannot be recognized by other proteins— this
would explain why enzymes do not interact with the amyloid.

The concept of reorganization of the aqueous solvent may even be approached from a rheo-
logical perspective [52].

The mechanisms employed by antifreeze proteins resemble those exploited on a macroscopic
scale by humans—for example, inducing mobility (e.g., by stirring, which prevents freez-
ing) or by introducing factors which produce structural changes in the medium, disfavoring
the formation of ice (such as salting). The “tasks” performed by ancillary fragments of the
antifreeze protein are associated with the specific nature of the environment in which pro-
teins operate —in particular, their role is to ensure solubility. A precipitated antifreeze protein
would be useless; hence, the long helix runs parallel to the solenoid and ensures solubility by
limiting the “disorder” which the solenoid fragment induces. The list of similarities between
macroscopic processes and molecular-scale phenomena exploited by living organisms is long.
A more detailed discussion of the subject can be found in [53].

The information encoded by a 3D structure concerns not only the specifics of a molecular
process (lowering the energy threshold for enzymatic reactions) but also—or perhaps most
importantly —the means by which different molecules may communicate with one another.
Substrate recognition is not merely based on a “lock and key” mechanism. The participat-
ing molecules must first recognize each other, and this recognition may exploit distortions
in the structure of the aqueous solvent. Under this hypothesis, the solvent acts as a car-
rier of information, which is specific enough to be recognized by the intended recipient.
Significant research interest has recently been directed at biological systems in dried-out
conditions (such as seeds [54]). When most of the solvent is eliminated from the system,
leaving only enough water to preserve the 3D conformation of proteins (as in a dry seed),
communication effectively ceases. However, this change is reversible, and communication
can be restored simply by adding water —this causes the seed to resume its biological func-
tion and germinate.
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Abstract

Superhydrophobic surfaces were first observed in nature like on a lotus leaf. The surfaces
need to have hierarchical micro- and nanoscale roughness and low surface energy to
achieve superhydrophobicity. Their unique behavior against water leads to various appli-
cations like corrosion resistance, oil-water separation, self-cleaning properties, anti-icing
properties, drag reduction, and antibacterial properties. To investigate the wetting behav-
ior of the coating, water contact angle, contact angle hysteresis and sliding angle must be
measured. If WCA is higher than 150° and sliding angle and contact angle hysteresis are
below 10°, then it can be concluded that the surface is superhydrophobic. Various fabrica-
tion methods including lithography, templating, chemical vapor deposition, layer-by-layer
deposition, colloidal aggregation, and electrospinning and electrospraying especially wet
chemical method are thoroughly studied. Among all fabrication methods, the wet chemi-
cal technique is one of the promising methods due to its low cost and capability of large-
scale production and also the substrate shape and dimensions having a minimal effect on
the process. Superhydrophobic coatings still lack sufficient mechanical endurance. Also, in
all traditional superhydrophobic coatings, it is necessary to lower the surface energy by a
low-energy polymeric material that does not have suitable bonding and stability in harsh
environments.

Keywords: superhydrophobic, coatings, chemical synthesis, surface engineering,
self-cleaning, antimicrobial
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1. Definition of superhydrophobicity

1.1. Concept

Superhydrophobic properties were first observed in nature and on the surface of Nelumbo
nucifera (lotus), butterfly wings, Brassica oleracea, Colocasia esculenta, etc. [1, 2]. The
superhydrophobic properties appeared due to unique surface structure and low surface
energy. A superhydrophobic surface repels water droplets and does not get wet in contact
with water. In other words, surface behavior against water is evaluated by the water contact
angle measurements which will be discussed later. On a superhydrophobic surface, WCA is
higher than 150°, while for hydrophobic and hydrophilic surfaces, this value is, respectively,
90°-150° and below 90°. In Figure 1, some natural superhydrophobic surfaces are introduced.

Higher WCA values mean that a water droplet tends to maintain a spherical shape on the
surface. On the other hand, lower WCA shows the tendency of a water droplet to spread on

.

Butterfly wings

Poplar leaf |

Lotus leaf Red rose petal

Figure 1. Superhydrophobicity in nature [3].
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the surface. WCA is not the only parameter that is important to evaluate a superhydrophobic
surface; other parameters like sliding angle and contact angle hysteresis are also important,
which will show how slippery or sticky the surface is against a water droplet. These parame-
ters will be discussed in depth later.

First, it is important to specify an ideal superhydrophobic coating. An ideal superhydrophobic
coating has WCA higher than 150° (up to 180°, which is the theoretical limit), and also the
sliding angle and contact angle hysteresis must be lower than 10° to guarantee low stickiness
of the superhydrophobic surface against water.

This special wetting behavior will provide various special applications such as self-cleaning,
anti-icing, antibacterial, oil-water separation, corrosion resistance, etc. for superhydrophobic
surfaces and coatings.

1.2. Shortcoming and limitations

As mentioned before superhydrophobic surfaces and coatings have a special wetting behavior
against water droplets which leads to various industrial applications. But one might ask: what
hinders the application of these properties in industries?

Superhydrophobic coatings and surfaces are rather new due to their unique wetting behavior
against water in comparison to other traditional coatings currently used in industries like pow-
der and sol-gel coatings and other organic, inorganic, and metallic coatings. The traditional
coatings do not possess high water contact angle and are usually hydrophilic, and more time is
needed to improve quality and production costs of the superhydrophobic coatings.

The superhydrophobic coatings and surfaces must have two main features to achieve
superhydrophobicity:

a. Hierarchical micro- and nanoscale roughness on the surface
b. Low surface energy

These two must be considered to fabricate a superhydrophobic surface. Various fabrication
methods have been presented: These techniques are divided into two main categories includ-
ing top-down and bottom-up. The top-down approach includes template-based techniques,
lithography, and surface treatment by plasma. In the bottom to top approach, the structure is
self-assembled and includes layer-by-layer deposition, chemical deposition, and colloidal
assemblies. The methods to achieve superhydrophobicity are not limited to these methods,
and there are several others like electrospinning, templating, chemical etching method, chem-
ical vapor deposition, phase separation, electroless galvanic coating, sol-gel method, and
thermal spray methods.

The main shortcoming of superhydrophobic coatings and surfaces is the low stability of the
superhydrophobic properties or high cost of fabrication or lack of high-scale production
capabilities. This leads to the limited use of superhydrophobic coatings. Although several
promising approaches have been taken recently to increase mechanical stability, which will be
discussed further in this chapter.
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2. Surface wettability evaluation parameters

To investigate surface wettability, three main parameters are used. These three parameters are
the water contact angle, contact angle hysteresis, and sliding angle. WCA is not enough alone
to understand surface wetting behavior, and at least one (the CAH or SA) is needed to know
how much water droplets stick to the surface. The definition of each parameter is provided
below.

2.1. Water contact angle

Atoms and molecules of liquid and solid have higher energy on the surface because there are
fewer chemical bonds on the surface. This energy is known as the surface tension or the surface
free energy and shown by y and is equal to energy per unit area needed to build surface in
constant temperature and pressure (J/m? or N/m). In the case that solid and liquid are in direct
contact with each other, the surface energy will be lower than in the situation in which these
two are separated. The relation between surface energies and adhesion work is shown in the
Dupre equation [14].

WsL = Ysa + ¥Yra — Ysr- 1)

In this equation, Wg, is the adhesion work per unit area, ysa is the surface free energy between
air and solid, ypa is the surface energy between air and liquid, and yg;, is the surface free
energy between liquid and solid.

When a water droplet is placed on the surface of the solid, these two will reach equilibrium,
and the water droplet makes a specific angle with the surface known as water contact angle
(60). The below equation can calculate the total energy:

Etotal = Y1.a (Ara + Agp)-WspAgy. )

In this equation, Ap A and Agy, are, respectively, liquid/air interface and liquid/solid interface. In
this situation regardless of gravitational potential energy and in constant volume and pressure
in the equilibrium, dE;,; is considered equal to zero.

YLA (dALA + d ASL)_WSLd ASL =0. (3)
For a droplet with constant volume, 0 can be calculated by the equation below:

dALA/dASL = COS (90) (4)

Then according to these equations, Cos 0y can be calculated by Young's equation.
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cos Op = (VSA - VSL)/ Yra @)

2.2. Contact angle hysteresis

To define contact angle hysteresis, first advancing (6,) and receding (0,) contact angles must be
introduced. Contact angle hysteresis is calculated by subtraction of advancing and receding
contact angles.

CAH = |(6]|a — 6,)| (6)

Consider a water droplet on the surface; if water droplets withdrawn or somehow evaporated
from the surface, at first the surface area between the water droplet and surface does not
change, but after a while, it starts to recede from the surface with a constant water contact
angle equal to 0,.

If at a controlled condition, the volume of water droplet increases by a syringe or is cooled
down on the surface, at first, the volume increases without change in surface area in contact
with the solid until it begins to advance on the surface with a constant water contact angle
equal to 0,.

Both advancing and receding contact angles on a surface depend on surface chemistry and
topography, and a metastable droplet can have a contact angle between these two values
which indicates the importance of measuring both of these values to evaluate surface wetting
behavior [4].

C

Figure 2. Schematics indicating the 0, and 0, (a and b, respectively) and a droplet on a tilted surface with 6, in front and
0, in the back [4].
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Now consider a droplet on a tilted surface. While the droplet is moving downwards on a tilted
surface, in the front, it expands, which will occur with a constant contact angle of 6,, and on
the back, it shrinks with a constant contact angle of 6, which is shown in Figure 2c [4].

2.3. Sliding angle

The sliding angle is another parameter to evaluate the wetting behavior of the surface in which
a droplet with a certain weight is dropped onto the surface and the sliding angle is the critical
angle that a droplet starts to move and slide downwards. Sliding angle and contact angle
hysteresis are both used to evaluate adhesion of droplet to surface. Contact angle hysteresis is
more detailed and difficult to measure than the sliding angle [5].

3. Wetting models

3.1. Young’s model

Several wetting models have been defined to calculate contact angle on the surface. The first
wetting model is Young’s equation that was just mentioned. This model does not consider
surface roughness of the solid surface. Below Young's equation is shown.

Y6

In this equation 0 is the contact angle, and y, 7, and y,; are, respectively, the surface free
energy of solid/gas, solid/liquid, and liquid/gas interface.

3.2. Wenzel model

It is obvious that in most cases the surface is not smooth, so Young’s equation is not able to
calculate the contact angle properly, so the Wenzel equation was introduced. In this equation, it
is considered that the surface wetting occurs uniformly:

cosOw = rcos6 (8)

In this equation Ow is the Wenzel contact angle, 6 is Young's contact angle, and r represents the
surface roughness factor that is equal to ratio of real surface to apparent surface.

3.3. Cassie-Baxter model

As mentioned before wetting is considered to be uniform in Wenzel’s equation, or in other
words, it is considered that water went through all surface cavities and there is no dry part. On
the other hand, there is another wetting model which considers that the wetting is not uniform
and air packets do not let water get into the surface cavities. In this case, water is in contact
with solid and air packets, and water contact angle with air is equal to 180°. The model is
called Cassie-Baxter and the equation is shown below:
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a b C

Figure 3. Schematics showing the difference between (a) young, (b) Wenzel, and (c) Cassie-Baxter wetting models.

cos Ocp = % cos 01 + f,% cos 02 9)
cos Ocp = 3% cos Oy + f,* cos (71) (10)
cos Ocp = f*cosO — f, (11)

cos Ocp = f#(cosO +1) — 1 (12)

In the above equations, Ocp is the Cassie-Baxter contact angle, f; is the ratio of the area that
liquid is in contact with solid, and f; is the ratio of the area that liquid is in contact with air
packets made or trapped inside the surface cavities. In Figure 3 the difference between the
three aforementioned wetting models is shown.

3.4. Transition between wetting models

In case of a hydrophobic surface or coating surface wettability respects to one of Wenzel or
Cassie-Baxter models. In an ideal condition, a superhydrophobic coating should be seen in the
Cassie-Baxter model. In the Cassie-Baxter model as mentioned before the topography and
surface energy is in a way that droplet cannot penetrate through the empty space between
micro- and nanoscale pillars on the surface while in Wenzel model the surface structure is large
enough for water droplets to penetrate. Droplet adhesion to surface is more considerable in the
Wenzel model than in the Cassie-Baxter model due to penetration of droplet into the micro-
and nanoscale grooves on the surface.

Change in surface roughness and energy will lead to a transition from the Wenzel to the Cassie-
Baxter model, which depends on the hierarchical micro- and nanoscale roughness on the surface.
An easy way to evaluate whether the transition between Wenzel and Cassie-Baxter model has
occurred or not is to measure the sliding angle. A noticeable decrease in sliding angle will be
observed after the transition from the Wenzel to the Cassie-Baxter model due to increase in
surface roughness and fabrication of hierarchical micro- and nanoscale roughness.

4. Applications of superhydrophobicity

Superhydrophobic surfaces and coatings as mentioned have a unique behavior against water
droplets. This unique behavior results in a new set of applications including self-cleaning, anti-
icing, antibacterial, oil-water separation, corrosion resistance, etc.
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4.1. Oil-water separation

There have been many reports of oil contaminations in sea waters and rivers due to leak of
factory waste into nature and accidents like Deep Water Horizon and Sanchi oil tanker colli-
sion. Removing oil contaminations from the water was always challenging and expensive, so
different methods have been introduced by scientists to remove the oil contaminations. These
methods are categorized into three main groups including water removal, oil removal, and
smart controllable separators [6]. The water removing filters are superhydrophilic and
superoleophobic; this kind of filter works underwater, and when they get wet by water, the
presence of the water on the surface of the filter prevents oil to pass from the filter pores. The
category in the oil removing method is a more efficient way because the amount of oil is
always less than the amount of water, so it is logical that we try to remove the oil from water
and not water from oil. To remove oil from water, the material should be superhydrophobic
and superoleophilic; this mostly depends on the surface energy. The surface energy should be
lower than the water surface tension (72.8 mN m ') and higher than the oil surface tension

Figure 4. (A) Oil-water separation with the use of TiO,-coated superhydrophobic and superoleophilic mesh, (B) opposite
behavior of silicone elastomer-coated mesh against water and toluene droplets [7].
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(30 mN m ™). The oil removing method has two subcategories including oil removing filters
and oil absorbents (like oil absorbent sponges, etc.)

Superhydrophobic oil removing filters are the main part of the oil removing category. Feng
et al. [7] used a TiO,-coated mesh to separate oil from water (see Figure 4a). Parkin et al. [8]
used a silicone elastomer coating on a mesh to efficiently separate organic solvents like hexane,
petroleum ether, and toluene from water. As shown in Figure 4b, the water droplet cannot
pass through the filter, but toluene can easily pass through.

Also, absorbent materials are considered as a part of this group that can collect oil and changes
it from liquid to a semi-solid phase. Tai et al. [9] built a graphene base sponge with high
sensitivity and suitable recyclability (Figure 5a). The sponge was able to absorb oil up to 165
times of its weight. Pan et al. [10] built a three-dimensional superhydrophobic material
through a one-step immersion process. This material had a high oil absorption capacity and
was able to separate oil from water efficiently (Figure 5b). Superhydrophobic sponges could
be used up to 300 times without losing their properties in an ideal situation. Currently, there
are several serious challenges in this field. One of the main problems is the instability of the
hierarchical structure of the coating on sponges that could easily get damaged by mechanical
stresses or by exposure to chemical pollutions (acids, etc.). Also, most of the studies in this field
worked on separation of oils with low density, and very few studies have been done on high-
density oils [6].

4.2. Corrosion resistance

There are several ways to protect a surface from corrosion. One of the ways is to use different
coatings or to use some processes to add heavy materials like chrome onto the surface which is
harmful to the environment [11]. During the past two decades, scientists have been using
superhydrophobic nanocomposite coatings without any toxic materials to protect various
surfaces from corrosion [12-14]. The corrosion protection capability of the superhydrophobic
coatings mainly is because of the presence of air pockets between surface and corrosive
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Figure 5. (a) Engine oil removing process using a superhydrophobic sponge [9], (b) the absorption capacity of super-
hydrophobic sponges for different nonpolar oil and solvents [10].
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solution, and these packets act like a barrier and prevent corrosive ion diffusion and protect
the substrate [15].

Advincula et al. [16] built a superhydrophobic corrosion-resistant nanostructure coating by
using a conductive polymer in a two-step process. This coating could be deposited on any
metal surface. They studied the corrosion resistance of the nanocomposite coating by the use of
polarization test in NaCl solution in different pH and temperatures for 7 days, and the
corrosion protection efficiency was reported to be higher than 95%.

Zhang et al. [17] worked on superhydrophobic membranes with different morphologies and
chemical compositions through the sol-gel method. Humid air test and polarization tests
showed insufficient corrosion protection. They realized that surface morphology is more
important than the chemical composition of the sol-gel coating. In another study on the
corrosion resistance of coatings on the Mg-Mn-Se alloy, three types of coatings with different
wettabilities from hydrophilic to superhydrophobic were deposited on substrates, and corro-
sion resistance of the coatings in 3% NaCl solutions was studied [18]. Corrosion potential is
known to be a criterion for corrosion resistance; the higher potential shows higher corrosion
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Figure 6. (a) Coating with different wettability after humid air test [17]; (b) polarization curve of the samples in 3.5%wt
NaCl solution: (1) alloy without coating, (2) coated sample with PEO method, (3) hydrophobic coating, and (4)
superhydrophobic nanocomposite coating [18]; and (c) polarization curve of the superhydrophilic Al (black line) and
superhydrophobic PU/Al/ALOj; in NaCl solution [20].
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Figure 7. (a, b, c) Showing self-cleaning properties of the superhydrophobic high-density PE with TiO, nanoparticles; (d)
adhesion of water droplet to high-density PE coating while the sample is held vertically [24].

resistance in general [19]. Superhydrophobic nanocomposite coating deposited with plasma
electrolytic oxidation' on Mg alloy showed the best results in polarization tests (Figure 6b). Li
et al. [20] managed to build a superhydrophobic corrosion-resistant polyurethane coating
containing Al,O3 nanoparticles. The water contact angle of the coating with 2 wt% PU was
151°, and the sliding angle was 6.5°. An increase in corrosion potential showed the positive
effect of superhydrophobic coating in corrosion protection (Figure 6c).

4.3. Self-cleaning properties

The lotus leaf’s surface is always clean regardless of any contamination that may be present in
its surrounding environment [21]. This leaf has a unique surface structure and is coated with
wax and shows superhydrophobic properties, and the sliding angle is very low so water can
easily slide on the surface of the leaf and remove any contamination. The aforementioned
properties of superhydrophobic surfaces and coatings are called self-cleaning properties.
Many superhydrophobic coatings were synthesized with different methods and used in indus-
tries, daily, or in military use [22, 23].

Lions et al. [24] produced a nanocomposite self-cleaning superhydrophobic high-density PE
coating containing TiO, nanoparticles. Results showed that water droplets could remove big
alumina particles or small graphite particles from the surface of the coating (Figure 7a-c). On
the other hand, high-density PE by itself had a smooth surface which resulted in water

'REO.
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droplets sticking on the surface of the coating, and the coating could not have self-cleaning
properties (Figure 7d). Rodriguez et al. [24] also managed to build a coating based on lotus leaf
surface morphology. This coating was made by nanostructure template assembly, and the
sliding angle was between 4° and 7°. The self-cleaning properties of this coating were very
close to that of a lotus leaf.

But the question is how a superhydrophobic surface has self-cleaning properties. The first
reason is due to surface energy calculations. To explain how even hydrophobic particles can
be collected by rolling drop will be further discussed.

When a spherical particle (pollution) is in contact with water on the sample surface (Figure 8),
the area of the wetted surface can be calculated by the equation below in which 2Rs is the
sphere diameter:

Area of the wetted part of the particle on the surface (pollution) = 2tR?(1 + cos 0,

Also, the liquid will lose some of the area of itself that can be calculated through the below
equation:

Lost area of the liquid = nR?* sin 6,

The change in surface energy can be calculated by the below equation:
AF = 2#71%Rs%#(1 4 cosOe) (sl — ysv) — mRs* — sinfexyLV (13)

AF = yLV#2#mtxRs*%(1 + cosBe)* (14)

When the equivalent water contact angle is not 0° and 180°, the particle always tends to attach
to a spherical-shaped water droplet. The second reason for self-cleaning of these rough sur-
faces is that the contact area between the pollution particle and solid surface is very limited
due to the unique surface roughness so the pollution particle has a very lower adhesion to the
surface in comparison with smooth surface also water can diffuse into larger porosities as a
result of impacting to the surface. The diffused water will absorb particles and get back to the
top of the surface due to superhydrophobic properties and lead to self-cleaning properties [25].

Chen et al. [26] introduced a unique mechanism for self-cleaning surfaces by inspiration from
Cicada wings (Figure 9). On this surface, pollutions are automatically removed due to the
bouncing movement of water droplets on the surface. The ability of the pollutant particle to

i 0.

Figure 8. Schematic of the spherical particle that has moved from air into the water; the contact angle between the particle
and water is shown [25].
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Figure 9. Self-cleaning properties of coating inspired from Cicada wing through bouncing movement of the pollutant
particle on the surface [26].

bounce on the surface of the superhydrophobic coating mostly depends on the stability of the
particle into the liquid phase. This unique coating shows there is a chance to produce and
develop new self-cleaning coatings.

4.4. Anti-icing properties

Every year ice storms harm the electrical transmission equipment, communication systems,
highways, etc. [27]. To reduce these kinds of damages, different methods of producing an anti-
icing surface have been introduced [28]. Although there are other conventional methods like
reducing icing temperature point and thermos electrical and mechanical methods, these
methods use a lot of energy and are not economical.

In recent years superhydrophobic coatings have been suggested as an anti-icing coating. As
mentioned before, the presence of air pockets on the superhydrophobic nanocomposite coat-
ing structure causes the water droplets to slide easily on the surface; therefore there will not be
enough time for the droplet to frost on the surface [29-31]. In situations that the temperature is
very low, superhydrophobic nanocomposite coatings can be used to prevent water from
wetting the surface and cause frost and finally damage to the surface or equipment [32].
Chen et al. [33] deposited four types of coatings with different wettabilities from
superhydrophilic to superhydrophobic on Al substrate. Dynamic studies of droplet impact to
the superhydrophobic surface at low temperature showed that if the angle between the direc-
tion of droplet and surface of the coating is higher than 30°, then water droplet can easily slide
and be removed from the surface. Hen et al. [34] produced a superhydrophobic
nanocomposite film containing multi-walled silicon nanotubes. Results showed that the grow-
ing rate of ice on the non-coated Al surface is twice the surface with superhydrophobic
nanocomposite coating (Figure 10).
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In another study, an easy and low-cost nanocomposite coating containing polydimethyl-
siloxane with different coupling agents was investigated [35]. As shown in Figure 11, the
superhydrophobic coating is completely effective in reducing ice adhesion to the surface up
to 97%.

Scientists have some disagreements about the relations between superhydrophobicity and
anti-icing properties. Some believe that these two are not related to each other; on the other
hand, some insist that superhydrophobicity will result in anti-icing properties [36]. These
disagreements are because there is no specific standard that can be used to evaluate ice
adhesion to surfaces; also the method of preparing ice for each study is different from the
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Figure 10. Comparison of ice growing rate on bare Al and Al with superhydrophobic nanocomposite coating containing
multi-walled silicon nanotubes [34].

Figure 11. Comparison of the uncoated and superhydrophobic coated sample at —5°C and high humidity [35].
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other, so by now it is not possible to have a definite answer to this matter [28]. The recent
studies have helped to get a better understanding of the ice formation process on the
superhydrophobic surface, but there is still much left unknown about the nucleation, growth,
and adhesion to the surface which need more studies and information on this subject.

4.5. Drag reduction

One of the main problems that a solid moving in water like a submarine is facing is the drag
force; this force has resulted from the friction force between water and solid surface which is
moving through water. There are several examples in nature which show antidrag properties
[37]. By inspiration from shark skin and lotus leaf, several superhydrophobic coatings were
fabricated [38]. Here, the positive effect of superhydrophobicity on drag reduction will be
discussed. As mentioned before superhydrophobic coatings have some air pockets inside their
hierarchical micro- and nanoscale surface structure which will reduce the contact between
solid and liquid so the drag force will dramatically reduce [39]. Drag reduction phenomenon
by superhydrophobic surfaces was first reported in 1991 [40]. Muan et al. [41] studied the effect
of superhydrophobic nanocomposite coating on drag reduction in linear and turbulent
streams. This superhydrophobic coating contained TiO, nanoparticles and was deposited on
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Figure 12. (a) Schematic of set up to throw balls into the water in the same condition, (b) balls’ location-time diagram,
(¢, d, e) balls’ picture at t; =0's, t, =0.61 s, and t3 =1.11 s [42].
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the Al substrate, and the drag force on this sample was compared with non-coated sample.
Results showed that superhydrophobic coating will reduce drag force up to 30% for linear and
15% for a turbulent stream. Chen et al. [42] coated a ball with superhydrophobic coating; then
they used a stage as shown in Figure 12 to throw a ball with superhydrophobic coating and
one without any coating; the ball with superhydrophobic coating had an average speed of
27.0 cm min ™, but the average speed of ball without coating on water was 12.5 cm min ™. This
indicates that the superhydrophobicity is completely effective in the reduction of drag force
and facilitates moving through water. On the other hand, Wei et al. [43] had a different opinion
about this phenomenon. They believed that drag reduction is not because of the lower solid
and liquid contact and the plastron effect is the main reason of this phenomenon. They
fabricated a superhydrophobic coating by electrodeposition of gold on substrate. This
superhydrophobic coating reduced the drag force up to 38.5% in speed of 0.46 m s~ ' which is
amazing. They said that reduction in water contact angle of the superhydrophobic coating will
have a very small effect on drag reduction and will change it into 32.7%. They concluded that
the main reason for drag reduction is not the high water contact angle but it is because of the
plastron effect [44]. On a non-coated sample, the friction is just between solid and water, but on
a superhydrophobic surface, there are three phases, water, solid, and trapped air between
these two, so the friction will be drastically reduced in this situation that is known as the
plastron effect.

4.6. Antibacterial properties

Antibacterial properties are essential in biosensors, implants, food packaging, and industrial
and marine equipment [45, 46]. For example, one of the main reasons that cause infection in
patients after surgery is bacteria that grow on implants [46]. To solve this problem,
antibacterial coatings that reduce the bacterial adhesion to the surface or coatings containing
antibacterial additives are suitable [47]. Schoenfisch et al. [47] produced a zero gel with the
ability of nitrogen oxide release by spray method. In this case a combination of superhydro-
phobicity and nitrogen oxide release will result in a very strong antibacterial property. Nitro-
gen oxide showed a positive effect after some time and reduced the number of alive bacteria
that had attached to the superhydrophobic surface. Ivanova and Philipchenko introduced an
easy method to produce superhydrophobic coating by using chitosan nanoparticles.
Antibacterial property is enhanced because of chitosan nanoparticles. Usage of nanosilver
particles in superhydrophobic coatings also enhances the antibacterial properties; this
enhancement is due to diffusion into the bacterial cell and damages the DNA structure from
the inside [48]. There are still some doubts and questions about the mechanism of silver
antibacterial properties. Heinonen et al. [49] fabricated a superhydrophobic coating containing
silver nanoparticles through the sol-gel method. First silver nanoparticles were attached to y-
alumina by the Tollens process, and then the composite coating was functionalized with
flouroalkyl silane” to reduce the surface energy. The diagram in Figure 13 shows the number
of bacteria on non-coated steel, superhydrophobic coated steel, and superhydrophobic coating

FAS.
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Figure 13. It shows the number of bacteria on non-coated steel (AISI304), superhydrophobic coated steel (SHP), and
superhydrophobic coating with nanosilver particles steel (SHP + Ag) after 1-day exposure to bacteria at 25°C [49].

with nanosilver particle steel after 1-day exposure to bacteria at 25°C; the superhydrophobic
coating with silver nanoparticles reduced the alive bacteria on the surface up to 88%.

Xue et al. [50] used the same method to fabricate silver nanoparticles on cotton fibers. After
that hexadecyltrimethoxysilane was used to modify these fibers, and superhydrophobicity
was achieved. As shown in Figure 14, non-coated cotton fiber does not have any resistance

Figure 14. Comparison of antibacterial properties on non-coated cotton fiber (the white ones) and superhydrophobic
coated fiber cottons (the gray ones) [50].

95



96

Superhydrophobic Surfaces - Fabrications to Practical Applications

against bacteria, but on the other hand, the superhydrophobic coated sample with nanosilver
additives destroys almost all of the bacteria from its surface.

In general, superhydrophobic coatings are not an ideal antibacterial coating, and in some cases,
instability, toxicity and low durability of these coatings make them a problematic method for
antibacterial purposes. So, further studies in this field are needed to overcome the current problems.

5. Fabrication methods

Several techniques have been introduced to fabricate superhydrophobic surfaces. These tech-
niques are divided into two main categories including top-down and bottom-up. The top-
down approach includes template-based techniques, lithography, and surface treatment by
plasma. In the bottom to top approach, the structure is self-assembled and includes layer-by-
layer deposition, chemical deposition, and colloidal assemblies. The methods to achieve
superhydrophobicity are not limited to these methods, and there are several others like
electrospinning, templating, chemical etching method, chemical vapor deposition, phase sep-
aration, electroless galvanic coating, sol-gel method, and thermal spray methods.

5.1. Wet chemical

5.1.1. Chemical etching method

Chemical etching and other methods like plasma etching can be used to introduce micro- and
nanoscale roughness to the substrate. Also, this process can be combined with other methods
of fabrication superhydrophobic coatings to improve special surface roughness that is needed.
Almost in all studies, chemical etching and similar methods like that are followed by surface
modification with low surface energy materials like fatty acids, fluoroalkyl silanes, etc. This
kind of superhydrophobic surfaces only has laboratory usage. Because of their low stability,
they are mainly used to study the behavior of superhydrophobic surfaces against water in
different situations, but the combination of this method with others seems promising.

Song et al. [51] used CuCl, solution to do chemical substitution reaction on Al substrate to
make hierarchical micro- and nanoscale roughness on the Al substrate which is necessary to
achieve superhydrophobicity. After the chemical etching, the surface was modified with a
fluoroalkyl silane solution to increase the WCA to higher than 150°. In this study, 1 molar
CuCl, solution was used and different etching times were tried. Also, the effect of removing
the deposited Cu on substrate was investigated. As mentioned before this method is a chem-
ical substitution reaction and a Cu element deposit on the Al surface while AI** gets into
solution; the deposited Cu on the surface does not have a chemical bond with the surface and
can be removed by an ultrasonic bath in water. So, to study the effect of Cu removal from the
substrate, samples were washed in an ultrasonic bath. After the chemical etching, all samples
were put into a fluoroalkyl silane solution.

When the aluminum plate is immersed into the CuCl, solution, the chemical substitution
starts, and copper ions react with the aluminum element on the surface, and aluminum
chloride will be made by this reaction. As a result, the copper element will deposit on the
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surface. The aluminum corrosion potential is lower than copper, so when copper deposits on
the surface of the aluminum, a galvanic reaction will occur, and reaction speed will be
increased. This reaction is exothermic and produces a lot of heat. In addition to this, the copper
on the surface reacts with solution water, and hydrogen ions will be produced which will
make the solution acidic and be able to remove aluminum from the substrate. When the

Figure 15. SEM image of etched aluminum surface in CuCl, solution in different periods of time: (a, b) 1's, (c, d) 35, (e, f,
)10, (h,1,§) 70 s [51].
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hydrogen ions react with the aluminum on the surface of the sample, then a small hydrogen
bubble will be made on the surface so during that time the copper ions cannot affect that part
of the sample. As a result, the corrosion will not be uniform. This will be beneficial to achieve
hierarchical micro- and nanoscale roughness. Below the reactions are mentioned.

2A1 + 3Cu*" — 2A1P" 4 3Cu (15)
Cu®" 4 2H,0 « Cu (OH), + 2H" (16)
2Al + 6H" — 2AP" + 3H1 (17)

The aluminum plate is a polycrystalline metal that has grain boundaries and dislocations;
these places are ideal for corrosion and chemical substitution, so immediately after immersion
of Al plate into the CuCl, solution, the reaction will take place in these places. As a result,
rectangular planes and nanoscale steps will be formed on the surface. In Figure 15, SEM image
of the surface after chemical etching for different periods is shown. It is worth mentioning that
the samples were washed in water by ultrasonic bath [51].

*  Efficient conditions to make a hierarchical structure on the Al substrate through chemical
etching

In the aforementioned study, the effect of removal of deposited copper on the substrate was
studied. In the results as can be seen in Figure 16 in which the copper had been removed from
the surface through ultrasonic bath, the stability of the superhydrophobicity is higher [51].

¢ Crucial role of surface modification after the chemical etching process

Chemical modification and reducing surface energy are necessary to achieve superhydro-
phobicity. Surface modification of the smooth surface with fluoroalkyl silane will increase the
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Figure 16. WCA measurement of the superhydrophobic samples during time (black line (with deposited copper), red line
(without the deposited copper)) [51].
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Figure 17. Change in WCA for different times of etching process (all samples were chemically modified with fluoroalkyl
silane solution) [51].

WCA up to 117 which indicates the effect of surface energy. Figure 17 shows WCA measure-
ment results for samples with a different etching time which were chemically modified with
fluoroalkyl silane solution before WCA measurements. As can be seen for etching time higher
than 10 seconds, an enormous improvement in hydrophobicity is shown, and the superhydro-
phobicity was achieved. The reason for this improvement is the combination of hierarchical
micro- and nanoscale roughness caused by chemical etching followed by low surface energy
due to chemical modification with fluoroalkyl silane solution [51].

5.1.2. Sol-gel method

This method has been used in various studies to fabricate superhydrophobic coatings on
different substrates. The sol-gel coating can be applied on the surface by various methods like
dip coating, spin coating, spraying, etc. To achieve superhydrophobicity, the sol-gel coating is
modified with a low surface energy material. Different approaches were taken to build a
superhydrophobic coating, and some of them are mentioned here. After that, a more detail
study about the sol-gel process will be provided.

One of the sol-gel coatings is alumina sol in which the aluminum tri-sec-butoxide was used as a
precursor, and the particle size in sol was about 80 nm. The sol was deposited on the glass
substrate by spin coating and cured at 400°C. The presence of nanoalumina particles in coating
makes peaks on the surface of the coating with a height of 1um; and to achieve nano roughness,
samples were put into boiling water for 5 minutes. As a result, a flower-like morphology was
made on the coating, and after surface modification with low energy material, superhydro-
phobicity was achieved (look at Figure 18a) [52].

Mahadik et al. [53] used methyltrimethoxysilane as a precursor and fabricated a coating by the
sol-gel method. The coating was deposited on the glass slides by dip coating and then cured at
150°C. After surface modification with trimethylchlorosilane, superhydrophobic properties were
achieved. Coating WCA was 170 and it was stable up to 550°C but at temperatures higher than
600°C and after 2 h of exposure in this condition, the sample showed superhydrophilic proper-
ties which indicates that the surface chemical modification was destroyed. The superhydro-
phobicity was restored after doing the surface chemical modification with trimethylchlorosilane.
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Figure 18. (a) SEM image of nanoalumina coating surface after 5-minute immersion into boiling water, (b) FESEM image
of modified SiO, coating, which was deposited by electrospray method [53, 54].

Kim et al. [54] fabricated a superhydrophobic silica coating by electrospraying of sol-gel
solution on the substrate. Tetraethoxysilane and methyltriacetoxysilane were used as sol-gel
precursors. To achieve superhydrophobicity and self-cleaning properties, the coating was
modified by perfluoro-octyl silane (Figure 18b).

Various studies have been reported in which sol-gel method was used to fabricate a rough surface
and the low surface energy materials were used to reduce the surface energy and reach
superhydrophobic properties, but almost all of the coatings suffered from lack of superhydrophobic
property stability [55].

Superhydrophobic properties have been achieved on aluminum and silicon substrates by first
fabrication of a rough surface on the substrate by either chemical bath deposition or electro-
chemical deposition or chemical etching, and then low surface energy treatments were done by
FAS-17, stearic acid, or rf-sputtering of PTFE films [56-61].

Brassard et al. fabricated a superhydrophobic coating using the sol-gel method. They used the
Stober process to fabricate SiO, nanoparticles from TEOS precursor, and then the synthesized
nanoparticles were functionalized by fluoroalkyl silane. The functionalized SiO, nanoparticles
were spin-coated in Al6061 substrate and dried at 70°C. The FTIR spectra results related to the
functionalized SiO, nanoparticles are shown in Figure 19. The peaks 610 em™ Y, 730 em™},
960 cm ™, 1000 cm ™}, and 1250 cm ! are related to C—F bonds in CF, CE,, or CF; [62-65]. Also,
the peaks at 1145 cm ™' approve chemical bonding between SiO, particles and fluoroalkyl

silane. The peaks at 430 em™ !, 800 cm ™Y, and 1100 cm ™ are related to Si==O==S5i bond.

The main problem with almost all the aforementioned superhydrophobic coatings is their lack
of mechanical properties due to low adhesion and cohesion of the coatings. The articles about
these kinds of superhydrophobic coatings do not consider the mechanical properties and
stability, and they just focus on the effect of other coating parameters on the WCA of the
coating. Khodaei and Shadmani [66] fabricated a superhydrophobic nanocomposite coating
using the sol-gel method. The substrate was commercially available AA1050. The substrate
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Figure 19. FTIR spectra of fluorinated silica nanoparticles coated on Al substrate as (A) a function of the number of layers
and (B) schematic of the functionalized silica nanoparticle [55].

was first sanded and washed by acetone and then chemically etched to achieve micro rough-
ness on the surface. Several approaches were compared to observe the effect of TEOS and
GPTMS hybrid sol-gel coating containing functionalized Al,O; nanoparticles. They used
functionalized nano-Al,O5 particles to improve surface micro- and nanoscale roughness and
also improve mechanical properties of the superhydrophobic coating. In Figure 20 the
manufacturing process and WCA measurements are reported. In total four samples were
compared to each other: (a) chemically etched and then functionalized in FAS solution without
sol-gel coating, (b) chemically etched substrate dip coated by sol-gel hybrid coating and then
functionalized by FAS solution, (c) addition of Al,O; to the hybrid sol-gel coating, and (d)
addition of functionalized Al,O; to the sol-gel coating. Results showed that functionalized
nanoparticles had a uniform dispersion in coating and fabricated a uniform hierarchical micro-
and nanoscale roughness which is ideal for superhydrophobicity and also acted as a shield
during abrasion cycles and protected from the surface and superhydrophobic properties after
200 abrasion cycles with a total length of 300 cm.

5.1.3. Electroless galvanic deposition

In this method, galvanic reactions are used to fabricate superhydrophobic coatings. The reac-
tion starts with contact of metal ion with the surface of a metal with lower corrosion potential.
The reaction would be spontaneous, so it is a low-cost and efficient method to make roughness
on the surface of the metal. After this process, a low energy material is used to decrease the
surface energy and achieve superhydrophobicity [67].

Xu et al. [68] fabricated a superhydrophobic feather-like silver coating on a copper substrate
using electroless galvanic deposition method. The WCA was 169 and the sliding angle was 2.
In Figure 21, the feather-like morphology of the silver coating is shown.
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Figure 20. Schematics of superhydrophobic coating fabrication and investigation of functionalized and non-
functionalized nanoparticles addition to sol-gel coating. Four samples are (a) aluminum substrate, which was chemically
etched and then functionalized by FAS solution without any sol-gel coating, (b) the aluminum substrate after chemical
etching was dip coated in TEOS-GPTMS hybrid sol-gel coating and the functionalized by FAS solution, (c) the same
process was done by a hybrid TEOS-GPTMS coating containing Al,O3 nanoparticles and (d) functionalized Al,Os was
added to the coating and water contact measurements are reported [66].

5.1.4. Electrodeposition

The electrodeposition method is one of the chemical-based methods used to achieve
superhydrophobicity. The main advantages of this method are its low cost of production,
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Figure 21. SEM image showing the feather-like morphology of superhydrophobic silver coating on copper substrate [68].

capability of large-scale production, being independent from the shape and size of the sample,
and great uniformity. Although it is worth mentioning that the electrodeposition technique
fabricates a hierarchical micro- and nanoscale roughness on the surface of metal and a low
energy material is needed to be coated on the surface after electrodeposition to reduce surface
energy. A combination of the hierarchical structure on the surface and lowered surface energy
by low energy material coatings like lauric acid, stearic acid, fluoropolymers, etc. will lead to
superhydrophobicity. Also, several studies have been reported that used a two-step electrode-
position technique to fabricate ideal hierarchical micro- and nanoscale roughness on the
surface [69, 70].

Jain et al. [71] fabricated a superhydrophobic copper substrate by electrodeposition technique
followed by low surface energy modifications in stearic acid. The WCA was 162° & 3° and the
sliding angle was about 3°. The copper substrate was chosen due to its wide application in
industries. In Figure 22, SEM images of surface morphology and WCA are shown at different
values of voltages including 0.5V, 0.7 V, 0.9 V, and 1.1 V, showing the formation of globular
asperities on the surface at potentials over 0.7 V.

The superhydrophobic surface fabricated by electrodeposition followed by stearic acid coating
also showed self-cleaning properties. In Figure 23, superhydrophobic and ordinary surface are
compared against an SiC particle dirt. As seen in the figure, the superhydrophobic sample
cleaned completely by 55 drops of water.

In another study Xiang et al. [72] fabricated a superhydrophobic and superoleophilic mesh for
oil-water separation using electrodeposition technique. The stainless-steel mesh was fist
washed and degreased by ethanol and then etched by 8 M HCl to remove the oxidation layer
from the surface. The prepared mesh then put into solution consists of ethanol, CuSO,,
NaySO4, NiSO,4, NDM, and dopamine hydrochloride, and the electrodeposition was done at
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1391 2°

Figure 22. SEM images of surface morphology and WCA are shown at different values of voltages including 0.5V, 0.7 V,
09V, and 1.1V [71].

0.6 A cm 2 for 20 min. The result was a stainless-steel mesh with hierarchical micro- and
nanoscale roughness as shown in Figure 24. The WCA was 162° and OCA® was 0°.

In Figure 25, a schematic of the final substrate after electrodeposition is shown. The Cu and Ni
molecules are co-deposited by the conjugated pDOp-NDM. As mentioned before to achieve
superhydrophobicity, hierarchical surface structure and low surface energy are needed at the
same time. In this case, the pDOp-NDM molecules drastically reduced surface energy. Besides,
the pDOp acts as a bonding agent which increases the bonding of Cu and Ni to the surface and
also attaches them to the NDM. At last, the superhydrophobic and superoleophilic mesh had a
high separation efficiency, good recyclability, and strong durability [72].

Su et al. [73] fabricated a robust abrasion and corrosion-resistant superhydrophobic coating on
copper substrate by electrodeposition method. The nickel electrodeposition in this study was
obtained through Watts bath consisting of NiSO,4, NiCl,.6H,O, and H3;BO;. The electrodeposi-
tion current density was 0.75 A cm ™2 and the duration time was 1 h. After that, the sample was

"Oil contact angle.
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Figure 23. Self-cleaning properties of superhydrophobic copper substrate fabricated by electrodeposition method and
compared to the ordinary substrate (a) dirty samples by SiC particles, (b) 2, (c) 5, (d) 10, (e) 30, and (f) 55 drops of water.

Figure 24. WCA and OCA on stainless steel substrate before (a) and after (b and c) electrodeposition process [72].
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Figure 25. The conjugated pDOp-NDM anchored on Cu and nucleus [72].
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put into a sealed reactor containing AC-FAS ethanol solution for 1 h at 110°C. In Figure 26, the
schematic of the coating process is shown.

The nickel coating on top provided a hierarchical structure on surface, and AC-FAS lowered
the surface energy resulted in superhydrophobic properties with good mechanical properties
and high corrosion resistance. In Figure 27, Nyquist and bode plots of pure copper substrate,
electrodeposited Ni, and superhydrophobic surface are shown in which the superhydrophobic
surface has much higher corrosion resistance [73].

5.1.5. Chemical functionalization

Wu et al. [74] fabricated a ZnO-based surface on a glass slide in which a layer of ZnO was first
deposited on the substrate, and then self-assembled monolayers* were used to lower surface
energy and achieve superhydrophobic properties. In Figure 28, the microstructure of the ZnO
coating on the substrate is shown. The hierarchical micro- and nanoroughness of the ZnO
coating followed by low surface energy treatment will lead to superhydrophobic properties.

Xu et al. [74] fabricated a superhydrophobic nanocomposite TiO,/polystyrene coating which
can be deposited through simple spray coating. TiO, nanoparticles were first functionalized by
PFOA and then added to the polystyrene matrix and deposited on the substrate by spraying. It
was found that usage of equal amounts of functionalized TiO, and polystyrene led into
optimum superhydrophobic properties with WCA of 166°.

Wang et al. [74] fabricated a superhydrophobic surface on PDMS using modified ZnO parti-
cles. The ZnO particles were fabricated through a CVD process, and then they were
functionalized to reduce the chance of agglomeration. In Figure 29, as-prepared ZnO rods are
shown which are greatly suitable to form hierarchical micro- and nanoscale roughness. Also,
coating WCA and microstructure are shown.

Wau et al. [75] fabricated a superhydrophobic coating by simply adding functionalized silica
nanoparticles. The silica nanoparticles are fist added to an ethanol solution containing PTES to
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Figure 26. Schematics of Cu substrate electrodeposited by Ni followed by AC-FAS treatment [73].
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form hydrophobic silica particles, and then they were added to the epoxy to form the
nanocomposite coating. As shown in Figure 30, the coating deposition of the substrate is not
limited to only one method, and it can be brushed, dipped, and sprayed to the substrate.
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Figure 27. Nyquist and bode plots of pure Cu substrate, electrodeposited Ni, and superhydrophobic surface [73].

Figure 28. FESEM image of the surface at (a) low magnification, (b) high magnification, (c) hexagonal nanorod, and
(d) cross-sectional view [74].

107



108  Superhydrophobic Surfaces - Fabrications to Practical Applications

Figure 29. (a, b, c) WCA, advancing and receding angles, (d, e) coating microstructure, (f and g) as-prepared ZnO
rods [74].

5.2. Lithography

The lithography method is one of the well-known processes used to fabricate superhydro-
phobic coatings. This method includes light-assisted, soft, nano-, electron beam-assisted, X-ray,
and colloidal lithography. In this method, superhydrophobic surface is generally made using a
soft or hard surface as a reference and makes a new surface by copying the reference surface
[76]. Different methods of lithography are not independent of each other, and it is possible two
use two methods of lithography during the fabrication process. For example, light-assisted
lithography is used during nanolithography [77].

Before in traditional lithography, a smooth surface was used as a reference, but now in the
photolithography process, all the details of surface roughness can be identified by the use of X-
ray and a photosensitive thin film. In soft lithography also an elastomer material is used for
molding the surface, and then that is used for templating from the surface [78].

5.3. Templating

Templating method is one of the methods to fabricate superhydrophobic surfaces in which
usually lithography method is used to build a template from the reference surface, and then
that template will be used for templating procedure. The template surface can be a paper filter,
insect wing, some animal’s skin, and plant leaf. From the chemical and morphological aspect,
the template can even be a molecule or polymer [79, 80].

In general, this method includes making a template and molding from that and then building a
surface by using that mold (see Figure 31). One of the ways to build a superhydrophobic
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Figure 30. Superhydrophobic nanocomposite coating deposited on substrate through different methods and their
microstructure and WCA measurements [75].

surface is to use gecko’s feet as a template [81]. In Figure 31, the templating procedure from the
lotus leaf is shown; in this procedure, first the lotus leaf is fixed on a prepared holder, and this
leaf is coated with gold, and a nickel mold is used to build a mold from the lotus leaf.

5.4. Chemical vapor deposition

This method includes deposition of gas on substrate by chemical reactions. To evaporate the
material in the CVD process, plasma, laser, catalysts, etc. can be used to ease the process. Some
works that have used this method to achieve superhydrophobic properties will be mentioned
here. Borras et al. [83] used plasma-assisted CVD to achieve superhydrophobicity by Ag-TiO,
nanofibers on the surface of the substrate. The fibers included an Ag core wrapped with a TiO,
shell. The water contact angle of the surface depended on the shape of the fibers and space
between them. In the best situation, WCA was reached to near 180°. In superhydrophobic
coatings with TiO, and ZnO, a change in wetting properties from superhydrophobic to
superhydrophilic through UV irradiation can be observed. The reason for this unexpected
change in wetting behavior is that UV irradiation will cause electron-hole pairs on the surface
which will react with the lattice oxygen, and this will cause oxygen vacancy on the surface.
These oxygen vacancies cause the water molecules to easily bond with the surface, and as a
result, WCA will be drastically reduced to near zero.

In another study, Jung and Bhushan [84] fabricated multi-walled CNT by catalyst-assisted
CVD and then combined that with resin and sprayed it on the Si substrate with microstruc-
tural roughness. The WCA of the surface was 170° and the CAH was about 2°. The
superhydrophobic properties were stable in this sample and showed good results after long
exposure to water.
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Many other studies have used CVD to fabricate superhydrophobic coating, but the process is
very complicated, and it is not possible to control the resulting surface morphology completely.

5.5. Layer-by-layer deposition

This method is an easier method than CVD and plasma which does not need very special
equipment. In this method, several layers of thin coating will be applied on the substrate by
changing the electrical charge, and there is less limitation in the size of the sample than CVD.
Layer-by-layer deposition is a relatively easy method to fabricate a hierarchical structure on
the substrate. Usually, some nanoparticle additives are used to improve the surface roughness.
Cohen and Rubner’s group [85, 86] used this method to fabricate superhydrophobic coatings.
They used different kinds of solutions to fabricate three layers of the coating including adhe-
sion, body, and top layer. In Figure 32, the schematic of the LBL process shows three solutions,
consisting of polyallylamine hydrochloride®, sodium 4-styrenesulfonate®, and silica particles.

5.6. Colloidal aggregation and assembling

This method is usually used to ease sol-gel, chemical deposition, and lithography processes to
fabricate hierarchical micro- and nanoscale roughness. In this method, chemical and van der
Waals bond between the dispersed particles and deposition of these particles on the surface
will make a multilayer rough surface [87]. To fabricate these kinds of multilayer rough surface,
immersion or spin coating is used. For example, Min et al. [88] fabricated colloidal particles
with a controlled size of 70 nm which were possible to deposit on large surfaces using a spin
coating method. In Figure 33a, the TEM image of synthesized silica nanoparticles is shown. In
Figure 33b, the SEM image of coating surface structure after deposition on the substrate by
spin coating with 10,000 rpm and for 10 minutes is shown. The thickness of the crystalline
colloidal layer can be controlled by the speed and time of the spin coating process.

5.7. Electrospinning and electrospraying

These two methods are similar to each other and are used to fabricate micro- or nano-
structures. The electrospinning method is an easy way to fabricate continuous polymer fibers
in micro- and nanoscale [89]. This method is suitable to make a roughened surface needed to
achieve superhydrophobicity on the surface [90]. To produce uniform fibers, polymer molecu-
lar weight and solution concentration should be controlled [91].

On the other hand, the electrospraying method is not just limited to fibers, and the deposited
polymer film can have different shapes from spheres to fibers [92]. Generally, polymeric fibers
are produced through electrospinning, and films consist of spherical seeds, which are fabri-
cated by electrospraying method [93].
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Figure 32. Schematic of the LBL method used to fabricate superhydrophobic coating [85].

Ding et al. [94] fabricated superhydrophobic nanostructured ZnO coating by the
electrospinning method. The composite coating consisted of polyvinyl alcohol” and ZnO
nanofibers. After that to reduce surface energy, fluoroalkyl silane was used to modify the
surface and lower the energy on the surface, and superhydrophobicity was achieved. The
FESEM image of inorganic ZnO fibers is shown in Figure 34. Before surface modification with

PVA.
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Figure 33. (a) TEM image of synthesized silica nanoparticles, (b, ¢) SEM image of the coating surface structure on
substrate [88].

Figure 34. FESEM image of ZnO fibers film (a, a”) before modification and (b, b’) after modification [94].

fluoroalkyl silane, WCA was 0°, and the surface was superhydrophilic, but after surface
modification, the WCA was 165°, and the sliding angle was 5°.

Burkarter et al. [95] fabricated a PTFE film by electrospray method on a glass substrate which
had a fluorine-doped tin oxide coating. The result was a superhydrophobic coating with WCA
equal to 160° and a sliding angle less than 2°. Actually, the electrospray method used in this
study was very similar to the electrospinning, but because there was no need for PTFE fiber,
then the electrospray method was used. The SEM image of hierarchical micro- and nanoscale
roughness of the coating is shown in Figure 35.
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Figure 35. SEM image of hierarchical micro- and nanoscale roughness of PTFE film deposited by electrospray method on
a glass substrate which had a fluorine-doped tin oxide coating [95].

5.8. Phase separation

In this method, a surface pattern is made by separation solid phase from a semi-stable
mixture by changing the temperature, pressure, or other environmental conditions. Phase
separation method can also be involved in colloidal assembling. The surface structure in this
method can be in macro-, micro-, or nanoscale [96]. This method is usually followed by sol-gel
method to control resulted surface pattern [97]. Phase separation method can also be followed
by other methods like plasma treatment, electrospinning, and self-aggregation to achieve
superhydrophobicity. The phase separation method is partially related to colloidal polymer-
ization [98].

6. Drawbacks of superhydrophobic coatings

There have been many improvements in the case of superhydrophobic coating fabrication
and their stability, but there is still room to grow. Many studies on the superhydrophobic
coatings do not consider mechanical properties as their focus or at least part of the study.
Many of superhydrophobic coatings have poor bonding either to the substrate or to itself.
Also, many other superhydrophobic coatings will lose their special wetting behavior during
long-term use or in harsh environments. Also, almost in most superhydrophobic coatings, a
low surface energy treatment is done, which does not have suitable bonding and stability on
coating substrate and, in the case of fluorine-based materials, is toxic and harmful for envi-
ronments. These weak points have hindered industrial application of superhydrophobic
coatings.
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etc. This book presents knowledge on the field of application of superhydrophobic
surfaces. Superhydrophobicity has become a hot topic in the academics as well as
industries in different engineering and biomedicine research fields.
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