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Abstract

The present thesis is a result of three year research study aimed at
understanding the wettability effects on interface dynamics and phase-
change. The project was performed in between University of Bergamo,
University of Mons, CNR-ISTEC Institute of Science and Technology for
Ceramics (Faenza, Italy), Politecnico di Milano and lItalian Space Agency
(ASI).

The scope was to add a piece of the puzzle in understanding the basic physics
knowledge on the wettability influence on: 1) pool boiling heat transfer; 2)
liquid-surface interaction.

Energy saving and research for the development of alternative energy sources
are the major concerns of the twenty-first century. The solution is twofold:

- dependence on traditional energy sources should be eliminated and it
serves to found renewable energy sources;

- serves to determine innovative methods to increase the efficiency of the
current energy systems in order to save conventional energy resources,
increasing their sustainability.

Researches shown that the miniaturization in the production of electro-
mechanical systems is a key factor in the development of energy-efficient
systems.

The requests, for example, of electronic devices, such as smartphones, tablet
and laptop, more and more small and thin, but with increasingly high
performance, lead to a denser associated electronics packaging, in which the



heat generated per unit area is increased. Heat that must be removed and
that is dissipated through the use of innovative heat exchange devices, such
as microfluidic devices. The increase of the performance of these devices
involves focusing on the heat exchange phenomena that occur inside these
systems, and in particular on the boiling process, that is the evaporation at the
solid-liquid interface when the surface temperature is higher than the
temperature of the fluid in saturation condition. Research also show that the
heat exchange performance of a surface is in function of its roughness and
wettability. For this reason, pool boiling experiments were carried out with
degassed water on stainless steel substrates with different surface
topography and wettability. Boiling curves have been measured together with
visual high-speed observations of the boiling process. The onset temperature
of nucleate boiling has been measured and the influence of surface roughness
and wettability has been quantified for different surfaces, with the aim to better
understand the effect of superhydrophobicity on pool boiling. The original
finding is that the boiling curve shape is rather different between hydrophilic
and superhydrophobic case, keeping the same surface roughness:
superhydrophobic surfaces show a peculiar behaviour similar to an early
“quasi-Leidenfrost” regime for low superheat, i.e. once boiling is initiated, the
boiling process immediately enters the film boiling regime. Also, for the
roughness range analysed, the wettability has a predominant effect with
respect to the roughness, when the contact angle exceeds the typical value
for superhydrophobic surfaces (receding contact angle 8. > 135°).

The theme of the energy saving also concerns the impact of drops on dry solid
surfaces, since the process is involved in many industrial processes, i.e. spray
cooling, ink-jet printing, spray painting, fuel injection, raindrop erosion. The
investigation and the comprehension of the dynamics of a single drop impact
is the first step to understand and control the liquid-solid interaction of more
complex phenomena, such as the formation of fouling in the marine
environment, the formation of ice on aircraft wings, the pressure drops in the
ducts and the oxidation in the pipe-line. For this reason, a considerable part
of the work has been then devoted to study experimentally, using a high-
speed camera, the normal impact of water and hexadecane liquid drops onto
dry, rigid surfaces with different wettabilities. The results highlighted that it is
not possible to easily correlate contact angles (receding, advancing and
hysteresis) and drop impact outputs on different surfaces. In order to explain
the observed phenomena, physical and chemical characteristics of both the
liquid drops and the surfaces have to be taken into account. Surface
morphology is crucial in defining the critical velocity over which impalement
occurs. Also surface chemistry is relevant, as dipolar interactions between
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surface functional groups and molecules in the liquid phase can favour
impalement. As far as the liquid properties are concerned, with increasing
viscosity and lower fluid surface tension the Cassie-to-Wenzel transition, i.e.
impalement of the liquid meniscus into the texture, shifts to smaller Weber.
These results emphasize how an accurate design of the surface properties
must be pursued in the future research towards dynamically amphiphobic
surfaces.

Moreover, the construction of an experimental apparatus for the evaluation of
the heat exchange coefficients of an oscillating interface is reported. This part
of the work is included in the appendix as such apparatus has been designed
and built, however no experiments were performed.

Keywords: wettability, superhydrophobic surfaces, amphiphobicity, phase-
change, pool boiling, interface dynamics, drop impact
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INTRODUCTION

Chapter

1 Introduction

1.1 Motivation

Both wetting and dewetting of liquids play an important role in many natural
and technological processes. Wettability is a fundamental property of a solid
surface, which play an important role in our daily life, industry and agriculture.
Functional surfaces with the desired wettability have aroused much interest
because of their great advantages in applications.

In the last decade, notwithstanding the open issue of their durability,
superhydrophobic surfaces (SHS) have attracted an increasing interest in
both the academic and industrial sectors, due to their remarkable self-cleaning
and anti-sticking properties involving a wide range of potential applications:
biomedical, microfluidic, corrosion resistance, drag reduction, anti-icing,
contamination and oxidation protection, etc.

Since the last twenty years, minichannel heat sinks receive much attention
from scientific and industrial community due to their very promising and
effective cooling potential. Minichannels have comparatively larger heat
transfer surface area and higher surface-area-to-volume ratio as compared to
their conventional counterparts, therefore, the use of minichannels in heat
exchangers makes them compact, lightweight and thermally more efficient.
Latent heat associated with phase change of the fluids can be exploited to
maintain the required temperature of the micro-electronics devices, as during
the phase change process, the temperature of the fluid is dictated by
saturation temperature and pressure. Also the use of the fluid boiling allows
the design of compact heat exchange devices using the less fluid inventory,
for the same heat transfer performance, in comparison to the cases when
single phase liquid is used as a coolant.
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Two-phase cooling is attractive over single-phase liquid cooling from two main
considerations: high heat transfer coefficient during pool/flow boiling and
higher heat fluxes for a given mass flow rate of the coolant. One advantage of
pool/flow boiling systems is the ability of the fluid to carry larger amounts of
thermal energy through the latent heat of vaporization. With water, the latent
heat is significantly higher (2257 kJ/kg) than its specific heat of 4.2 kJ/kg°C at
100°C. This feature is especially important for refrigerant systems. Although
the latent heat of many potential refrigerants is around 150-300 kJ/kg at
temperatures around 30-50°C, the biggest advantage is that a suitable
refrigerant can be chosen to provide desirable evaporation temperatures [1].
Miniaturization in the field of electronics leads to dense packaging and
integration of more components on an electronic circuit. Integration of
components in an electronic circuit has been driven by Moore’s law according
to which the number of transistors incorporated on a chip roughly doubles
every 24 months. Apparent consequences of Moore’s law are the reduced
size and increased performance of a microprocessor, and at the same time a
decrease in production cost of transistors. If production cost of transistors
decreases surprisingly, miniaturization of electronics, motivated by new
application areas and modern fabrication techniques, allows obtaining faster
chip speeds but at the same time the chip power densities increases
dramatically. Consequently, recent developments in the field of
microelectronics results in dissipation of much higher heat fluxes than ever
before, which exceed the fan cooling limits. Heat fluxes generated in
microelectronics reaches about 100 W/cm? today, and this number keeps
rising in near future. The surface temperature of high heat dissipating
microchips has to be maintained below 80 to 85°C in order to ensure the
effective and reliable operation of the electronic circuitry. Practically, the
ineffective cooling of high heat flux devices is a major constraint in dense
packaging of microelectronics and has to be resolved in order to nurture the
miniaturization process. Smaller and light-weight design of space crafts also
needs miniaturization of different electronics and avionics components
including integration of single components in a small space/volume and the
resulting dense packaging of components poses serious thermal
management problems. Therefore, novel technologies for thermal
management need to be developed in order to promote the miniaturization
process, as the use of passive two-phase heat transfer devices and
microfluidic devices. Although the impetus for mini two-phase heat transfer
devices work comes from miniaturization of microelectronics, their application
is not limited to microelectronics industry. Mini heat exchangers may be used



INTRODUCTION

in automotive industry to reduce the refrigerant charge significantly as
compared to conventional sized heat exchangers for the same effectiveness
and heat transfer performance. Great design flexibility may be achieved and
space constraints can be overcome due to compactness of the heat
exchanger. The overall weight and cost of the heat exchange system may be
reduced due to the less material required for manufacturing and less
requirements of fluid inventory. The compact and efficient evaporators and
condensers will increase the performance of the refrigeration and air-
conditioning system at the same time reducing the charge of refrigerant. There
are also many others possible application areas, e.g. fuel cells, chemical
processing industry, microfluidic devices, separation and modification of cells
in bio applications etc. Several experiments in the literature show the higher
and effective heat transfer in case of compact mini heat exchangers as
compared to their macro counter parts. Higher and effective heat transfer
offered by compact heat exchangers can help to promote sustainability and at
the same time effective use of natural resources may be achieved.

Whatever configuration of compact heat exchangers is used, the heat energy
removed at the chip is transported away and rejected from the system by
condensation at a remote location [2] [3]. Therefore, it is necessary to gain a
fundamental understanding of phase change heat transfer in miniature/micro
devices. Despite the attractive and motivating advantages of these devices,
the understanding of the fundamental hydrodynamic and thermal transport
mechanisms is far from satisfactory. Therefore, more studies are essential
focusing on the understanding of governing phenomena. In addition, it is also
necessary to understand how it is possible to increase the heat exchange
coefficients and how it is possible to influence such factors. Moreover, the
deep knowledge of the physical phenomena involved allows also to build and
develop numerical models that can be used to analyze and evaluate similar
physical scenarios. The tools currently available can usually not produce
simple and reliable answers. The reason for this is that both the models and
the input data rely on simplifications and approximations. As so often in
engineering, it is essential to have a good understanding of the underlying
assumptions and mechanisms, and to investigate where the greatest
uncertainties are likely to be found. Cross-checking the results as far as
possible, a much more difficult task in multi-phase than in single-phase flow,
is also essential.

Moreover, the surface wettability influences the phenomenon concerning the
behavior and outcome of droplets impact. The impact of drops onto dry solid
surfaces is a phenomenon involved in many industrial applications, i.e. spray
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cooling, ink-jet printing, spray painting, fuel injection, raindrop erosion, etc.
Drop impact analysis can be also linked to fields concerning applications non
directly connected to the engineering disciplines, i.e. aerosol droplets
containing the pathogen and disease spread (influenza, ebola, tuberculosis,
varicella pox), air conditioning mists (sometimes used to maintain the
freshness of meat and vegetables in supermarkets, and fine mists for cooling
people in hotter climates is sometimes used in restaurants), external and
internal skin and mucous membranes of the body (face, hand/foot, throat,
nose, eye), sunspray, sunscreen and mosquito repellent products, pesticide
crop spray (superspreading of defoliants or protectants on foliage), cosmetics
and fake tan application, upholstery and industrial surface cleaning formulas,
drug inhalers (salbutamol and cortico-steroidal and other metered dose
inhalers for asthma, rhinitis). Understand the basic physics and design
surfaces with a wettability able to facilitate the application of interest can once
again impact on lower energy consumption.

1.2 Thesis outline

The present Ph.D. work thesis deals with investigating the wettability effects
on interface dynamics and phase-change. After the present chapter of
introduction, a suitable literature analysis and experiments are proposed in
order to understand the basic physics on this important issue which it has to
deal with energy savings and energy efficiency. The second chapter takes up
the basic knowledge, useful in understanding the Ph.D. work thesis here
presented. The aim of chapter three is to identify how good the role of the
wettability in the basic pool boiling phenomena is understood, and
experimental analysis is done in order to fill the gap in understanding how the
surface wettability influences the heat exchange in the pool boiling
phenomenon. By doing this, one expects to contribute for the investigation of
pool boiling heat transfer enhancement to proceed in a more systematic
manner. In chapter four, the normal impact of both water and hexadecane
drops on solid dry surfaces with different wettability was experimentally
followed by a high-speed camera. Throughout the impact on such surfaces,
the drop mobility is related to a sort of “dynamic superamphiphobicity”, defined
as the critical wetting value under which an impacting drop with a given impact
velocity does not wet the surface, i.e. a complete drop rebound is observed.
In this case the impact velocity, the interfacial tension, the viscosity of the
liquid, the chemical and physical properties of the surface determine the drop
outcome as well as the spreading and the retraction dynamic. In chapter five
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the overall results are presented and discussed, and conclusions and future
perspective are drawn. In appendix, the construction of an experimental
apparatus for the evaluation of the heat exchange coefficients of an oscillating
interface is reported. This part of the work is included in the appendix as such
apparatus has been designed and built only, no experiments were performed
that allowed to estimate the coefficients of interest.
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Chapter
2 Basic knowledge

2.1 Interfacial phenomena

An interface is a surface forming a common boundary among two different
phases of matter, such as an insoluble solid and a liquid, two immiscible
liquids, a liquid and an insoluble gas or a liquid and vacuum. The importance
of the interface depends on the type of system: the bigger the quotient
area/volume, the more effect the surface phenomena have. Therefore
interfaces are very important in systems with big area to volume ratios, such
as colloids. A liquid interface is defined as the interface between a liquid and
a solid or as the interface between two fluids, either two liquids or a liquid and
a gas/vapor. Interfaces can be flat or curved. For example oil droplets in a
salad dressing are spherical but the interface between water and air in a glass
of water is mostly flat. Interfacial effects on the dynamic behavior of flow
systems can be profound, even when the proportion of matter in interfacial
regions is extremely small. Furthermore, motion may originate in an interface
in systems that are not in thermal or compositional equilibrium. Summary of
the different liquid interfaces types, their occurrence and their applications are
shown in Table 2.1.
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Interface type

Occurrence

Importance/applications

Liquid-Solid

Any situation where a solid
surface is in contact with a
liquid

Coatings/corrosion
Lubrication

Wetting

Biomaterials (fouling)

Liquid-Liquid

Contact between two
immiscible (or partially
miscible) liquids

Emulsions (food, chemistry,

cosmetics, pharma, mining, ...

Environment (oil spills,...)
Biomembranes

Liquid-Gas (Vapor)

Liquid in direct contact with
a gas or in equilibrium with
its vapor

Foams (food, chemistry,

cosmetics, pharma, mining, ....

Free liquid surfaces

Table 2.1: Summary of the different liquid interfaces types, their occurrence
and their importance.

2.2 Surface tension in liquid-gas interfaces

Surface tension is a contractive tendency of the surface of a liquid that allows
it to resist an external force. At liquid-air interfaces, surface tension results
from the greater attraction of liquid molecules to each other (due to cohesion)
than to air (due to adhesion) (Figure 2.1). For the molecules within the liquid
phase, the intermolecular forces from all directions are balanced. Although the
forces acting on the molecules at the liquid-vapor interface are balanced along
the tangential direction, the attractive force from the molecules in the liquid
phase, Fi, tends to pull the molecules at the liquid-vapor interface toward the
liquid phase because the attractive force from the vapor phase, F,, is much
weaker. The net inward force Fi — F, causes movement of the liquid molecules
until the maximum number of molecules is in the interior. The net effect is an
inward force at its surface that causes liquid to behave as if its surface were
covered with a stretched elastic membrane. This creates some internal
pressure and forces liquid surfaces to contract to the minimal area. In addition
to the surface tension at a liquid-vapor (lv) interface, surface tensions can also
exist at interfaces between solid-liquid interface (sl) and solid-vapor interface
(sv). Surface tension has the dimension of force per unit length, or of energy
per unit area. The two are equivalent - but when referring to energy per unit
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of area, people use the term surface energy - which is a more general term in
the sense that it applies also to solids and not just liquids.

e a¥% o9 9. 9. 9
@ XL XL OC LN

9 6% s s s e s e
/ IXIXIXIX I

Solid
== Work of Cohesion (L/L)

== Work of Adhesion (S/L)

Figure 2.1: Diagram of the forces on liquid molecules and on liquid/surface
interface [4]. Because of the relatively high attraction of water molecules for
each other, water has a high surface tension (72.8mN/m at 20°C) compared
to that of most other liquids.

Surface tension effects on the shape of interfaces. Surface tension is
responsible for the shape of liquid droplets. Although easily deformed,
droplets tend to be pulled into a spherical shape by the cohesive forces. In the
absence of other forces, including gravity, drops of virtually all liquids would
be perfectly spherical. The spherical shape minimizes the necessary "wall
tension" of the surface layer according to Laplace's law. Another way to view
surface tension is in terms of energy. A molecule in contact with a neighbor is
in a lower state of energy than if it were alone (not in contact with a neighbor).
The interior molecules have as many neighbors as they can possibly have,
but the boundary molecules are missing neighbors (compared to interior
molecules) and therefore have a higher energy. For the liquid to minimize its
energy state, the number of higher energy boundary molecules must be
minimized. The minimized quantity of boundary molecules results in a
minimized surface area. As a result of surface area minimization, a surface
will assume the smoothest shape it can (mathematical proof that "smooth"
shapes minimize surface area relies on use of the Euler-Lagrange equation).
Since any curvature in the surface shape results in greater area, a higher
energy will also result.
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The force due to surface tension is generally negligible in comparison with the
pressure and gravitational forces but the force due to surface tension assumes
predominance for narrow liquid columns such as those in capillary tubes, in
bubble mechanics and liquid-jet studies for flow through porous substances
(Figure 2.2, Figure 2.3).

surface tension

Y | B ]
y gravitational surface attractive forces
force
Liquid on a non-wettable surface, When attractive forces to surface
surface tension dominating exceed surface tension, the liquid
attractive forces on surface. wets the surface.

Figure 2.2: Surface tension and wettability.

Capillary action (sometimes capillarity, capillary motion, or wicking) is the
ability of a liquid to flow in narrow spaces without the assistance of, and in
opposition to, external forces like gravity. The effect can be seen in the
drawing up of liquids between the hairs of a paint-brush, in a thin tube, in
porous materials such as paper, in some non-porous materials such as
liquefied carbon fiber, or in a cell. It occurs because of intermolecular forces
between the liquid and surrounding solid surfaces. If the diameter of the tube
is sufficiently small, then the combination of surface tension (which is caused
by cohesion within the liquid) and adhesive forces between the liquid and
container act to lift the liquid. In short, the capillary action is due to the pressure
of cohesion and adhesion which cause the liquid to work against gravity.
Capillary implies the rise or depression of the level of a liquid in a capillary
tube when it is held vertically or inclined in the liquid (Figure 2.3). The
phenomenon is explained with reference to the angle of contact between the
liquid and the capillary material and the balance of force on the column of the
liquid in them. If the liquid wets a surface and spreads out, the angle of contact
between them is small, but if a liquid does not do so, the angle is large. The
extent to which a liquid may wet solid surface depends upon properties of
adhesion and cohesion. If the adhesion is greater than the cohesion, the
wetting tendency is greater and the angle of contact is smaller. Whether a
liquid would rise or drop in a capillary tube depends upon the angle of contact

10
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between the liquid and the capillary material. Acute angle of contact
corresponds with capillary rise and obtuse angle of contact with capillary
depression.

0 ~ 140° -
=il

h

|

Water

net Fq;
(a) (b)

Figure 2.3: Capillary phenomenon in an open tube [5]. (a) Mercury is
suppressed in a glass tube because its contact angle is greater than 90°.
Surface tension exerts a downward force as it flattens the mercury,
suppressing it in the tube. The dashed line shows the shape the mercury
surface would have without the flattening effect of surface tension. (b) Water
is raised in a glass tube because its contact angle is nearly 0°. Surface tension
therefore exerts an upward force when it flattens the surface to reduce its
area.

The interaction of the liquid with the capillary surface will cause the meniscus
rise (or fall) at this interface. If the tube diameter is very small, these surface
interactions become large enough to raise (or lower) the entire volume of liquid
in the tube.

The height of liquid in the capillary can be determined by a balance between
the hydrostatic pressure and the pressure drop across the meniscus

11
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computed using the Young-Laplace equation. The Young—Laplace equation
states that this pressure difference is proportional to the interfacial tension, vy,
and inversely proportional to the effective radius, r, of the interface. The
pressure difference also depends on the wetting angle, 6, of the liquid on the
surface of the capillary.

_ _ 2ycos®
p.= pgh =—— (1)

The equation for capillary pressure is only valid under capillary equilibrium,
which means that there cannot be any flowing phases.

Capillary rise phenomena can be observed when the liquid wets the tube wall.
If the liquid cannot wet the tube wall, the capillary rise h is negative, which
indicates that there is a capillary depression, as shown in Figure 2.3. The
pressure drop generated by capillary effects becomes large as the capillary
diameter decreases; capillary forces are significant in microfluidic channels.
Surface tension, equilibrium contact angles, and capillary pressure determine
the behavior of liquids in small-diameter tubes, slots, and porous media. If the
channel surface is hydrophilic (e.g. 8<90°), capillary forces will pull liquid into
the channel. If the channel surface is hydrophobic (e.g. 8 > 90°), capillary
forces will resist the flow of liquid inside the channel, and additional pressure
will be required to fill (Figure 2.4).

HYDROPHILIC
SURFACE

l|

t|

HYDROPHOBIC
SURFACE

Figure 2.4: Capillary forces in microchannels for hydrophilic and hydrophobic
case.

Since surface tension depends on temperature, a permanent non uniformity
of temperature or concentration (for a multicomponent system) at a liquid-
vapor interface causes a surface tension gradient. Consequently, the liquid in
the lower surface tension region near the interface will be pulled toward the
region with higher surface tension. The interfacial area with small surface

12
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tension expands at the expense of the area with greater surface tension,
which in turn establishes a steady flow pattern in the liquid; this flow caused
by the surface tension gradient along the liquid-vapor (gas) interface is
referred to as the Marangoni effect.

2.3 Contact angle and wettability

When a liquid is in contact with a solid surface, its behavior depends on the
relative magnitudes of the surface tension forces and the attractive forces
between the molecules of the liquid and of those comprising the surface. The
contact line is the locus of points where the three phases intersect. The
contact angle, 6, is the angle through the liquid between the tangent to the
liquid-vapor interface and the tangent to the solid surface (Figure 2.5). The
contact angle is defined for the equilibrium condition. In 1805, Young
published the basic equation for the contact angle on a smooth and
homogeneous solid:

Vis cose=vsg- Yq (2)

where yig, Ysg € Ysi are the interfacial tensions between the liquid and the vapor,
the solid and the vapor and the solid and the liquid, respectively. However,
Young’s equation expresses a theoretical and ideal condition since real
surfaces are never absolutely smooth. On a real surface, where chemical and
morphological heterogeneities exist, multiple metastable configurations (i.e.,
multiple contact angles) can be observed. As such, to better characterize a
surface, it is necessary to provide both the advancing and receding contact
angles (Ba and 6r respectively), measured by expanding and contracting
sessile water drops on a horizontal surface: this method is called “sessile drop
method” (Figure 2.6).

13
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Figure 2.5: Drop of liquid on a planar surface.

Besides the equilibrium or static angle, the quasi-static dynamic advancing
and receding contact angles are more convenient to characterize the motion
of the contact line mainly when the velocity of the contact line significantly
departs from zero. Advancing contact angle is the maximum stable angle and
receding contact angle is the minimum stable angle. 8a and 6r provide the
range of contact angles at equilibrium, but also provide an indication of the
drop mobility, which is related to their difference, the contact angle hysteresis,
AB= B4 - Br. The difference between the advancing and the receding contact
angle is related to the energy dissipated (irreversibility) at the contact line (e.g.

[6]).

6 Or

Advancing contact angle: 6, Receding contact angle: 6,

Figure 2.6: lllustration of advancing and receding contact angles.

If the liquid molecules are strongly attracted to the solid molecules then the
liquid drop will completely spread out on the solid surface, corresponding to a
contact angle of 0°. This is often the case for water on bare metallic or ceramic
surfaces [7], although the presence of an oxide layer, or contaminants, on the
solid surface can significantly increase the contact angle. Generally, if the
water contact angle is smaller than 90°, the solid surface is considered
hydrophilic and if the water contact angle is larger than 90° (Figure 2.7a), the
solid surface is considered hydrophobic. Highly hydrophobic surfaces made
of low surface energy (e.g. fluorinated) materials may have water contact
angles as high as ~120° [7]. Some materials with also highly rough surfaces
may have a water contact angle even greater than 150°, due to the presence
of air pockets under the liquid drop. These are called superhydrophobic

14
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surfaces (SHS) (Figure 2.7b). In literature, superhydrophobic surfaces are
traditionally defined as surfaces on which advancing contact angles exceed
150° and the hysteresis is less than 10° [8-14]. However, such criteria are
somewhat arbitrary and should be not taken strictly. As an example, Rioboo
et al. [15] recently defined a new methodology based on controlled drop slide
on a horizontal surface. The authors found that only when the receding contact
angle is above 135° the surface can be defined as superhydrophobic and the
drop slides. The proposed limit is also close to the value 138.6°, which was
identified using a theoretical model by Li and Amirfazli [16], as the minimum
receding contact angle on a pillar like surface. As such, the two conditions for
superhydrophobicity are: i) Br > 135°, since the authors find it developed on
a more rational basis than the conventionally 64 reported value of 150°; and
ii) AB < 10°, as traditionally indicated in literature.

a)

Figure 2.7: Water drop on a hydrophilic surface (a) and on a superhydrophobic
surface (b). Drops have the same volume, equal to 11.5pul (corresponding to
a spherical drop with diameter 2.8 mm). Highlighted the contact angles.

A schematic representation of the correlation between contact angle and
wettability is shown in Figure 2.8.

Hydrophilic Hydrophobic
More Less
wetting <€ >wetting

0 90 180

L
Spreading

—
Non wetting
Figure 2.8: Correlation between contact angle and wettability.
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Contact angles are extremely sensitive to contamination; values reproducible
to better than a few degrees are generally only obtained under laboratory
conditions with purified liquids and very clean solid surfaces.

Wettability can be explained by the relative strength of the cohesive
(liquid/liquid) and adhesive (solid/liquid) forces (Table 2.2). Strong adhesion
with weak cohesion produces very low contact angles with nearly complete
wetting. As the solid/liquid interactions let more weak and the liquid/liquid
interactions get stronger, wetting diminishes and contact angle increases.
Wettability can be attributed to a strong intermolecular attractive force near
the interface between the solid and liquid; there is a significant decrease in
the surface free energy per unit area in a wetting liquid.

Contact angle Wetting S/L L/L

0° Complete Strong Weak
60° High Strong Weak
90° Moderate Weak Weak
120° Low Weak Strong
180° None Weak Strong

Table 2.2: Correlation between wettability and solid/liquid and liquid/liquid
interactions strengthen.

Wetting regimes are classified also into three distinct states: the Cassie-
Baxter state, the Wenzel state and the intermediate state [17,18]. When the
liquid is in contact with the entire exposed surface of the solid, i.e. the drop
penetrates into the corrugation of the surface; the Wenzel model describes
the wetting regime (Figure 2.9). According to Cassie—Baxter model exists a
state in which the liquid does not penetrate into the hollows of the surface, i.e.
the liquid does not wet the entire surface but remains suspended on top of the
surface asperities (Figure 2.9). Consequently, it has an interface consisting of
both solid and vapor. This is the case of the superhydrophobic surfaces.
Lastly, the transition state represents that the droplet partially penetrates
between the pillars [17,18]. The discussion thus far has treated the three
phases — solid, liquid, and vapor — as though their boundaries were sharply-
delineated lines or surfaces. This idealization, which serves as a useful
analytical device at the macroscopic level, does not hold at the microscopic
level. At that level, the interfaces between phases appear as regions over
which properties vary continuously, rather than as lines or surfaces with
discontinuous property changes. Intermolecular forces of both repulsion and
attraction influence how material in the various phases is distributed

16
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throughout these interfacial regions. Adsorption — which is one of the
consequences of this intermolecular action — occurs when a liquid or solid
phase adjacent to a second phase (solid, liquid, or gas) retains molecules,
atoms, or ions of the second phase at the shared interface. Adsorption affects
the wetting process because it alters the interfacial tension of the solid-liquid
interface.

Young's equation
e = Tao t Ygoos B
| B = contact angle;
o LQuip ¥sg = solid—vapor interfacial
ENErgy;
s = solid-liguid interfacial
ENErgy;
YL = quuid
vapor interfacial energy.

Wenzel state

Homogeneous wetting

cos 8* = rcos @

8* = apparent contact angle;
r = roughness ratio;

B = Young contact angle.

8 Liquib

Cassie—Baxier state
Heterogeneous wetting
cos@* =refoos+f-1

8* = apparent contact angle;
rr= roughness ratio of the
wet surface;

f= fraction of solid surface
area wet by the liguid area;
B = Young contact angle.

VAPOR

LiQuip

Figure 2.9: Representation of the different states.
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Hydrophilic materials allow water to wet its surface forming a film or coating.
Hydrophilic materials are usually charged or have polar side groups to their
structure that attract water. A hydrophilic material’s ability to absorb and
transport water gives it numerous applications in cleaners, housings, cables,
tubes and hoses, waterproofing, catheters, surgical garments, etc. A
hydrophilic coating on a tube or hose eliminates the need for other lubricants,
which is useful to prevent cross-contamination. Hydrophilic coatings on plugs
and O-rings increase their ability to stop leaks; this is the basis for water-stop
and sealants. Hydrophobic materials repeal water. There are many cases of
hydrophobic surfaces in nature, including some plant leaves, butterfly wings,
duck feathers and some insects’ exoskeletons.

There are many synthetic hydrophobic materials available including waxes,
alkanes, oils, Teflon, and Gortex. There are numerous applications for using
these materials such as protection of stone, wood, and concrete from the
effects of rain, waterproofing fabrics and the removal of water from glass
surfaces, such as a windshield, to increase transparency.

Hydrophobic materials are also used for cleaning up oil spills, removal of oil
from water and for chemical separation processes to remove nonpolar from
polar compounds. Another use for hydrophobic and hydrophilic materials is
the storage and distribution of water and methanol in miniature direct
methanol fuel cells (DMFCs). For the distribution of methanol, a material is
chosen that wets methanol but is hydrophobic to water. This type of material
is a preferential wicking material. This allows neat methanol to be stored and
distributed in a DMFC without water diffusion into the methanol storage layers.
The water storage layer at the anode of the fuel cell is a hydrophilic material.
It is not preferential to either water or methanol and provides a layer in which
they can mix.

2.4 Superhydrophilic surfaces

Superhydophilicity involves strong interactions with water. Superhydrophilic
surfaces are commonly identified via their complete wetting by water, i.e.
water assumes a contact angle CA of =0°. Generally surfaces are considered
superhydrophilic if Ba is less than 10° within 1 s of the initial wetting [19].
Anyway, such surfaces are prone to contamination by oily liquids due to their
superhydrophilic nature, which appears to be generally unavoidable. While a
plethora of articles have been written on the phenomenon of
superhydrophobicity, relatively little is available on this topic.

18
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Superhydrophilicity is prevalent throughout nature including a broad range of
plant species [20,21]. Examples can be found in the aquatic plants or
macrophytes, which grow in or near water sources. Their superhydrophilic
surfaces can be divided into three categories: permanently wet, water
absorbing and super water spreading; each possessing distinctly different
structures and characteristics [22]. Permanently wet plants possess larger thin
leaves with large specific surface areas. Water absorbing plant surfaces
usually possess pores or hairs. Super water spreading are typical of several
insect capturing carnivorous plants (Nepenthes rafflesiana traps insects using
wet and slippery pitcher rim) and of plants with shorter drying periods by
increasing the size of the water-air interface (the leaf structures of Calathea
zebrine which possess relatively uniform conical structures), with a composite
leaf structure that includes hair papilla, glands and channel-like structures
[22].

Structures similar to those present in plants (Figure 2.10) are utilized in many
industrial micro-nanoporous membrane-based separations, including
microfiltration (pore size: 0.1-10 pm), ultrafiltration (pore size: ~10 nm),
nanofiltration (pore size: ~1 nm), gas separation (pore size: 0.2-0.5 nm) [22].
Nanofiltration is generally applied for sterilization of pharmaceutical products
and medical facilities, while ultrafiltration and nanofiltration are more often
employed to purify and condense (bio)macromolecules, such as polymers and
proteins. Operations such as hydrogen recovery, collection of refinery gases,
and olefin/paraffin separations are common examples of gas separations [22].
Superhydrophilic surfaces have their own advantages such as ultrafast drying,
antifogging and antireflective proprieties: by allowing water vapor to
completely spread and form a uniform ultrathin film of water, reducing the
amount of area scattering light to maintain transparency of the surface [23]
[24]. Use of superhydrophilicity to combat fogging has potential applications
for window, mirrors, lenses, glasses, etc. as well as for easy-clean household
goods and road signs, anticondendsation air condition air, and anti-fouling
paints [21]. Running water on superhydrophilic surfaces can easily wash out
dirt and contamination, which impart to the surface self-cleaning ability. Due
to the strong adhesion between water and the surface, water will tend to
penetrate under bound dirt, debris, and liquid contaminants essentially acting
as a wedge between contaminants and substrate. The water forms a crack
layer and marks the surface slippery, which greatly diminishes adhesion
between the contaminants and substrate, allowing for their removal. This
means that superhydrophilicity works better than superhydrophobicity when
contaminants are hydrophobic [21].
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Figure 2.10: SEM micrographs of plant surfaces. (a) The flat and unstructured
surface of the water plant (Anubias barteri) is shown. (b) The surface of a
water-adsorbing moss (Sphagnum squarrosum) is shown. In this, the pores
are formed by dead and collapsed cells. (c) The water-adsorbing porous cell
structure of the epidermis of moss Rhacocarpus purpurescens is shown. (d)
The epiphytic growing Spanish moss (Tillandsia usneoides) with its
characteristic multicellular water-absorbing hairs is shown. (e) The uniform
conical cells on a leaf of Calathea zebrina and (f) the composition of different
cell types of the superhydrophilic leaves of Ruellia devosiana are shown [20].

Other applications in the drag delivery [25], heat transfer [26,27], biomolecular
immobilization [28] have also been reported. For example: boiling heat
transfer can be significantly affected by surface wettability, as reported in the
previous chapter. The continuous water film formed on a hydrophilic or
superhydrophilic surface can delay the formation of a vapor film in boiling and

20



2 BASIC KNOWLEDGE

thus improve CHF [27]. Superhydrophilic surfaces can find application also in
the biomedical sector [27], such as osseointegration of dental implants [29],
reducing platelet adhesion in vascular stents [30].

Thermodynamically the wettability of a surface is related to its surface free
energy, with high surface free energy corresponding to hydrophilicity. In
general, modification of surface free energy can be attained through
roughening the surface or lowering through chemical modification the surface
free energy of a rough surface. A universal strategy to create a
superhydrophilic surface is to control the surface microstructure and the
surface chemical composition. Rough structure and high surface energy
material are the two factors leading to extreme wetting. The two most common
approaches for fabricating superhydrophilic surfaces are photo-induced and
texture-induced superhydrophilic surfaces.

Photo-induced superhydrophilic surfaces are generated by coating substrates
with photochemically active (photo-sensitive) materials, such as titanium
dioxide (TiO.), that became superhydrophilic when exposed to radiation
[22,31]. It is produced a high energy surface, which interacts strongly with
water, and apparently an interfacial energy that is substantially lower than the
original surface. Moreover, many organic compounds can be oxidatively
degraded on the surface of TiO2 subsequent to its UV light radiation, which
has led to its use in antibacterial, anti-fouling and deodorant coatings. In
addition to TiO,, there are a number of other photosensitive semiconductor
materials for which the band gap energies correspond to the UV light region
[22].

Texture-induced superhydrophilic surfaces result from the texturing of
substrates that intrinsically provide for partial wetting by water, i.e. to create
rough structures with hydrophilic component [22]. As suggested by Wenzel,
wetting of surfaces that have a CA less than 90° can be enhanced through
surface roughness [32]. The results is a superhydrophilic surface due to the
combination of the hydrophilicity and the roughness (micro/nano hierarchical
structures are no a requirement) structure of the surface. There are numerous
structures and approaches for imparting roughness that result in
superhydrophilic surfaces [33]. Both lithographically texturing and introduction
of microporosity can render surfaces superhydrophilic. Examples are sol-gel
[28,34] and electrochemical methods [28,35], electrospinning [28,36], plasma
technique [28,37], chemical and hydrothermal methods [28,38], phase
separation [28,39], vapor deposition [28,40,41], templating method [28,42],
layer-by-layer (LbL) assembly [28,43]. The sol-gel method [28,34] is a low
temperature technique and the process is simple, inexpensive, and easy to
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control. By adjusting the composition of the precursor solution along with the
hydrolysis and polycondensation process, the resulted films can exhibit
different morphologies and surface chemical components. Electrochemical
method [28,35] involves electrochemical deposition, anodization, galvanic cell
reaction, and electrochemical polymerization. Rought structures can be easily
fabricated by electrochemical method. Electrospinning [28,36] is applicable to
generate nonwoven web of micro nanofibers. In the process, high electric
voltage is applied to the liquid solution and a collector to let the solution
extrude from a nozzle forming a jet. Plasma technology [28,37] takes
advantage of highly reactive plasma species to modify the functionality of
various substrates. Plasma consists of a collection of free moving electrons
and ions (atoms that have lost electrons). Energy is needed to strip electrons
from atoms to make plasma. This energy is usually provided by an electric
source, which can be direct current (DC), radio frequency (RF), low frequency
(LF) or microwave frequency (MW). With insufficient sustaining power, plasma
recombines into neutral gas. Plasma can be accelerated and steered by
electric and magnetic fields, which allows it to be controlled and applied.
Chemical and hydrothermal methods [28,38] provide the preparation of
superhydrophilic surfaces by synthesis of organic or inorganic materials.
Depending on the synthesis condition, the as-formed material can gain natural
microroughness, leading to a magnified wettability. Rough surfaces can also
be formed by the phase separation of a multi-component mixture [28,39]. If a
stable mixture becomes unstable due to some change, such as cooling, it will
begin to separate into two phases, one of which may be a solid or become
solid at some point in the process. In a phase-separation progress, it is of
common occurrence that solid/liquid phases separate and liquid/liquid phases
separate. Due to the interactions of these phase-separation processes, the
solute will form rough microstructures after crystallization. The rough
microstructures usually possess nanometer scale roughness. Vapor
deposition is a popular technique to create a variety of thin films. It can be
further separated into physical vapor deposition (PVD) [40] and chemical
vapor deposition (CVD) [41], depending on whether chemical reaction are
involved. CVD involves the dissociation and/or chemical reactions of gaseous
reactants in an activated (heat, light, plasma) environment, followed by the
formation of a stable solid product. The deposition involves homogeneous gas
phase reactions, which occur in the gas phase, and/or heterogeneous
chemical reactions which occur on/near the vicinity of a heated surface
leading to the formation of powders or films, respectively. PVD has a wide
scope including evaporative deposition, electron beam phase vapor
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deposition and sputtering deposition. The process comprises evaporation at
high temperature and condensation on cool substrate. The templating process
includes preparing a featured template master, then molding the replica and
finally removing the template. The original prototypes of the template can be
filter paper [44], insect wings [45], reptile skins [46] and plant leaves [47]. From
a chemical and morphological point of view, the template can even be
molecules [48] and polymers [49]. Layer-by-Layer (LbL) deposition is a thin
films fabrication technique. The films are formed by depositing alternating
layers of oppositely charged materials with wash steps in between [50]. The
bilayers and wash steps can be performed in many different ways including
dip coating, spin-coating, spray-coating and flow based techniques. Layer-by-
layer deposition is based on the electrostatic charge interactions between
different layers such as polyanion and polycation. Microscale roughness can
also be easily obtained by sandblasting [51], while dip-coating [52] from
nanoparticle suspension can be used to provide nanoscale surface features.
For example, silica nanoparticle films have shown extreme wetting behavior,
which is postulated to be the result of the inherent nanoporosity of silica
nanoparticle films [53]. Fabrication of these films via Layer-by-Layer method
has been heavily studied, creating functional coatings of non-spherical
nanoparticles [54], hierarchical silica structures [55] and composite
silica/polystyrene structures [55]. Although the LbL method affords a great
degree of control over proprieties of the nanoparticle films, such as thickness
and morphology, the simpler direct dip-coating method has been shown to
produce silica nanoparticle films with extreme surface wettability as well [53].
All these methods, if suitably dedicated, as shown in the next chapter, can be
also used to create superhydrophobic surfaces.

Moreover, there are materials whose surfaces can be switched between
hydrophilic and hydrophobic states when exposed to certain stimuli such as
changes in temperature [56], pH [57], electric potential [58], solvent
environment [59], and mechanical stress [21]. When combined with proper
surfaces texturing, these states can become superhydrophilic/phobic [21].
Furthemore, increasing the surface roughness of a hydrophilic surface, also
increases the hysteresis between advancing and receding contact angles
[60]. It is possible to increase the hydrophobic grade of the surface simply with
an acid treatment: inserting an aluminum surface in a solution of water and
hydrochloridric acid 1:2 at room temperature for enough time, the acid erodes
the aluminum surface and a surface on which the water drop spreads
immediately and completely, almost as was adsorbed, is obtained.
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Challenges still exist in designing artificial superhydrophilic surfaces. The
major issue is the degradation of the surface wettability to standard
hydrophilicity over time. This degradation is often attributed to organic surface
contamination. To increase the practicality of these surfaces, it is desirable for
these surfaces to exhibit superhydrophilic stability over long periods of time
and through multiple wetting-dewetting cycles [53]. Moreover, also cost and
availability of photosensitive materials are serious barriers in designing photo-
induced superhydrophilic surfaces. These issues are avoided with texture-
induced superhydrophilic surfaces, but the light transmittance of structured
films is usually greatly reduced due to diffuse scattering limiting their
applications. Another challenge is their mechanical stability. The investigation
of this issue may provide some and more interesting future findings and
applications for superhydrophilic surfaces. For details and recent reviews
about superhydrophilic surfaces refer to [27,28].

2.5 Superhydrophobic surfaces

There are many examples of highly hydrophobic and self-cleaning surfaces in
nature, like butterfly wings, lotus leaves, and water strider legs (Figure 2.11).
On these surfaces, water does not stick and rolls away easily, without really
wetting the material. SHS are defined as characterized by high values of water
contact angle and low values of the contact angle hysteresis, which is the
difference between advancing and receding angle of a moving drop (see
Figure 2.5). The latter must be low (about 10°) in order to let the drop move
easily and allow the self-cleaning effect [61,62].

Many studies confirmed that it is the particular combination of micrometer-
scale and nanometer-scale roughness, together with low surface energy, that
leads to superhydrophobic surfaces (SHS) [63]. Electron microscopy of the
surface of the lotus leaves shows protruding nubs about 20-40 um apart, each
being covered with a smaller scale of epicuticular wax crystalloids [64]. It is
noteworthy that the lotus leaf achieves the self-cleaning effect with a particular
two-scale roughness coated with paraffinic wax crystals containing
predominantly —CHa- groups. That means that the key issue is the control of
surface morphology on micron and nanometer scales.

It is believed that in order to be superhydrophobic, a rough surface should be
able to maintain a composite interface with air pockets or bubbles trapped in
the valleys between the asperities [9,65-68] as opposed to a homogeneous
solid-liquid interface. As a matter of fact, it is possible to prepare SHS even
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from hydrophilic materials, such as PMMA, carefully setting superficial
roughness [69,70].

Figure 2.11: SEM micrographs [18] of some hierarchical structure of some
plant leaves. (a and b) Taro leaf (Colocasia), (c and d) rice leaf (Oryza sativa
L.); (e) Nelumbo Nucifera. The micrographs (f and g) show the microstructure
of Nelumbo Nucifera leaves formed by papillose epidermal cells covered with
epicuticular wax tubules on the surface which create the nanostructures.
Morphology of Salvinia molesta: (h) the eggbeater-shaped structure of the leaf
surface of Salvinia molesta, (i) terminal cells collapsed forming a cap, (j) the
wax crystal covering the whole surface except the terminal cells (k) low
temperature SEM of a frozen leaf with applied droplet of a water glycerol
solution. In the inset of (b and d) the water contact angle is shown. The scale
bar is 20 umin (a), 5 ym in (b), 50 umin (c) 1 ym in (d), respectively.

To fabricate self-cleaning materials, conventionally, two main routes can be
followed: roughening a low energy surface material, or depositing a low
energy coating/grafting on a rough surface. De facto, often, the surface is first
micro-/nano structured and then functionalized with a hydrophobic
coating/grafting.
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A schematic list of the process for creating micro/nanoroughness and SHS is
shown in Table 2.3.

Fabrication techniques for creating micro/nanoroughness

I | | I

I Lithography I | Etching | | Deformation I I Deposition | | Transfer I
- Photo - Plasma - Stretching - Adsorption - Casting
- E-beam - Laser - Dip coating - Nanoimprint
- X-ray - Chemical - Spin coating
- Soft - Electrochemical - Spray coating
- Self assembly
- Anodization

- Electrochemical
- Evaporation
-CVD

- Plasma

Table 2.3: Processes for creating micro/nanoroughness and SHS [71].

Roughening a material with lithography by means of photons [72], electron
beams, X-rays and softer techniques is useful because usually it allows
modifying just the upper part of the material, while maintaining the bulk
properties unchanged. It is a precise and pointed way to obtain a microscale
roughness. Other techniques can be used to obtain a random roughness on
the material surface. On conductive surfaces, electro erosion [73] is a suitable
way for removing material by a series of current discharges between two
electrodes separated by a dielectric layer. There is no direct contact between
the tool and workpieces, but the procedure is slow, quite expensive, and it can
be used just with conductive materials (like metals). Micromachining [74] is
the precise miling of various materials, allowing the building of
microstructures by etching and subsequent (or almost contemporaneous)
deposition of different structural layers on the top of the substrate. It is quick
and cheap, with high precision (+0.5um), but it is not suitable for large-area
modification.

As an alternative, the use of etching technique (plasma, laser, chemical or
electrochemical etching) is also one of common ways to provide micro-/nano-
rough surfaces. Chemical etching [75] is a quick and unselective way to impart
nanoroughness on a material, in a very homogeneous way. It can also be
tuned in order to perform selective removal of one component of a particular
alloy, or unselective erosion of target material. It produces diffuse roughness,
and is quick, cheap but unorganized and difficult to tune precisely. A one step

26



2 BASIC KNOWLEDGE

way to prepare SHS on metal substrates consists in the selective etching of
the material with femtosecond pulsed laser and subsequent re-deposition of
target materials on it, with a precise geometrical pattern [76]. Nanostructured
metallic SHS with hysteresis between 2-6° are obtained, after a certain
amount of time, due to the recombination of atmospheric molecules on the
surfaces after laser stimulation. It is a very precise and promising technique,
but also slow and quite expensive [77].

On the other hand, a functionalization, i.e. hydrophobization, process is
needed in order to impart superhydrophobicity to the target material.

A plenty of procedures have been reported in the literature, from the simple
dip coating [78] of a material in a liquid which can contain molten or dissolved
polymers, or various mixture of macromolecules and inorganic materials (such
as carbon nanotubes [79] or silica nanoparticles [80]), to more complex
procedures such as physical or chemical vapor deposition [81] (i.e. deposition
from the gas state). All these procedures allow the precise tuning and
selection of the chemical species to be deposited, together with the possibility
to perform chemical reactions in one step. These methods, combined with the
variety of polymers existing, allow the creation of almost infinite combinations
of coatings. As an example, while depositing, the polymer (molten or dissolved
in a solvent) can be added with different nano materials such as carbon
nanotubes, silica or other nanopowders, glass fibers, in order to reinforce the
structure, while maintaining surfaces characteristics [76]. For instance, in [82]
silica nanoparticles were added to an epoxy resin; the composite material was
used to cover a wind turbine blade, to give a superhydrophobic coating, with
self-cleaning ability and UV resistance.

Cold plasma deposition of diamond like carbon (DLC), obtained through the
ionization of a low pressure carbon gas, and suitably combined with silicon
and oxygen precursors, leads to a very robust and tough coating, with most
of DLC properties, but with a high water contact angle. This is a very attractive
technique, though difficult to replicate, due to the particular combination of
tetrahedral structure that must be present in the coating in order to keep it
“diamond like”, but it is slow, expensive and more suitable for flat surfaces. It
can however be used for small areas [83,84].

Also numerous wet-chemistry approaches capable to turn surfaces into SHS
are reported in literature. They are much easier to perform and can be applied
even to rough substrates on large scale [85,86]. The involved reactions are
homogenous, thus leading to chemically and physically uniform coatings of
different materials. The thickness is typically on nanometer scale, the
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reactions methods are cheap, and different chemical routes and grafting
molecules can be used, in order to produce the targeted surface.

A novel approach to enable stable non-wetting properties involves replacing
the delicate air pockets by an ad-hoc lubricant that preferentially wets the
substrate, the so called Slippery Liquid-Infused Porous Surfaces (SLIPS). The
microporous structure of the substrate is also of paramount importance as it
contributes to securing the lubricant by capillary forces. This in turn confers
stability to the resulting liquid infused porous surface. To construct the so-
called SLIPS onto the metal surface, e.g. low alloy steel, three criteria should
be met [87]. First, a rough hydrophobic solid surface with micro/nano-scale
structure is required, since it can exert high capillary effect to anchor the
lubricant as a stable liquid coating. Second, the lubricant should be immiscible
with the outer medium, e.g. water phase. Third, the affinity between lubricant
and rough substrate is required higher than that between the medium and the
substrate. Inspired by the leaves of the pitcher plant, this novel class of liquid
impregnated surfaces exhibits remarkable properties such as liquid
repellency, smoothness or self-healing (by capillary motion upon damage)
[88,89]. In addition recent studies have shown that such surfaces can
demonstrate promising anti-biofouling as well as anti-icing properties [90,91].
Self-healing materials have recently attracted a lot of attention. However, such
materials, especially those combining both self-cleaning and self-healing
effects, are still more known conceptually, since it is still a real challenge to
combine both the micro-/nano-rough surface with effective superhydrophobic
properties and the ability of the coating actively to heal itself in case of
(typically abrasive) mechanical damage [92]. So far, such coatings are
believed to be based on polymer materials incorporating micro-containers with
a healing agent that would be released “on demand” in the case of a
mechanical damage to the surface and would actively participate in its
recovery. However, this research is still mainly underway, and such highly
anticipated smart coatings are still to be actively searched, prepared and
tested before they can be delivered and available for applications.

In conclusion, the analysis of the literature on the recent progress in the field
suggests that the development of superhydrophobic surfaces with robust self-
cleaning properties (i.e. enhanced service time) is one of current priorities [93].
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2.6 Oleophobic, omniphobic and amphiphobic
surfaces

Superoleophobic surfaces are surfaces on which liquid oil adhesion is low.
The construction of superoleophobicity is more difficult rather than of
superhydrophobicity because the surface tension of oil or other organic liquids
is lower than that of water and, in order to construct a superoleophobic
surface, the surface energy of the solid surface should be lower than that the
oil one. However, superoleophobic surfaces have drawn a great deal of
attention for both fundamental research and practical applications in a variety
of fields. For the design, the fabrication and the application of superoleophobic
materials refer to [94].

Superomniphobic surfaces, typically defined as having a contact angle (CA)
for liquids greater than 150°, are of interest for their unique characteristics
such as liquid repellency, self-cleaning, fluid drag reduction and/or chemical
protection [21,95,96]. For some superomniphobic self-cleaning applications
such as electronic touch screens or pads, window glasses, textile clothing,
and penetration of oils in hearing aids, a good mechanical durability of the
surface and in some applications anti-smudge characteristics are required.
Transparency, which is critical in various applications including self-cleaning
windows and electronic touch screens, depends on coating thickness, particle
size and surface morphology [97]. The superomniphobic surfaces should
possess both superhydrophobic (repellency against water) [64] and
superoleophobic (repellency against non-polar organic liquids, for example,
hexadecane) [98,99] properties. In order for a surface to repel various organic
liquids, its surface energy should be lower than the liquid’s (typically 20-35
mN/m). The optimal design of such surfaces involves a combination of
appropriate material or coating selection, in order to minimize the surface
energy of the solid, and optimal choice of surface texture, including recognition
of the important role of re-entrant curvature [100-105] (such as micronail
forests, microhoodoo arrays, woven textiles, fiber mats) of the designed
surface topography. There are a number of reports in the literature that
systematically discuss the impact of surface texture on wettability [9,98,106-
112]. By optimizing the interaction between the textured surfaces and
contacting liquids, surfaces with a wide range of wettability starting from
superwetting (contact angle =0°) to superhydrophobic surfaces can be
produced. Low surface tension liquids such as methanol (yv,=22.7 mN/m) and
octane (yv=21.6 mN/m) wet most materials, and for such liquids, the impact
of the surface texture on wettability is critical. For a selected type of textured
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surface, the separate roles of feature size and relative spacing as well as the
independent contribution of surface chemistry can be highlighted most
effectively by using a suitably constructed framework for presenting measured
values of the apparent contact angle with various contacting liquids [113].
Generally omniphobic surfaces are produced using bind