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1.1 Overview

It has been known that the surfaces of some plants and legs of some insects show
superhydrophobic properties; for instance, lotus leaf is one of the most well-known
examples. The superhydrophobic surface is often defined as a surface that show a water
contact angle higher than >150°, a very low water sliding angle, and/or low contact angle
hysteresis, which is the difference of advancing and receding angles, of less than 10°. The
superhydrophobicity on the lotus leaf results in self-cleaning property; contaminant
particles on the leaf can be readily removed by water droplets in rainy days. Since early
1990s, an emergent progress of electron microscopy, which allows observation of
surfaces at high resolution, disclosed that the high water repellency of the lotus leaf is
originated from its hierarchical surface morphology, consisting of nanoscale needle-like
wax crystals superimposed on microscale papillae [1]. In addition to lotus leaf, water
strider’s legs are also one of the most famous natural superhydrophobic surfaces. Water
striders have non-wetting legs that enable them to stand effortlessly and move quickly on
water. The feature believed due to a surface-tension effect caused by secreted wax as well
as lotus leaf. In addition, the legs are covered by large numbers of oriented tiny hairs
(microsetae) with fine nanogrooves [2]. Consequently, it is accepted that the key
parameters to obtain superhydrophobic surfaces are surface geometry and surface
composition (low surface free energy material).

Inspired by the nature, many efforts have been made in the last two decades to
develop artificial superhydrophobic surfaces on engineering materials for various

practical applications, such as self-cleaning, anti-icing, anti-fouling, anti-corrosion and
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fluid drag reduction [3]. In many cases, even the produced surface is highly repellent to
water, exposure to the ambient environment results in contamination with organic
pollutions, e.g. oils, and consequently loss of superhydrophobic nature. Therefore, super-
oil-repellent surfaces are needed for practical applications of superhydrophobic surfaces
showing self-cleaning property. There are many reports for the fabrication of
superoleophobic surfaces in the last decades, however, the superoleophobicity reported
are mostly limited to liquids with surface tensions higher than ~28 mN m! [4]. Stability
and durability of the superoleophobicity is also still challenging issue. In this thesis, the
surface has been designed to show the real superoleophobicity even to liquids with
surface tensions less than 20 mN m. The surfaces have been fabricated only using
industrially applicable wet processes. Attempts have been also made to introduce self-

healing properties for durable super-liquid-repellency.

1.2 Design of superhydrophobic and superoleophobic
surfaces
1.2.1 Theoretical basis
Pioneering work explaining the solid-liquid interactions was conducted by Thomas
Young in 1805. According to his model, the surface of a liquid is an interface between
that liquid and some other medium. The shape of a liquid droplet on a flat solid surface
(e.g. contact angle 6) is described by the equilibrium among the solid surface tension (ys),

the liquid surface tension (yr) and the interface tension between solid and liquid (ysp) at
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contact point (Fig. 1.1). This balance is expressed using the Young’s equation [5],
Ys= VYsLt+ yLcosf (1.1)

When the contact angles for a droplet are less or higher than 90°, the surface is
“hydrophilic”/*hydrophobic” and “oleophilic”’/“oleophobic” for water and oil,
respectively. In particular, when the contact angles are higher than 150°, the surface is
defined as “superhydrophobic” and “superoleophobic” for water and oil, respectively. For
the practical use of engineering materials, in many cases, the surface modification needs
to be performed on valve metals, on which a stable passivating oxide, hydroxide or
oxyhydroxide layer is developed when contacting air because the oxidized state of those
metals is more thermodynamically favorable. The oxidized surface has high surface
energy, and therefore, the surfaces of valve metals and alloys are usually hydrophilic and
oleophilic in nature. For the more active metals and alloys such as iron and magnesium,
an organic paint layers are typically coated to improve their corrosion resistance. Because
of the low surface energy of the organic layer, the coated metals and alloys in most cases
are hydrophobic in nature. In spite of the fact that the metal surface is coated with an
organic layer, the coated surface is usually oleophilic, because of low surface tensions of
oil.

It is generally accepted that Young’s equation is just applicable for an ideal smooth
surface. As early as 1936, Wenzel reported the relationship between the water contact
angle and the surface roughness [6]. This model assumed that the rough surface is
completely wetted by water. In this mode, the apparent contact angle g on a rough surface

is described by the following equation,
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R(ys — vsL) _

cos Oy =
YL

Rcos 6 (1.2)

where R and 6 are the roughness factor, which is the ratio of the actual rough surface to
the projected area, and the intrinsic contact angle of the liquid droplet on a flat substrate,
respectively. According to this equation, cos fr should be large positive or negative values
when 6 is higher or lower than 90° respectively. Hence, a wetting (hydrophilic or
oleophilic) surface becomes more wetting, while a non-wetting (hydrophobic or
oleophobic) surface becomes more non-wetting, as shown in Fig. 1.2.

When a porous surface is hydrophobic, the inside of pores cannot be filled with
water. In 1944, Cassie and Baxter also proposed an extended model to describe the
wettability on a composite solid surface consisting of two materials with different surface
energies [7]. One of the solid materials can be replaced to air, as shown in Fig. 1.3. In this
case, the apparent contact angle Or can be expressed by the following equation,

cosOg =f —1+ fcosH (1.3)
where f'and 6 stand for the area fraction and the intrinsic contact angle of the solid surface,
respectively.

By looking at the Young’s equation, one may notice that the contact angle higher
than 150° cannot be obtained for both water and oils even on a flat surface completely
covered by —CF3 groups with the lowest surface tension (6 mN m™) among all available
materials. The report by Nishio et al. stands that the water contact angle on a CF3-covered
flat glass surface can be ~120° at most [8]. Thus, surface roughness is needed to obtain a

superhydrophobic surface.
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In contrast, it is more difficult to obtain oleophobicity compared with
hydrophobicity because the surface tensions of oils are typically much lower than that of
water. According to Eq. (1.1), when the contact angle 6 is 90°, ys must be equal to yst. ysL
can be approximated by the following equation [9],

VSL:VS+VL_\/M (1.4)
Combining Eq. (1.1) and (1.4), ys = y/4 for 8 = 90°. Taking into account the above
considerations one may easily understand that the ys value must be 5-7 mN m™! because
typical surface tensions of oils are less than 30 mN m™'. Such a small surface tension for
a solid can probably be provided only by the —CF3 groups. In other words, the contact
angles of most oils are less than 90° even on the surface completely covered by organic

groups. Hence, specific design is needed to develop superoleophobic surfaces.

1.2.2 Examples of artificial superhydrophobic surfaces

The superhydrophobicity and superoleophobicity indicate the surfaces on which
the water and oil droplets present contact angles higher than 150°. As described examples
in 1.1, there are many superhydrophobic surfaces with peculiar microstructures in nature.
Inspired by natural features of super-repellent surfaces, the wettability of various
materials has been changed either by creating a hierarchical rough microstructure, or by
modifying the substrate with a layer of chemical coating. The pioneering research have
been reported by Onda and Tsujii in 1996 [10]. They demonstrated superhydrophobic
surface of alkylketendimer with fractal surface geometry with a contact angle of 174°.

Tadanaga et al. fabricated a transparent superhydrophobic coating with nanoscale asperity



Introduction

formed by boiling water treatment of an alumina thin film prepared by a sol-gel method,
followed by fluoroalkylsilane (FAS) monolayer coating [11, 12]. The coating has been
applied as an anti-reflection coating for inside lens of camera in 1997 [13].

A number of the reports on superhydrophobic surfaces have been shown during the
past decades, demonstrating their applications as self-cleaning, anti-corrosion, icephobic
coating, etc. [14-17]. However, the reported surfaces cannot repel oils; superhydro-
phobicity could be lost when oils adhere. Therefore, superoleophobic surfaces, which can
repel oils, are needed to completely prevent contamination. Taking into account much
lower surface tension of oil comparing to that of water, the formation of superoleophobic

surface seems to be challenging even the surface is covered by —CF3 [9, 18].

1.2.3 Design and examples of superoleophobic surfaces

In 2007, Tuteja et al. proposed and demonstrated that superoleophobic surfaces that
are designed by the introduction of specific surface geometry: re-entrant or overhang, as
shown in Figs. 1.4 [19, 20]. The reason for formation of specific contact angles is so
called the “pinning effect” for liquids as demonstrated in Figs. 1.5. If one considers that
the equilibrium contact angle of this liquid on the surface to be 6 and the bending angle
of the surface edge to be a, the liquid droplet cannot move over the edge of the solid
surface until the contact angle exceeds 8 + a. The contact angle is then in arbitrary value
between 6 and 6 + a in this situation, and can be much greater than the equilibrated value
(0) [21]. Thus, on the re-entrant or overhang morphologies, the interface which liquids

shape convexity can be formed between liquids and air; the Cassie-Baxter condition with
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air pocket in the gaps can be kept even for oils [19, 22]. In particular, introduction of
superoleophobicity to practical metals is of crucial importance in industries. Hence, the
most important key factor to fabricate superoleophobic practical metals is how to

introduce peculiar morphologies on the surfaces.

1.3 Fabrication methods of rough engineering metal

surfaces

Surface roughening of valve and non-valve metals is one of the most important
methods to provide new functions, including high-liquid-repellency, for wide industrial
applications. The surface roughening includes dry and wet processes such as:
photolithography, sputtering, plasma etching, electroplating, film formation with sol-gel
method, electrochemical etching and chemical etching, anodizing. However, the dry
processes, including photolithography, sputtering or plasma etching, are not suitable for
large-scale industrial production because these methods need large and expensive
instruments. In this study, the author focuses on the practical wet processes, especially
electrochemical and chemical etching and anodizing, which are most applicable for large-
scale development, to introduce peculiar surface geometry on practical metal surfaces.

This section describes on wet etching and anodizing processes.

1.3.1 Electrochemical and chemical etching

As described in the previous section, introduction of peculiar surface geometry is
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needed to fabricate superoleophobic surface. Among some methods to control the metal
surface morphology, etching is one of the efficient methods to fabricate superoleophobic
surface with the introduction of peculiar surface geometry.

Etching is an active corrosion phenomenon in which solid surfaces, such as metals
are dissolved in corrosive solutions. There are mainly two types of etching:
electrochemical and chemical ones. In electrochemical etching, metals are dissolved
under anodic polarized conditions. An example of the industrial use of the
electrochemical etching is alternating current and direct current etching of aluminum foils
used for electrolytic capacitor; the etching has been utilized to obtain anode with high
surface areas [23, 24]. By adding oxidizing agents in corrosive solutions, etching of
metals proceeds chemically. Under selected conditions, both chemical and
electrochemical etching produce highly rough surfaces, which are suitable to control the

surface wettability [25].

1.3.2 Anodizing

The anodizing is a high voltage electrochemical conversion process that forms
barrier-type oxide layers or nanoporous/nanotubular oxides on valve metals and alloys,
mainly depending on composition of electrolytes used [26]. The valve metals, such as
aluminum, tantalum, niobium, titanium, tungsten, molybdenum, vanadium, bismuth,
zirconium, hafnium, etc., are typically used, resulting in the oxide formation of thickness
ranging from few nanometers to hundreds of micrometers [27, 28-37]. The recent reports

also demonstrate possibility of oxide formation on active metals such as iron and steel
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[37-42]. As shown in Fig. 1.6, the barrier-type film has compact structure and
homogeneous film thickness, while porous film consists of many nanopores vertically
arranged to the metal surface and semispherical barrier-layer underneath at the metal

oxide interface [43, 44].

(a) Barrier-type anodic film

Usually anodizing deals with so called valve metals and for those metals and their
alloys considerably thick anodic layers can be grown by applying relatively high voltage
in suitable electrolyte. Some typical anodizing electrolytes are 1) acidic electrolytes such
as: sulfuric, oxalic, phosphoric acid, ii) neutral electrolytes such as: disodium molybdate,
ammonium pentaborate [45-53]. The above conditions stand for most of valve metals
except aluminum for which the dissolution is more governed by pH of electrolyte. Anodic
oxide layers, i.e. barrier-type oxides, are considered to grow under high electric field
mechanism. The growth of an oxide layer comprises simultaneous migration of cations
towards the film/electrolyte interface and anions towards the metal/film interface [53-55].
The reason for the ions migration is that the high voltage is applied over the oxide layer,

i.e., electric field strength typically of the order of 108 V m™! is established [44].

(b) Porous-type anodic film
The porous type oxides are mainly formed in the form of nanopores, e.g. anodic
alumina or nanotubes, e.g. anodic titania [44, 56]. When aluminum is anodized in acidic

or alkaline solutions, such as sulfuric acid [45, 46], oxalic acid [46-48], phosphoric acid

10
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[49, 50], citric acid [57, 58], malic acid [59], tartaric acid [60], malonic acid [61],
etidronic acid [62], chromic acid [63], and borax [64], the porous anodic films, which
consist of many nanopores arranged vertically against metal substrate and semi-spherical
barrier layer underneath porous one, can be formed, as shown in Fig. 1.6b [46, 65]. The
ordered nanoporous/nanotublar structures are considered to be formed due to
displacement of the film material above its original surface position due to synergistic
effect of pits generation (field assisted oxide dissolution), stress generated at metal oxide
interface, electrostriction, and plastic oxide flow, switching the growth of barrier-layer to
nanotube/nanopore [45, 66].

Diameter of the pores and cells, that is the spherical unit of the barrier layer, depend
on the formation voltage and electrolyte species. In addition, the cell arrangement, that is
the pore arrangement, can be hexagonally self-organized. Ideally hexagonal arrangement
can be obtained by control of electrolyte species and/or formation voltage. Typically, the
diameters are amplified by increase of the voltage or using organic acid electrolytes with
low acidity (Fig. 1.7) [46, 48, 49, 58, 62, 67, 68].

Pore geometry of anodic oxides is suitable to control of the surface wettability. In
2011, Fujii et al. have demonstrated a micro/nano-hierarchical structure, which was
developed by oblique angle sputtering deposition of AIl-Nb pillar arrays and successive
anodizing in hot phosphate/glycerol, sulfuric and oxalic acid electrolytes.

Superoleophobic surface was obtained, as shown in Fig. 1.8 [27, 69, 70].

11
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1.4 Surface compositions to control the wettability

As describe above, in order to obtain high-liquid-repellent surfaces, the surface free
energy of solid materials should be reduced. The surface free energy depends on the
chemical composition. Zisman et al. reported that the surface free energy decreased in the
order -CH,CH,— (31 mN m!) > -CH3 (22-24 mN m™') > ~CF,CF>— (18 mN m™) >
—CF2H (15 mN m") > —CF3 (6 mN m™!) [71]. Thus, in order to control the surface free

energy of solid materials, the surface should be covered by these organic groups entirely.

1.4.1 Self-assembled monolayer coatings

Self-assembled monolayer (SAM) coating, which is formed by chemical
adsorption of organic molecules on solid material surfaces, is one of the most efficient
methods to control of the surface wettability [72]. This is an ultra-thin coating which
compact molecular aggregate can be formed with self-assembly due to interaction among
adsorption molecules at the adsorption step. If correct organic species are selected, the
surface function, reactivity and coating structure can be precisely controlled. For many
oxides the surface is typically hydrophilic, and therefore coating with low-surface-tension
material, such as —CH3 or —CF3, is desired to obtain super-liquid-repellency. This can be
successfully realized by using SAMs in order to decrease the surface free energy [73-76].

One of the advantage of SAMs is that the monolayer can be easily formed on both
flat and porous structures. The correct choose of head groups in the SAMs chain is
particularly important in view of chemical bonding between molecule and desired

substrate, and therefore provide proper coverage and adhesion for monolayer. Table 1.1

12
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shows examples of typical combinations between substrate surfaces and organic
molecules [28, 77]. For aluminum surface, for instance, alkylsilanes, alkylisocyanates,
alkylphosphoric acids, alkylphosphonic acids or carboxylic acids have been used so far;
some studies have reported that phosphoric acid or alkylphosphoric acid can form strong
chemical bonds not only surface but also adjacent molecules as shown in Fig. 1.9 [28, 78,
79], while alkylisocyanates or carboxylic acids form only monolayer because of only one
reactive group [78, 80].

Even though both alkylsilanes and alkylphosphoric acids are suitable species for
aluminum, alkylphosphoric acids favor rather than alkylsilanes in case of
hydrophobilization with SAMs. Sato et al. have experimentally indicated this is due to
high-molecular-ordering of alkylphosphoric acid compared to alkylsilanes [81, 82]. In
addition, the authors have also reported that hydrophilization of substrate surface by

plasma treatment before SAM coating is an important step to obtain ideal monolayer [82].

1.4.2 Hydrophobic rare-earth oxide (REO)

Although super-liquid-repellent surfaces have been developed with organic
coatings, they have some disadvantages in practical applications, more specifically
inherently poor mechanical, chemical and thermal stability. In order to improve the low-
durability problem, hydrophobic properties have been explored in some inorganic metal
oxides as well. In 2013, Azimi et al. reported that the rare-earth oxide (REO) material
surfaces are highly hydrophobic and they are thermally stable even at 1000°C [83].

Typical surfaces of metal oxides, such as aluminum oxide, have a large number of polar

13
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Table 1.1 Combination of head groups and substrates used in forming SAMs on metals,

oxides and semiconductors [27, 76].

Molecules Substrate

Alkyl thiol: R-SH Metals
Au, Ag, Cu, Ge, Pd, Hg, Ir, Ni, Pt, Zn,
Fe, GaAs, InP

Carboxylic acid: R-COOH Oxide
A|203,AgO, CuO, Zr/A|203, OXide‘NHz,
Fe Oy, TiTiO,

Phosphonic acid: R-POzH, Oxide

Alkyl Phosphoric acid: RO-PO3H, ZrO,, TiO,, Al,O3, Ta,0s, Zr/Al,O4

Organosilane: R-SiX; Oxide
X =ClI, OCH3, OCyH5 HfO,, ITO, PtO, TiO,, ZrO,, Glass, Mica,
SiO,, SnO,, GeO,, Al,05, SUS, PZT

Alkylamine: R-NH, Semiconductor
FeSZ, Mica, SUS316L, Y83.2CUZO7_5

Alkyl isocyanate: R-NCO Oxide
Al,O3, TiO,, Oxide-COOH, -NH,

Monoalkyl silane: R-SiH; Metal
Au

sites originating from unsaturated metal and oxygen atoms that act as Lewis acid and base
sites, respectively. Thus, a hydrogen bond can be formed with interfacial water molecules,
resulting in hydrophilicity (Fig. 1.10a). On the other hand, metal atoms in REOs have a
unique electron structure, where the inner unfilled 4f orbitals, which contribute to

chemical reactions, are shielded by the filled outer 5s°p® orbitals. Consequently, these

14
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metal atoms have lesser tendency to interact with water molecules. Hence, water
molecules next to the surface cannot maintain their hydrogen-bonding network, resulting
in hydrophobicity, as shown in Fig. 1.10b [83].

Azimi et al. have also demonstrated that the pellet or sputtered coating of REOs
have high hydrophobicity, thermal stability and ware resistance. Since the REOs coated
on the textured surface can exhibit superhydrophobicity [83]. It is expected that rare-earth

oxide ceramics will find widespread applicability as robust hydrophobic surfaces.

1.5 Objective and construction of this thesis
1.5.1 Challenging issues practical superoleophobic surfaces

Recently, some researchers have reported super-liquid-repellent surfaces. However,
most surfaces can repel liquids with limited surface tensions up to 27.5 mN m™! (hexa-
decane); fabrication of super-liquid-repellent surfaces which can repel any liquid with
surface tension less than that of hexadecane is still challenging. In addition, durability of
the super-liquid-repellent surfaces must also be improved. Most superoleophobic surfaces
reported so far are not sufficiently durable for practical applications. Superoleophobic
surfaces are expected to be used for outdoor buildings, automobile engines, etc. Taking
into account the above considerations, superoleophobic surfaces, which can resist any
extrinsic stimuli, are needed.

For practical application of superoleophobic surfaces, durable surfaces should be

developed by facile methods applicable for industrial scale. The super-liquid-repellent

15
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surfaces are typically fabricated by complex and expensive dry processes such as
lithography or sputtering, and therefore the exploration of a facile and scalable process is
needed. As an applicable fabrication method of superoleophobic surfaces, practical wet
process is promising. This process is facile and cheap, which can be completed by simply
immersing the specimen in a solution. In order to extend the application of
superoleophobic surfaces, the exploration of highly durable superoleophobic surfaces by

wet process is greatly desirable.

1.5.2 Objective of the research

The main goal of this thesis is fabrication of super-liquid-repellent surfaces which
are practically applicable in a large scale. More specifically, the author designs the
micrometer-scale random roughness and more complex hierarchical geometry formed by
chemical etching and subsequent anodizing, applicable to obtain superoleophobicity even
for oil droplets with lower surface tension. Subsequently, the surface free energy is
expected to be reduced by a coating of fluoroalkyl SAM, forming a superoleophobic
surface (Fig. 1.11).

In order to improve the durability, the author expected to design self-healing events
occurring on superoleophobic surface by infiltration of healing agent into anodized
nanopores. In addition, as another improvement method of durability, the author also
discusses the possibility of replacement of instable organic monolayer coating by
hydrophobic rare-earth oxide coating which can be formed on a metal surface by practical

electrochemical deposition.

16
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1.5.3 Construction of thesis

This thesis consists of six chapters. In Chapter 1, the background of this study is
described. In Chapter 2 and 3, fabrication of hierarchical aluminum surfaces, their surface
wettability and durability are discussed. In Chapter 4, the self-healing property of super-
liquid-repellent surface with anodized nanopores is discussed to improve the durability.
Furthermore, cerium oxide coating formed by electrochemical process is described in
Chapter 5, as a possible replacement of organic SAM. Finally, general conclusions of this

thesis are described in Chapter 6.
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Figure 1.1 Schematic illustration showing the correlation between the contact angle of

liquid on a flat surface and three interface tensions.
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Figure 1.2 Schematic illustrations for changes in the wettability by introduction of

surface roughness in Wenzel state.
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Figure 1.3 Schematic illustration for a liquid droplet on the rough surface in Cassie-

Baxter state.
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Figure 1.8 Schematic illustration showing the pinning effect for liquids on the
submicropillar/nanopore hierarchical structure. (a) Liquids can penetrate into gaps
without nanopores, (b) while be pinned close to surface with sufficient nanopores (c)
[26, 57].
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Structure on Aluminum Substrates
by Multi-Step Wet Process



Chapter 2

2.1 Introduction

Hierarchical surface geometry on solid materials is of crucial importance to
fabricate the superhydrophobic and superoleophobic surfaces. As described in Chapter 1,
recent studies have demonstrated that a re-entrant surface geometry including a
micro/nano hierarchical structure is effective in obtaining superoleophobic surfaces [1-5].
Such geometry is particularly useful for super-repellency to low-surface-tension liquids
[6]. Fujii et al. reported that in dual-pillar or submicrometer-pillar/nanopore hierarchical
surfaces, the gap distance among submicrometer-pillars and nanopore porosity are the
most important factors [3-5]. However, these geometries were fabricated by dry processes
such as lithography or magnetron sputtering methods, and these methods are not suitable
for practical application for the cost-effective industrial production of superhydrophobic
and superoleophobic surfaces. For the industrial large scale production, we must use a
simple and efficient method, such as wet process. Wet process is the simplest and most
efficient method in industries. In particular, anodizing of aluminum is one of the
promising processes to introduce geometrically controlled surfaces. Zhou et al. reported
the formation of alumina nanowires on the faceted aluminum surface by two-step
anodizing. After fluoroalkylsilane coating, the surface showed the superoleophobicity for
a range of liquids including silicone oil with 22 mN m™! [7]. Habazaki et al. fabricated a
submicro/nano-hierarchical morphology on aluminum surface by anodizing of the
scalloped aluminum surface, which was also prepared by anodizing and film dissolution.
The surface showed super-repellency for rapeseed oil [8].

In this chapter, the author discusses the fabrication of hierarchical dual- or triple-

36



Control of Surface Morphological Structure on
Aluminum Substrates by Multi-step Wet Process

pore surface geometries on aluminum metal plate or mesh using a combination of
practical and cost-effective surface finishing methods, i.e., chemical etching, anodizing,
and pore widening. Particular attention has been paid to understand the relationship

between morphology and the condition of each process to control the surface geometry.

2.2 Experimental

High-purity (99.99%) aluminum sheets, 0.5 mm thick, or meshes with 100
openings per inch (the size of openings is 150 um) were used. After pre-treating the
aluminum sheets in 1 mol dm NaOH solutions at 333 K for 120 s and subsequently in 1
mol dm™ HNO3 at 333 K for 180 s, chemical etching was carried out by immersion in a
mixture of 0.2 mol dm™ CuCl, and several concentrations (1 to 6 mol dm™) of HCI at 298
K for a suitable time. For aluminum meshes, pre-treatment was not taken place and
etching time was shorter than that for sheets to avoid excess dissolution in NaOH or
etchant. After chemical etching, specimen was rinsed with concentrated HNO3 to remove
the copper deposited on the surfaces. Nanoporous anodic alumina layers were formed by
anodizing the chemically etched aluminum at 25 V in 0.3 mol dm™ H>SO4 aqueous
electrolyte at 288 K for 180 s to grow approximately 360 nm thick nanoporous oxide
layer on the entire surface. The size of the nanopores in the anodic alumina layer was
controlled by the subsequent pore widening treatment in 5 wt% H3PO4 at 303 K for
suitable time (Fig. 2.1). Then, the surface morphology of the specimens was observed

using a field emission scanning electron microscope (SEM, JEOL Co. JSM-6500F).
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2.3 Results and discussion
2.3.1 Surface roughening by chemical etching on aluminum sheets
Numbers of micrometer or submicrometer pits can be introduced on aluminum
surface by electrochemical and chemical etching. DC etching of aluminum in HCI
solutions at elevated temperatures develops tunnel pits of several tens um length and ~1
pm width [9-12]. In contrast, AC etching in the similar HCI solutions produces a rough
etched layer comprising inter-connected cubic pits [13-16]. The size of the cubic pits is
usually submicrometers. In this study, more simple chemical etching has been used [17].
Fig. 2.2 shows scanning electron micrographs of the aluminum sheet surfaces after

3 CuCl, and several

chemical etching in the solutions containing 0.2 mol dm"
concentrations of HCI. At all HCI concentrations, pits developed over the entire surface
with clear observable cubic shapes. The time required to form pits over the entire surface
was dependent upon the HCI concentration; longer time was needed at the lower HCl
concentrations because of reduced pit nucleation rates. The cubic pit size tends to
decrease with an increase in the HCI concentration, from several micrometers at 1
mol dm™ HCI (Fig. 2.2a) to the submicrometer range at 6 mol dm™ HCI (Fig. 2.2d). At
higher HCI concentrations, higher density of small pits are developed. In electrochemical
DC etching of aluminum in HCI solutions, tunnel pits are formed on aluminum, and it is
reported that the growth of tunnel pits is terminated when the aluminum chloride is
saturated at the tip of the tunnel pits [12]. The formation of smaller pits at higher HCI

concentrations in this study is probably associated with the faster saturation in the pits by

increasing HCI concentration.
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2.3.2 Formation of hierarchically rough aluminum plate

In order to introduce nanoscale pores on the entire etched surface, the etched
specimens were anodized. As described in Chapter 1, anodizing of aluminum in acid
electrolytes, including sulfuric acid, oxalic acid and phosphoric acid, results in the
formation of nanoporous oxide films with self-organized cylindrical pore channels [18-
21]. The size of pores and the interpore distance are controlled by anodizing voltage and
the electrolyte composition [20-25]. In this study, the etched aluminum was anodized at
25 V in 0.3 mol dm™ sulfuric acid, at which relatively small pores were developed. Fig.
2.3a shows SEM images after anodizing for 180 s. At the available resolution of SEM,
nanopores distributed uniformly on the etched surface are visible after pore widening for
longer than 600 s in H3PO4 solution, as shown in Figs. 2.3b-d. The nanopore size
proportionally increases with the duration of the pore-widening treatment, from
approximately 12 nm at 600 s to 45 nm at 1200 s. According to a plot shown in Fig. 2.4,
nanopores slowly expanded with an approximate rate of 2.3 nm min™'. Thus, the nanopore
diameter can readily be controlled by this method without complete-dissolution of porous
film. The porosity also increases from 14 to 33% by an increase in the pore widening time
from 600 to 1200 s. During anodizing and pore widening, the micrometer-scale roughness,
developed by chemical etching, was maintained and simply nanopore structure was
introduced, such that dual scale micrometer-nanopore rough surfaces were successfully

developed by these practical wet processes.
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2.3.3 Formation of triple-pore hierarchically rough aluminum mesh
According to Onda and Tsujii, a fractal structure is efficient for superhydro-
phobicity or superoleophobicity [26]. Thus, it is expected that the surface with multi-pore
hierarchical structure of a fractal-like geometry shows higher liquid repellency. The
author tried to fabricate a triple-pore hierarchical morphology using aluminum mesh. Fig.
2.5a shows the scanning electron micrograph of the aluminum mesh used in this study.
The mesh consists of aluminum wire 100 um in diameter and the mesh opening is ~150
um. The surface of the aluminum wire is smooth, but after chemical etching in an aqueous
solution containing 1 mol dm™ HCI and 0.2 mol dm™ CuCl,, the wire surface became
rough, as shown in Fig. 2.5b. The surface roughening occurred through the development
of a number of cubic pits on the entire wide surface (Fig. 2.5¢). The size of the pits was
1-3 um, which changed with the HCI concentration, as discussed above. When the etched

specimens were further anodized at 25 V in a 0.3 mil dm?

sulfuric acid aqueous
electrolyte and then immersed in a 5 wt% H3POs solution for 900 s at 303 K, an oxide
film with nanopores ~30 nm in diameter was formed uniformly on the etched surface (Fig.
2.5d). The oxide film formed by anodizing had cylindrical pore channels, which were
developed normal to the metal surface. Thus, a triple-scale porous surface, consisting of
~100 pm mesh openings, ~1 um etch pits, and ~30 nm nanopores, was obtained by a
combination of simple chemical and electrochemical treatments of aluminum mesh.
Similar to aluminum plate, the size of the etch pits formed by chemical etching was

controlled by the HCI concentration in the etching solution as well as aluminum sheet

specimen. Fig. 2.6 shows the SEM micrographs of the aluminum mesh with microscale
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etch pits and nanopores. The size of the microscale etch pits changed with the HCI
concentration. Obviously, the size of the etch pits decreased with an increase in the HCI
concentration from 1-3 pum at 1 mol dm™ HCI to ~0.2 pm at 6 mol dm™ HCI. There are
no difference of the size of the etch pits in each solution for both aluminum plate and
mesh. Anodizing and pore widening form the nanopores ~30 nm in diameter uniformly
regardless of the etch pit size. Thus, the aluminum surfaces with triple-pore hierarchical

morphologies with different micrometer etch pits were obtained successfully.

2.4 Conclusions

In this chapter, rough surfaces with dual- or triple-scale hierarchically porous
geometries are formed on aluminum sheet or mesh surfaces by a combination of practical
wet processes: chemical etching in a mixed solution of HCl and CuCl,, anodizing in
sulfuric acid electrolyte, and pore widening in H3PO4 aqueous solution. The sizes of etch
pits and nanopores are controlled by the HCI concentration in etching solution and the
immersion time in H3POg solution after anodizing, respectively. The size of etch pits is
controlled from ~a few um to submicrometer and the diameter of nanopores from 0 to
~45 nm. In this manner, just a combination of practical wet process is useful to form
hierarchically rough aluminum surfaces with controlled sizes of pits and nanopores. The

developed hierarchical geometries are schematically shown in Fig. 2.7.
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Figure 2.2 SEM images of the aluminum surfaces etched in solutions containing 0.2
mol dm™ CuCl, and (a) 1, (b) 2, (c) 4, and (d) 6 mol dm™ HCl for 360, 180, 40 and 20

s, respectively.
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Figure 2.3 SEM images of the aluminum surfaces etched in solutions containing 0.2
mol dm™ CuCl, and 2 mol dm™ HCI; then anodized in 0.3 mol dm™ H>SO4 electrolyte
at a constant voltage of 25 V for 180 s at 288 K; and finally immersed in 5 wt% H3PO4
for (a) 0. (b) 600, (c) 900, and (d) 1200 s.
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Figure 2.5 SEM images of aluminum mesh surfaces (a) as-received and (b-d)

chemically etched in a solution containing 0.2 mol dm™ CuCl, and 1 mol dm™ HCI for
60 s and then anodized at a constant voltage of 25 V in 0.3 mol dm™ sulfuric acid for

180 s and pore-widened in 5 wt% H3POj4 solution for 900 s at 303 K.
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Chapter 3

3.1 Introduction
In the last decades there are many reports showing the superoleophobicity. The
superoleophobicity has been achieved by the introduction of re-entrant or hierarchical
surface geometries even if the contact angle of oils was less than 90° on their flat
counterparts. However, the reported superoleophobicity reported so far has been mostly
limited to liquids with surface tensions not less than 27.5 mN m™' (e.g. hexadecane) [1-
5]. There are only a very few examples for high contact angle >150° and low contact
angle hysteresis <5° for liquids with surface tensions less than 25 mN m™! [6, 7]. Although
there have been several reports on superoleophobicity for liquids with surface tensions
lower than that of hexadecane recently, the fabrication of super-liquid-repellent surface
for any liquids is still challenging. In order to prepare superloleophobic surfaces even for
liquids with surface tensions lower than 25 mN m’!, it is expected that fractal-like or more
complex re-entrant geometries are suitable [7, 8]. The author considered that fabrication
of more random and complex micrometer-scale geometries in the hierarchical structure
is necessary. In addition, it is also of importance to fabricate superoleophobic surfaces by
practical processes for large-scale industrial production and applications. Therefore, the
author prepared micro/nano hierarchical geometry on aluminum surface by a combined
practical wet process of chemical etching and anodizing, in Chapter 2.
Herein, in this chapter, the author evaluated the surface wettability of aluminum
specimens with hierarchical multi-pore geometries described in the previous chapter, and
also controlled the surface wettability by the self-assembled monolayer coating for an

application to oil/water separation material. In addition, mechanical, thermal, and
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chemical durability of hierarchical aluminum specimens also discussed since durability

is of crucial importance for practical applications.

3.2 Experimental

In order to reduce the surface free energy of hierarchical aluminum specimens
fabricated in the previous chapter by coating with an organic self-assembled monolayer,
the specimens were immersed in ethanol containing 1 mmol dm™ 1H,1H,2H,2H-
perfluorodecyl phosphoric acid (FAP) or 1 mmol dm™ n-tetradecyl phosphonic acid
(TDP) for 48 h at room temperature. Prior to coating, the specimen surfaces were cleaned
using a plasma cleaner (Harrick Plasma Co., PDC-32G); by this process a contaminant
hydrocarbon layer was removed from the surfaces, and surface —OH groups were
introduced. This cleaning process accelerated the formation of organic monolayer
coatings [9]. The FAP was synthesized using the approach described in a previous report,
and the chemical structure was checked by nuclear magnetic resonance analysis [10].
TDP was obtained from Sigma-Aldrich. Surface wettability was evaluated by contact
angle measurements for water, rapeseed oil, hexadecane, dodecane, octane, and hexane
droplets (4 puL) using an optical contact angle meter (Kyowa Interface Science Co., DM-
CEl). The dynamic advancing and receding contact angle measurements were conducted

by expansion/contraction method with a syringe.
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3.3 Results and discussion
3.3.1 Surface wettability on hierarchically rough aluminum plate

The etched aluminum surface was superhydrophilic with a static contact angles
being close to 0°. To convert the surface to superhydrophobic, organic monolayer coating
was conducted. After FAP coating on the etched aluminum surface, the dynamic contact
angles for water and several oils were measured. Fig. 3.1 shows the advancing contact
angle and the contact angle hysteresis for water (surface tension, y = 72.8 mN m') and
rapeseed oils (y = 35 mN m™) on the chemically etched surface with a FAP coating.
Regardless of the HCI concentrations in the etching solutions, i.e. the size of etch pits, the
FAP-coated surfaces are superhydrophobic with advancing contact angles larger than
160° and the contact angle hysteresis less than 2°. Thus, the surface is superhydrophobic,
even though nanopores are not introduced. Highly rough surfaces, comprising inter-
connected many cubic pits, makes the surface superhydrophobic. Even for rapeseed oil,
the coated surfaces show advancing contact angles higher than 150° and relatively low
contact angle hysteresis of 25-30°. Rapeseed oil droplets did not stick on the etched
surface and rolled off from the surface when tilted to 20°.

However, the etched surface did not show the high repellency for liquids with lower
surface tensions, including hexadecane (y = 27.5 mN m). Thus, nanopores were
introduced into the etched surface to introduce hierarchical roughness. Fig. 3.2 shows the
change in the advancing contact angle and contact angle hysteresis of the etched and
anodized aluminum surface as a function of the pore widening duration. Chemical etching

was carried out in the solution containing 2 mol dm™ HCI. Anodizing of the etched
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aluminum result in an increase in the advancing contact angle for rapeseed oil to 160°,
although the contact angle hysteresis is still 24° (no pore widening in Fig. 3.2). The
advancing contact angle for rapeseed oil does not change with the pore widening time.
Thus, the advancing contact angle is independent of the size of the nanopores. However,
the contact angle hysteresis decreases significantly with pore widening time, and reaches
~3° after pore widening treatment for 1200 s, indicating that the size of the nanopores or
the porosity of the etched pore walls is an important parameter for oil repellency. The
water repellency is not influenced by the pore widening and chemical etching conditions,
as shown in Figs. 3.1 and 3.2. The significant influence of pore widening on the rolling-
off rate of a droplet of rapeseed oil is depicted in Fig. 3.3. The rapeseed oil droplet is
rolled off on both surfaces with and without pore widening for 1200 s, but the rolling-off
rate is markedly increased by the pore widening. The increased rolling-off rate should be
associated with the reduced contact angle hysteresis by pore widening.

The role of micro-pits and nanopores on the liquid repellency can be explained
using schematic illustrations shown in Fig. 3.4. The little influence of the introduction of
nanopores on the water repellency is associated with the little penetration of water droplet
into the micrometer-size pits. The static contact angle for water on the FAP-coated flat
aluminum surface was ~120°. Because of such high contact angle, the water droplet pins
on the etched aluminum surface with no water penetration into pits, as shown in Fig. 3.4a.
Thus, the introduction of nanopores does not influence the water repellency. For rapeseed
oil, the FAP-coated surface is oleophilic; rapeseed oil does penetrate and pin underneath

the re-entrant structure within the pits (Fig. 3.4b). The oil penetrates to the re-entrant
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regions, at which further penetration is avoided by the pinning effect. Because of
penetration to the re-entrant regions, the contact angle hysteresis is relatively high (25-
30°) as shown in Fig. 3.1. When the nanopores are introduced and the porosity in the pit
wall increases to more than 30%, pinning of rapeseed oil occurs at the nanopores
developed on the pit walls close to the top surface (Fig. 3.4c). The suppression of the oil
penetration by nanopores effectively enhances the roll-off rate of the oil droplet on the
tilted surface (Fig. 3.3).

For the specimens chemically etched, anodized, and pore-widened for 1200 s,
dynamic contact angle measurements were carried out for several liquids with further
lower surface tensions. Fig. 3.5a discloses the approximately spherical liquid droplets of
rapeseed oil, hexadecane, dodecane, and octane with surface tensions of 35.7, 27.5, 25.3,
and 21.8 mN m™!, respectively, on the hierarchical surface. Fig. 3.5b shows the influence
of pit size (HCI concentration in the etching solution) on the advancing angle and the
contact angle hysteresis for several liquids. The advancing contact angles of the specimen
with pore widening for 1200 s, shown in Fig. 3.5b, are high, being = 157° even for octane,
regardless of the pit size. Only a slight increase in the advancing contact angle is found
with a decrease in the concentration of HCI in the etching solution. The contact angle
hysteresis is also sufficiently low (4° or less) for rapeseed oil, hexadecane and dodecane.
For these liquid droplets, the size of the etch pits (HCI concentration) does not influence
the contact angle hysteresis. In contrast, a large influence of the pit size is found on the
contact angle hysteresis for octane, which is the lowest surface tension examined. The

contact angle hysteresis decreases from 18° to 4° by reducing the HCI concentration from
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6 to 1 mol dm™.

The sliding angles for several liquids were also measured. Fig. 3.6 shows the sliding
angle for various liquid droplets (10 uL) on the FAP-coated hierarchical surfaces prepared
at 1 mol dm™ HCI solution for chemical etching, anodizing and pore widening for 1200
s. The sliding angle tends to increase with a decrease in the surface tension of liquid, but
the value is still less than 10° even for octane. The sliding angle is also dependent upon
the size of liquid droplet, decreasing gradually with an increase in the size of liquid
droplet. This agrees with the previous report by Miwa et al [11]. They demonstrated that
the sliding angle of water increases as the weight of the droplet decreases, as described

by the following equation,

9m2(2 — 3 cos® 8)) "/ sin a(gp'/?) 3.1)
m? 6sinf

where k, m, 6, a, g and p are the constant which is related to the interaction energy between
solid and liquid, weight of the droplet, the contact angle, the sliding angle, gravitational
acceleration, and specific weight of water, respectively. For the surfaces with relatively
small pits of less than 1 um, the sliding angle becomes high for octane, although no
significant pit size dependence of the sliding angle is found for other liquids with higher
surface tensions. The results are consistent with the contact angle hysteresis shown in Fig.
3.5.

The findings in this study reveal that a large pit size is preferable for super-
repellency for low-surface-tension liquids, being consistent with the previous report of

the wettability of dual-pillar surfaces prepared by the oblique angle deposition of AI-Nb
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alloy submicrometer pillar films and subsequent anodizing [3-5]. The gap size between
neighboring submicrometer pillars was one of the important parameters for obtaining
sueroleophobicity, and a gap size larger than 400 nm was needed to observe super-
repellency for rapeseed oil and hexadecane. Since the pit size in this study is much larger
than the gap size of the dual-pillar surfaces, super repellency for liquids with lower
surface tensions can be achieved. Tuteja et al. also demonstrated that relatively large pores
of >1 um and relatively high porosity in the larger pore walls are essential for super
repellency toward low-surface-tension liquids [9, 12].

In Figs. 3.5 and 3.6, relatively large influence of pit size on the contact angle
hysteresis and sliding angle is found only for octane. This may result from the fact that
the static contact angle for octane on the flat FAP-coated aluminum surface was as low
as 45° and the angle increased to 65° for dodecane. Since the liquid penetration pressure
into the pits increases with the reduction of the static contact angle and the decrease in
the pit size, the relatively large pits should be needed for the effective pinning by
nanopores for octane. The higher static contact angles on the flat surface for other liquids
with higher surface tensions may result in the little influence of the pit size on the contact

angle hysteresis and sliding angle.

3.3.2 Surface wettability on triple-pore hierarchical aluminum mesh
Fig. 3.7 shows the water and hexane droplets on various rough aluminum mesh
surfaces shown in Fig. 2.4 (Chapter 2) after coating with an FAP monolayer. All the

surfaces showed high static contact angles of >150° for water; the surfaces were
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superhydrophobic. In contrast, the contact angles for hexane (y = 18.4 mN m™) were
largely dependent upon the surface morphology. The aluminum mesh with nanoporous
oxide showed a low contact angle for hexane below 10°; the surface was superoleophilic.
The contact angle on the etched aluminum mesh increased to ~130°, and a further increase
in the contact angle for hexane (>150°) was found on the aluminum mesh with triple-pore
hierarchical morphology. This contact angle is higher than that on the aluminum plate
with nanopores and micrometer etch pits.

Fig. 3.8 shows the changes in the advancing contact angles and the CAH of various
FAP-coated aluminum surfaces with the surface tension of the liquid. All four aluminum
surfaces with double- and triple-pore hierarchical morphologies showed advancing
contact angles higher than 160° and very low CAH for water; the CAH on the aluminum
mesh with oxide nanopores was 12°, and those on the other three surfaces were lower
than 2°. Thus, all the surfaces are superhydrophobic. The advancing contact angle on the
aluminum mesh with oxide nanopores decreased gradually with a decrease in the liquid
surface tension and became lower than 10° for liquids with surface tensions lower than
25 mN m!. The etched aluminum mesh showed higher repellency for oils; the advancing
contact angles were higher than 150° for liquids with surface tensions higher than 22
mN m™!. Moreover, the CAH was also lower than 10° for the liquids with surface tensions
higher than 25 mN m!. Thus, the introduction of microscale roughness on the aluminum
mesh is more effective in enhancing the oil repellency than the introduction of nanoscale
roughness. Further improved liquid repellency of the FAP-coated aluminum mesh with

triple-pore morphology is obvious in Fig. 3.8. This surface showed advancing contact
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angles higher than 150° and CAH lower than 3° for any liquid, including hexane with a
surface tension as low as 18.4 mN m!, examined in this study. In addition to hydrocarbon
liquids, the advancing contact angle and CAH for 2-propernol (y =20.5 mN m™') are 159°
and 3.1°, and 159.5° and 2.9° for ethanol (y = 22.5 mN m™), and 160° and 2.7° for acetone
(y = 23.3 mN m™), respectively. Thus, this surface is really superoleophobic. Such
surfaces showing super-repellency for any liquid are still very limited. The triple-pore
morphology is one of the important parameters for such high liquid repellency. In fact,
the FAP-coated aluminum plate with microscale etch pits and oxide nanopores showed
less repellency for liquids with low surface tensions as shown in Fig. 3.8; this surface also
showed a high advancing contact angle above 150° for any liquid, but the CAH increased
for liquids with surface tension of 25 mN m™ or lower. The excellent liquid repellency is
demonstrated in Fig. 3.9, in which a hexane droplet is seen clearly rolling off rapidly.

Figs. 3.10 presents the schematic illustration showing the influence of the surface
morphology on the surface wettability. As described above, the chemically etched
aluminum plate with a nanopore oxide layer showed superoleophobicity for many liquids
with low surface tensions above 20 mN m™'. However, hexane with a surface tension as
low as 18.4 mN m™ penetrates into pores to the depth where the complex re-entrant
curvature is present (Fig. 3.10a). Thus, the contacting area is relatively large to hexane,
resulting in the contact angle hysteresis larger than 40°.

When the nanopores were introduced on the aluminum mesh consisting of
aluminum wire of 100 pm in diameter, the liquid repellency for oils was not as high as

that of the chemically etched aluminum plate with nanopores (Fig. 3.9). As shown in Fig.
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3.10b, the penetration of liquids with low surface tensions cannot be avoided in this case,
and relatively low contact angles and high CAH are obtained on this surface. Fig. 3.10c
shows the illustration of the simultaneous introduction of micrometer-scale etch pits and
nanopores by chemical etching and anodizing of aluminum mesh, respectively. In this
case, the hexane penetration occurred into etch pits vertical to the ground to the depth
where the complex re-entrant curvature is present on the aluminum wire surfaces, while
effectively suppressed by oblique etch pits on the aluminum wire sidewalls, and the
liquid-solid contact area was limited by mesh pores 150 um in diameter. Thus, the low
CAH of <3° on the surface with triple-pore hierarchical morphology even for hexane may
be associated with its limited solid-liquid contact area.

Kota et al. reported that the apparent contact angles of liquids on hierarchically
structured surfaces could be determined by the following equation [13]:

cos 0, = (1 - fLV,n) cosp—1 — fLvn (3.2)

Here, n = 1, 2, 3, 4 and so on, and is the number of scales of texture, fiv, » is the area
fraction of the liquid-air interface for the nth scale of texture, and 6, and 0,1 are the
apparent contact angles on hierarchically structured surfaces with n and n — 1 scales of
texture, respectively. It is evident from the equation that 8, increased as the number of
scales of texture n increases. The increased advancing contact angle on the present triple-
pore hierarchical morphology compared to the chemically etched aluminum mesh with
only microscale pits is qualitatively consistent with this equation.

Fig. 3.11 shows the changes in the advancing contact angles and CAH with the

surface tension of the liquid on the aluminum mesh surfaces with triple-pore hierarchical
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morphologies and various etch pit sizes. The advancing contact angles and the CAH for
liquids with surface tensions of >25 mN m™ are almost independent of the size of the etch
pits (HCI concentration), but the size of the etch pits have a significant influence on the
CAH for the liquids with surface tensions of <25 mN m™; the CAH decreases as the size
of the etch pits increases. Even if the triple-pore hierarchical morphologies are developed,
the difference in pore sizes affects the wettability, although the advancing contact angle
is not influenced by the size of the etch pits as expected from eq. 3.2. It is likely that the
suppression of liquid penetration into micrometer etch pits becomes more difficult for the
smaller etch pits because the penetration pressure of liquid into etch pits increases as the

size of etch pits decreases as well as hierarchically rough aluminum plate.

3.3.3 Application to oil/water separation

By coating the triple-pore aluminum mesh with an FAP monolayer,
superoleophobicity for practically any liquid is achieved. The wettability is also
dependent upon the coating material, i.e., surface free energy of coated material. The non-
coated aluminum mesh showed contact angles of <10° for all liquids including water; the
non-coated surface was superhydrophilic and superoleophilic. Thus, all liquids passed
through the non-coated mesh readily. The TDP-coated aluminum mesh with —CHs
surface had a surface free energy of ~24 mN m, which was estimated from the Zisman
plot of the TDP-coated flat aluminum surface [14, 15]. The surface free energy obtained
was a typical value of -CHs terminated surfaces. As shown in Fig. 3.12a, the TDP-coated

aluminum mesh with triple-pore morphology is superhydrophobic with a contact angle
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for water of 157°. However, this surface did not show high repellency for oils; the contact
angles for both rapeseed oil and cyclohexane (y =25.3 mN m™') were lower than 10° (Fig.
3.12b). The higher surface energy of ~24 mN m™ for the TDP coating compared to that
for the FAP coating (7 mN m) changes the surface from superoleophobic (FAP coating)
to superoleophilic (TDP coating).

Since the TDP-coated aluminum mesh showed completely different wettability for
water (superhydrophobic) and oils (superoleophilic), the author attempted to use the
aluminum mesh for water/oil separation. When the aluminum mesh without any surface
treatment was used, both water and cyclohexane penetrated the mesh, and the water and
cyclohexane were not separated. In contrast, only cyclohexane penetrated through the
TDP-coated aluminum mesh with triple-pore morphology, and no penetration of water
through the mesh occurred. Thus, water and cyclohexane were almost completely
separated and collected in different containers (Fig. 3.13). Successful separation occurred
even when a mixture of water and rapeseed oil with high viscosity was used. However,
in this case, the aluminum mesh was wetted with the oils and was not easily cleaned after
separation.

Another successful water/oil separation was achieved by using non-coated
aluminum mesh with optimized triple-pore morphology. When the mesh was wetted with
water, it was found that no penetration of oil occurred through the mesh. Thus, the
separation treatment was performed using the non-coated aluminum mesh with triple-
pore morphology. In this case, only water passed through the mesh, and cyclohexane or

rapeseed oil did not (Fig. 3.14). The separation of water and oil was achieved with high
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efficiency. The mesh was coated with a thin water layer, and no contamination of the
mesh by oils occurred in this case. In this manner, the aluminum mesh with optimized
triple-pore morphology is suitable for the water/oil separation application.

Separating oil and water mixtures is of key importance for cleanup of the
environment after oil spillages. The present mesh with triple pore morphologies shows
completely different wettability for water and oil and hence shows effective separation of
these liquids. In addition, the mesh with the unique morphology could be prepared readily
simply by a combination of practical chemical and electrochemical processes. The
material is, therefore, promising for the development of new technologies to assist in the

cleanup of environments contaminated with oils.

3.3.4 Stability of super-repellent-hierarchically rough aluminum
surfaces

a) Thermal stability

The FAP-coated hierarchical dual-pore surface, chemically etched in the solution
containing 1 mol dm HCI and then anodized and pore-widened for 1200 s, was heated
in air at several temperatures for 1 h in order to examine the thermal stability of the present
superoleophobic surface. Fig. 3.15 shows the change in the advancing contact angle and
contact angle hysteresis with heat treatment temperature. The low contact angle hysteresis
less than 10° for rapeseed oil is maintained up to 125°C. Further heating at 175°C results
in the increase in the contact angle hysteresis to 23°, although the advancing contact angle

is still as high as 150°C for rapeseed oil. The surface becomes superoleophilic with
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advancing contact angle close to 0° after heating at 225°C. Thermal decomposition of the
fluoroalkyl coating may cause the thermal degradation. For water repellency, the thermal
degradation temperature appears to shift towards higher temperature by 50°C. Thus, the
surface becomes superhydrophilic after heating at 275°C. From XPS analysis the thermal
decomposition of FAP at this temperature was confirmed from the marked reduction of

fluorine concentration at the surface (Fig. 3.16).

b) The breakthrough pressure for a liquid droplet

Fig. 3.17 demonstrates bouncing water and dodecane droplets falling onto the
super-repellent aluminum plate surface formed by chemical etching in the solution
containing 1 mol dm™ HCI and anodizing and pore-widening for 1200 s, confirming
extremely high repellency even for liquids with low surface tensions. A falling droplet of
dodecane (surface tension of 25.3 mN m) does not penetrate the FAP-coated dual-pore
surface, rebounding off this surface. This dynamic liquid repellency demonstrates the
robustness of the composite interface on the dual-pore surface even for liquids with low
surface tensions.

When a liquid droplet of density p is dropped under gravity from a height h, it
impacts the solid surface with a breakthrough pressure, Poreakthrough = pgh, which is the
minimum pressure that causes a transition from the Cassie-Baxter state to the fully wetted
Wenzel state [7]. This is also an important physical characteristic of superoleophobic
surfaces. Even at a height of 100 mm (Poreakthrough = 735 Pa), the surface did not show the

transition from the metastable Cassie—Baxter state to Wenzel state for dodecane. For
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octane, the metastable Cassie—Baxter state was stable up to the height of 50 mm
(Pbreakthrough = 343 Pa).

Fig. 3.18 shows the robustness of a hexane liquid droplet on hierarchical triple-pore
aluminum mesh as a function of HCI concentration (the size of micrometer etch pits). As
shown in Fig. 2.5 (Chapter 2) the etch pits become larger with a decrease in the HCI
concentration. The higher Poreakthrough IS Obtained at a lower HCI concentration (larger pit
size), in agreement with the CAH. Even at a height of 50 mm (Poreathrough = 343 Pa), the
surface formed at 1 mol dm HCI did not show the transition from the metastable Cassie-

Baxter state to the Wenzel state even for hexane.

c) Mechanical stability

For an application of superoleophobic surfaces in an outdoor atmosphere for long
time, the mechanical stability against airborne particles, is of crucial importance. In this
study, the mechanical stability was evaluated by dropping lots of glass beads with
diameter of 0.5~0.7 mm and weight of ~0.25 mg from the height of 10 cm. Fig. 3.19
shows the change in the advancing contact angle and contact angle hysteresis as a function
of dropping number of glass beads (50 g and ~20,000 beads per cycle). The
superhydrophobic and superoleophobic properties can be maintained even after dropping
beads 3 times, maintaining the advancing contact angles and contact angle hysteresis for
water and hexadecane ~160° and <10°, respectively. However, after >4 times, the contact
angle hysteresis increases to >10° for both water and hexadecane, resulting in loss of the

superhydrophobic and superoleophobic properties. Fig. 3.20 shows scanning electron
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micrographs on hierarchical dual-pore aluminum surface after 0-5 times of dropping of
glass beads (50 g). The surface morphologies were almost similar to original one after 3
times of dropping, but the fraction of flat areas increases after dropping beads >4 times.
SEM backscattering electron images shown in Fig. 3.21 disclose the presence of light
appearance regions in the flat surface areas, probably indicating the damage of the FAP-
coating. In these regions, the aluminum oxide surface is exposed, becoming one of the
reasons for the degradation of the superoleophobicity. Since 50 g beads contain
approximately 20000 beads, the super-repellent surface was impacted by beads with 2500
times cm™ mathematically in this case. Thus, the super-liquid-repellent properties can be
maintained even after approximately 7500 times cm™ of impacts by free fall of glass

beads from a height of 10 cm.

3.4 Conclusions

In this chapter, the surface wettability of hierarchical aluminum specimens
prepared in Chapter 2 were evaluated after organic monolayer coating. The FAP-coated
surfaces with optimized hierarchical multi-pore structure show super-repellency even for
hexane with the surface tension as low as 18.4 mN m!. The size of the micrometer etch
pits and nanopore porosity greatly influence the CAH for liquids with lower surface
tensions, while hardly affect the wettability to water. The preparation process of the
hierarchical aluminum surface is simple, cost-effective and practically readily applicable.

In addition, the TDP-coated aluminum mesh with the hierarchical triple-pore
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geometry was superhydrophobic and superoleophilic; the mesh can be used successfully
for water/oil separation. The non-coated hierarchical mesh is also useful for the
separation; only water passes through the mesh in this case.

The thermal, mechanical, and chemical stabilities of superoleophobic aluminum
surfaces were also evaluated. The superoleophobicity degraded at >150°C due to
decomposition of FDPA monolayer coating. It was also confirmed the super-repellency
gradually decreased by impacting numbers of small glass beads because of partial surface

geometry destruction.
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Figure 3.3 The rolling-off behavior of rapeseed oil on etched aluminum surfaces with

and without pore widening for 1200 s.
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Figure 3.5 (a) Liquid droplets (2 mm diameter) on the fabricated super-oleophobic
surface: (1) rapeseed oil, (2) hexadecane, (3) dodecane, and (4) octane. (b) Advancing

contact angles and contact angle hysteresis for hexadecane, dodecane, and octane as a
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of surface tension of liquids.
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Figure 3.8 Advancing contact angles and contact angles for liquids with various
surface tension on the FAP-coated aluminum mesh with (4, <) nanopores, (H, [J)
micrometer etch pits, and (@, O) nanopores and micrometer etch pits and (A, A)
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Figure 3.10 Schematic illustrations showing liquid (hexane) penetration into pores on

aluminum plate (a) chemically etched and anodized and on aluminum mesh (b)

anodized and (c¢) chemically etched and anodized.
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Figure 3.13 Optical images of oil/water separation test using TDP-coated aluminum
mesh. Water was dyed with methylene blue.
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Figure 3.14 optical images of oil/water separation test using triple-pore hierarchical
aluminum mesh wetted with water. Water in the mixture was dyed with methylene
blue.
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Figure 3.18 Breakthrough pressure for hexane on the FAP-coated aluminum mesh with
triple-pore morphologies as a function of HCI concentration (the size of etch pits) in

the chemical etching solution.
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Figure 3.21 (a) Second-electron and (b) back-scattered electron SEM images of after
dropping beads (50 g) 5 times.
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Chapter 4

4.1 Introduction

As described in previous chapters, the author fabricated superoleophobic aluminum
surface by a combination of chemical etching, anodizing, pore widening and fluoroalkyl
monolayer coating. However, such super-liquid-repellent surfaces have low durability
because of low mechanical stability of the thin organic coating and highly rough
hierarchical surfaces. The degradation of organic coatings is critical issue for practical
applications of super-liquid-repellent surfaces.

The introduction of self-healing nature to superoleophobic surface is of recent
interest [1-5]. Wang et al. designed self-healing superoleophobic aluminum by utilizing
the nanopores formed by anodizing of aluminum as a “nanoreserviors” of healing agent
[5]. The superoleophobicity was healed by the transportation/enrichment of low-surface-
energy materials trapped in the nanoreserviors to the outmost surface, which is thermo-
dynamically driven by minimizing the surface tension. In accord with this report, it is
important that how much low-surface-energy materials can be infiltrated into
nanoreserviors. In order to obtain the sufficient self-healing property, the factors
influencing the self-healing behavior should be understood.

Herein, the author infiltrated a liquid healing agent into the nanoreserviors for self-
healing of damaged organic coating on the hierarchically rough aluminum surface, as
schematically illustrated in Fig. 4.1. The effect of morphological factors, such as
nanopore diameter and length, on the self-healing behavior was also discussed in this

chapter.
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4.2 Experimental
4.2.1 Formation of nanoporous surfaces

For fundamental understanding the role of the morphology of nanopores channels
on self-healing ability, cylindrical nanopores channels of different diameters and lengths
were formed by anodizing of electropolished aluminum under the different conditions.
The nanoporous alumina films were formed on aluminum plate (99.999% purity) by
anodizing in 0.3 mol dm® sulfuric or phosphoric acids at a constant voltage of 25 or 120
V, respectively, at 288 K for various periods of time. Prior to anodizing, the aluminum
plate was electropolished in solution containing perchloric acid and ethanol (1:4, v/v) at
a constant voltage of 20 V for 5 min below 278 K. As described in Chapter 1, the nanopore
diameter proportionally increases with the anodizing voltage [6, 7], but high anodizing
voltage exceeding 100 V cannot be applied in sulfuric acid electrolyte because of burning
phenomenon. To form an anodic film with a large pore diameter, phosphoric acid was

used as electrolyte in addition to sulfuric acid.

4.2.2 Formation of dual-pore hierarchically rough surface

High-purity aluminum plate (99.999%) of 0.5 mm thickness was used as a substrate.
Prior to chemical etching, pre-treatment was carried out for the aluminum plate in 1
mol dm NaOH solution at 333 K for 120 s and subsequently in 1 mol dm= HNO; at 333
K for 180 s to remove a native oxide layer. Chemical etching was carried out by
immersing the plate in a mixture of 0.2 mol dm CuClz and 1 mol dm™ of HCI at 298 K

for a 6 min. After chemical etching, specimen was rinsed with concentrated HNOs to
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remove the copper deposited on the surface. Then, the etched aluminum specimen was
anodized in 0.3 mol dm™ H,SO4 at a constant voltage of 25 V for 1200 s at 288 K.
Subsequently, the size of the nanopores in the anodic alumina layer was controlled by the

subsequent pore widening treatment in 5 wt% HsPO4 at 303 K for suitable time.

4.2.3 Organic monolayer coating and infiltration of low-surface-
tension molecules in nanopores

An organic self-assembled monolayer was coated on the specimens by immersing
in ethanol containing 1 mmol dm® 1H,1H,2H,2H-perfluorodecyl phosphonic acid
(FDPA) for 24-48 h at room temperature after cleaning the anodized specimens using a
plasma cleaner (Harrick Plasma Co., PDC-32G), by which a contaminant hydrocarbon
layer was removed from the surfaces. Then, in order to infiltrate the low-surface-tension
molecules, specimens were immersed in hexane containing 20 vol% 1H,1H,2H,2H-
perfluorodecyltriethoxysilane (FAS) for 1 min at room temperature. The FAS is liquid at

room temperature.

4.2.4 Characterizations

Before and after infiltration of FAS, the elemental depth profile analysis of the
specimens were performed by grow-discharge optical emission spectroscopy (GDOES)
using a Jobin Yvon 5000 RF (HORIBA Ltd.) instrument in a neon atmosphere of 1100
Pa by applying a power of 35 W. Light emissions of characteristic wavelength were

monitored throughout the analysis with a sampling time of 0.01 s to obtain depth profiles.
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The wavelength of the spectral lines used were shown in Table 4.1. The signals were
detected from a circular area of approximately 4 mm diameter. The morphological images
were taken by field emission scanning electron microscope (FE-SEM, JEOL Ltd., JSM-

6500F) operated at 10 kV.

Table 4.1 The wavelength of the spectral lines for GDOES analysis

Elements H C 0] F Al P Si

Wavelength (nm) ~ 121.567 165.701 130.217 685.601 396.152 178.287 288.158

4.2.5 Wettability evaluations

Surface wettability was evaluated by static contact angle measurements for water
or hexadecane (4 uL) using an optical contact angle meter (Kyowa Interface Science Co.,
DM-CEL1). Self-healing property was evaluated by static and dynamic contact angle
measurements immediately after irradiation of Oz plasma for 2 min and also after
subsequent air exposure in the atmosphere at room temperature for a suitable period of

time.
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4.3 Results and discussion
4.3.1 The effect of anodic nanopore diameter on the self-healing
property

Fig. 4.2 shows the surface and cross-sectional SEM images of the aluminum plate
anodized in sulfuric and phosphoric acids. Numbers of nanopores with diameters
approximately 40 nm or 160 nm were formed on entire surfaces anodized in sulfuric and
phosphoric acids, respectively. The thickness of the anodic films were both
approximately 3 pm. Thus, the porous anodic alumina films with different diameters and
same thickness were formed.

Fig. 4.3 shows the effect of nanopore diameter on the self-healing property. The
static contact angle for a water droplet was approximately 130° after FDPA coating and
subsequent infiltration of FAS in nanopores. This value is similar to that before FAS
infiltration. The irradiation of O2 plasma for 2 min changed the surface to hydrophilic
with the contact angles less than 10° on both surfaces. However, the water contact angles
increased during air exposure for longer than 1 h, when the FAS was infiltrated in the
nanopores. In contrast, no recovering of the contact angle occurs without FAS infiltration.
Thus, the recovering of the contact angle is associated with the FAS infiltration into the
nanopores. Fig. 4.3 also shows that the recovering contact angle after air exposure is
dependent upon the pore size. The contact angle increased to the original level (~130°)
on the surface anodized in sulfuric acid (small nanopores) within 1 h, while the recovering
only to 63° occurs for the specimen anodized in phosphoric acid (large nanopores) even

after air exposure for 8 h.
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To elucidate the pore-size-dependent self-healing properties, the amount of the
infiltrated FAS was estimated from the GDOES depth profile analysis. Fig. 4.4a shows
GDOES elemental depth profiles of FAP-coated hydrophobic porous alumina film with
smaller nanopores before and after storage of FAS molecules in nanopores. After FAS
infiltration, the intensities of carbon, fluorine and silicone derived from FAS increased,
indicating the presence of FAS molecules in the nanopores. Similar depth profiles were
obtained for the specimen with larger pores, but the intensities of elements (C, Si, P and
F) derived from FDPA and FAS were rather low compared with those with the smaller
pores (Fig. 4.4b). The reduced intensities for the specimen with the larger pores are
associated with the lower surface area. From the number density of nanopores, the
diameter and length of nanopores, obtained from the SEM observations (Figs. 4.2), the
surface area was roughly estimated. The surface area estimated for the smaller-pore
specimen is approximately 3.2 times that for the larger one. This value is close to the ratio
of the integrated fluorine (3.6) and phosphorous (3.4) intensities of GDOES depth profiles
for the smaller-pore specimen relative to those for the larger-pore one before FAS
infiltration. Therefore, the amount of FAS infiltrated into the nanopores is almost
proportional to the area of pore wall surface, not the pore volume, since the pore volumes
of these two specimens are similar.

Fig. 4.5 illustrates the self-healing process. The FAS may be present by coating
pore walls as well as storing at the pore bottom, from the GDOES depth profiles, with the
former amount probably predominant. As a consequence, the healing durability is

enhanced with an increase in the surface area of the pore walls. The liquid FAS is likely
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transported to the damaged surface along with the pore wall because of a good affinity of
FDPA surface and FAS, both of which have a fluoroalkyl moiety. The evaporation of
FAS may also contribute to the healing of the damaged surface.

Fig. 4.6 shows the GDOES elemental depth profiles of the FAS-infiltrated
specimens before and after O, plasma irradiation. Obviously, the intensities of fluorine
and carbon at the outermost surface decreases after the plasma irradiation, contributing
to the transition of the surface to hydrophilic. However, the intensities of all the elements
examined remain almost unchanged by the plasma irradiation. The FAS in the nanopores

appear not to be damaged by the plasma.

4.3.2 The effect of nanopore length on the self-healing behavior

Fig. 4.7 shows the surface and cross-sectional SEM images of porous anodic
alumina with several film thicknesses (i.e. nanopore length) formed in 0.3 mol dm
sulfuric acid electrolyte at a constant voltage of 25 V. The surface image shown in Fig.
4.7a is an example of alumina surfaces after anodizing and pore widening, which
displayed numbers of small nanopores with a diameter of 40 nm. The diameter was
controlled to this value for all the specimens with different film thicknesses. The cross-
sectional SEM images disclose the change in the film thickness from 0.5 to 9 pm with
anodizing time (Figs. 4.7b-f). Thus, porous specimens with same nanopore diameter and
different pore lengths were fabricated.

Fig. 4.8a shows the effect of nanopore length (porous film thickness) on the self-

healing behavior. All the FAS-infiltrated specimens are hydrophobic with a contact angle
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of approximately 130°. Again, the O, plasma irradiation for 2 min decreased the water
contact angle to lower than 10°, but all the FAS-infiltrated specimens showed self-healing
behavior; the water contact angles increased within 1 h. There was little dependence of
nanopore length on the self-healing property for the specimens with pore length of 1.5-9
um and the contact angles were almost completely recovered to the original value. Only
the specimens with a pore length of 0.5 pm showed limited recovering of the contact
angle (~110°). The lower amount of FAS infiltrated in the shorter nanopores may be the
reason for the limited recovering. The recovering of the contact angle for the specimen
with the nanopores of 160 nm in diameter and 3 pm thickness is lower than that of 40 nm
in diameter and 0.5 um thickness. Since the surface area of the former specimen is 1.7
times that of the latter specimen, it is likely that the former larger surface area of the
nanopores contributes to the better recovering.

The repeatability of self-healing hydrophobicity was also examined. The results are
shown in Fig. 4.8b. When the cycle of 1) Oz plasma irradiation for 2 min and 2) air
exposure in the laboratory atmosphere at room temperature for longer than 1 h was
repeated, all the specimens with different pore lengths showed similar recovering of the
contact angle to >120°. However, lower recovering contact angles are obtained for the
specimens with shorter nanopore lengths at cycles higher than 3. Thus, longer nanopores,
which can infiltrate larger amounts of FAS, are preferable for better self-healing

durability.
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4.3.3 The self-healing superoleophobicity using dual-pore hierarchi-
cally rough aluminum surface

The author also examined the self-healing property of the dual-pore hierarchically
rough superoleophobic aluminum surface. Compared with the specimens used in Chapter
3, the etched aluminum was anodized for 1200 s to form longer nanopores to ensure the
longer healing cycles in accord to the results obtained above. Figs. 4.9 shows SEM images
of the hierarchical dual-pore aluminum surface fabricated by wet processes including
chemical etching, anodizing and pore widening. It was confirmed that numbers of
micrometer-scale etch pits and nanopores were formed on the surface. As described in
the previous chapters, the surface with this morphology can be superoleophobic after
fluoroalkyl organic coating. Fig. 4.10 shows the self-healing property of the
superoleophobic dual-pore hierarchical aluminum specimen. After O plasma irradiation,
the superoleophobic surface changed to superoleophilic as well as Fig. 4.3 and 4.7a.
However, the contact angle and contact angle hysteresis were recovered to the original
level (~160° and ~5°), respectively, during air exposure for 1 h at room temperature. A
hexadecane droplet (5 puL) was readily rolled off the surface with a sliding angle of <5°
after FDPA coating, as displayed in Fig. 4.11a. However, a hexadecane droplet quickly
spread on the surface as soon as contact, changed from superoleophobic to oleophilic
after O. plasma irradiation for 2 min due to FDPA decomposition (Fig. 4.11b). After
subsequent air exposure for >1 h, the superoleophobicity regenerated with a sliding angle

of <5°, which is the original level, resulting in the self-healing property (Fig. 4.11c). In
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addition, the cycle of this wettability transition can be repeatable even eight times, as
shown in Fig. 4.12.

As discussed in 4.1, self-healing superoleophobicity using hierarchically rough
anodized aluminum surface was reported by Wang et al [5]. They used infiltrated
perfluoroctanoic acid for healing agent and self-healing was confirmed by heating the
damaged specimen at room temperature, but healing time of nearly 40 h was required.
The healing was accelerated by heating at 70°C and the healing time was reduced to 6 h.
Much shorter healing time of ~1 h is obtained even at room temperature in the present
study using the infiltrated FAS as a healing agent. In addition to the morphology, the
selection of healing agent is of importance for self-healing of the superoleophobicity

under the exposed conditions of the materials.

4.4 Conclusions

In this chapter, the effect of geometrical factors on the self-healing property of the
FDPA-coated rough aluminum surfaces with infiltrated FAS molecules for liquid
repellency was examined. The self-healing behavior is influenced by the diameter and
length of cylindrical nanopores; smaller and longer nanopores are suitable for durable
self-healing. The nanopores surface are, not pore volume, appears to be a controlling
factor of the self-healing properties. The FAS-infiltrated superoleophobic hierarchically
rough aluminum surface shows completely self-healing superoleophobicity. The O2

plasma treatment changes the surface from superoleophobic to superoleophilic with a
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contact angle close to 0° for hexadecane as well as water. The simple air exposure for >1
his sufficient to recover the superoleophobicity. Thus, the FAS infiltration is as suitable
method to provide self-healing nature to the superoleophobic dual-porous hierarchical

surfaces.
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Figure 4.2 (a, ¢) Surface and (b, d) cross-sectional SEM images of porous alumina
films anodized in 0.3 mol dm™ (a, b) sulfuric or (c, d) phosphoric acids at constant
voltages of 25 or 120 V for 20 or 60 min and then pore-widened in 5 wt% phosphoric

acid for 20 or 60 min at 303 K, respectively.
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Figure 4.11 Optical images showing the sliding behavior of a hexadecane droplet (5

uL) on the hierarchical dual-pore aluminum surface coated FDPA (a) immediately
fabricated, (b) after O, plasma irradiation for 2 min, and (c) exposed in an atmosphere
for >1 h after Oz plasma irradiation.
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Chapter 5

5.1 Introduction

Thin organic coatings, including self-assembled fluoroalkyl monolayers, have been
often introduced on rough metallic or inorganic substrates for superoleophobicity, as also
discussed in the previous chapters. However, such thin organic layers are readily damaged
chemically and mechanically. Thus, improving the durability is the most important and
challenging issue for superoleophobic surfaces. In the previous chapter the author
demonstrates the self-healing of superoleophobicity by infiltration of a healing organic
agent into the pores. In this chapter, an attempt has been made to obtain
superhydrophobicity without using organic coatings.

As introduced in Chapter 1, Azimi et al. reported that rare-earth oxide (REO)
surfaces show stable hydrophobicity after heat treatment up to 1000°C without any
organic coating due to their unique electronic structure [1]. They demonstrated that water
droplets could bounce on the surface of REO films formed by magnetron sputtering on
silicon wafer. Moreover, they also revealed that REOs become superhydrophobic with
textured morphology. These inorganic REOs are thermally and mechanically more stable
compared to organic materials, promising as a novel durable hydrophobic coating.
Therefore, hydrophobic REOs are of recent interest [2-5]. Most of the reports preparing
hydrophobic REO coatings utilized dry processes such as sputtering [2] or atomic layer
deposition [5]. Electrochemical deposition process is a simple, cost-effective and more
practical method for oxide coatings [6]. This process also allows us to form a uniform
oxide layer on rough and even porous substrates, suitable for fabrication of hierarchically

rough superhydrophobic surfaces.
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In this chapter, the CeO» coating was prepared by anodic deposition on flat and
hierarchically rough stainless steel surface. The rough stainless steel surface was prepared
by electrochemical etching, such that only electrochemical processes were used for
surface preparation. Then, the surface wettability for water was evaluated by measuring
static and dynamic contact angles. The self-healing properties of the hydrophobic surface

was also examined.

5.2 Experimental
5.2.1 Specimen preparation

Type 304 stainless steel plates or meshes (with 300, 500, 640 and 795 mesh)
composed of 17-19 wt.% Cr, 8-11 wt.% Ni, <2 wt.% Mn, <1 wt.% Si and Fe balance
were used as substrate in this study. Prior to electrochemical etching and anodic
deposition, the plate substrate was electropolished in solution containing HClO4 and
ethylene glycol (1:9 v/v) at 20 V for 5 min below 283 K. Electrochemical etching of the
plate was performed in solution containing 1.2 wt% HNO3 and 3.6 wt% HCI at a constant
current density of 1 A cm™ for 200 s at 313 K [7]. For mesh specimens, etching was
conducted at 1 A cm for 1 min in order to prevent excess etching of specimens. Anodic
deposition was carried out at a constant current density of 1 A cm™ in solution containing
0.01 mol dm™ Ce(NOs)3 and 0.05 mol dm™ hexamethylenetetramine (pH 6.7) for 60 min
at 333 K. The rather low concentration of Ce(NOs3)3; was selected to form a thin coating

to maintain the textured morphology developed by electrochemical etching. A two-
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electrode cell with a Type 304 stainless steel counter electrode was used for anodic
deposition. For comparison, we also prepared a barrier-type anodic alumina film on
aluminum plate (99.999% purity). Prior to anodizing, an aluminum plate was
electropolished in solution containing HCIO4 and ethanol (1:4, v/v) at a constant voltage
of 20 V for 5 min below 278 K. Then, the specimen was anodized in 0.1 mol dm™
ammonium pentaborate ((NH4)2B10O16) at a constant current density of 5 mA cm™ up to
200 V at 293 K, using a two-electrode cell with a platinum counter electrode. The alumina

surface thus prepared was smooth and flat, as reported previously [8].

5.2.2 Characterizations

The surface and cross-section of the specimens were observed by a JEOL JSM-
6500F field emission scanning electron microscope (SEM) and a JEOL JEM-2000FX
transmission electron microscope (TEM) with EDS facilities, respectively. The cross-
sectional specimen was prepared by focused gallium ion beam processing with a JEOL
JIB-4600F/HKD multibeam system. Surface roughness was also evaluated using a
KEYENCE VKO09700 laser microscope. Phases in the anodically deposited CeO: layer
formed on the stainless steel surface were identified by X-ray diffraction using a Rigaku
RINT-2000 diffractometer with Cu Ka radiation (4 = 0.15418 nm). An a-26 scan mode
with o = 1° was used in this study. Elemental depth profile analysis was carried out by
glow discharge optical emission spectroscopy (GDOES) using a Jobin-Yvon 5000 RF
instrument in an argon atmosphere of 700 Pa by applying a power of 30 W. Light

emissions of characteristic wavelength were monitored throughout the analysis with a
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sampling time of 0.01 s to obtain a depth profile. The wavelength of the spectral lines
used were 413.717 nm for cerium, 130.217 nm for oxygen, 385.991 nm for iron, 425.433
nm for chromium, 341.477 nm for nickel and 165.701 nm for carbon. The signals were
detected from a circular area of approximately 4 mm diameter. The X-ray photoelectron
spectra of the anodically deposited CeO> and anodic alumina surfaces after air exposure
for 1, 7 and 12 h in a laboratory atmosphere were measured using a JEOL JPS-9200
spectroscope with Mg Ka excitation (hv = 1253.6 eV). Binding energies of the

photoelectrons were calibrated with a contaminant carbon peak energy (285.0 eV).

5.2.3 Wettability evaluation

Surface wettability was evaluated by static and dynamic contact angle
measurements for water droplet (4 pL) on specimen surfaces by a Kyowa Interface
Science DM-CE1 contact angle measurement system after air exposure for various
periods of time in a laboratory atmosphere. Dynamic contact angle measurements were
performed by an expansion and contraction method. Contact angle values used in this
study were average data of five different points on each specimen.=

For examination of the self-healing hydrophobicity, oxygen plasma was irradiated
for 4 min using a Harrick Plasma PDC-32G air plasma cleaner to the hydrophobic CeO2
surface specimen in order to decompose organic contaminants on the surface. Then, water
contact angle (WCA) was monitored during subsequent air exposure. This process was

repeated several times.
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5.3 Results and discussion
5.3.1 CeO: coating on stainless steel plate

Figs. 5.1a and 1b show SEM micrographs of the surface of the electropolished
stainless steel plate after anodic deposition of CeO,. The surface appears rather smooth
at low magnification (Fig. 5.1a), while high magnification micrograph (Fig. 5.1b)
discloses that the coating consists of densely packed nanoparticles with 10-15 nm in
diameter. In Fig. 1a, microcracks are also found in the coating, probably associated with
the shrinkage of the coating, which is caused by dehydration of the anodically deposited
coating during drying [9]. Kulp et al. deposited anodically CeO2 at 0.5 and 1.1 V vs
Ag/AgCl in Ce(Ill) acetate solution, and obtained a smooth and crack-free film at 0.5 V
vs Ag/AgCl, while a film consisting of nanoparticles was formed at 1.1 V vs Ag/AgCl
[10]. They reported that the nanoparticles were formed because of indirect oxidation of
Ce(III) with O2 by electrochemical oxidation of water. The presence of nanoparticles in
the present coating suggests such indirect mechanism of the formation of CeO,. TEM
observation of the coating cross-section (Fig. 5.1c) reveals that the coating is
approximately 60 nm thick and uniform in thickness. EDX analysis of the marked region
in Fig. 5.1c indicated the atomic ratio of Ce:O close to 1:2, corresponding to the
composition of CeOz. Figs. 5.2 shows the X-ray diffraction pattern and GDOES elemental
depth profile of the anodically deposited CeO- on the electropolished stainless steel plate.
Only a CeO; phase (JCPDS card 34-0394) is identified from the X-ray diffraction pattern,
apart from the reflections from the stainless steel substrate (Fig. 5.2a). The species (Fe,

Ni and Cr) derived from the stainless steel substrate are not detected within the coating

120



Fabrication of Self-Healing Superhydrophobic
CeO: Surface by Practical Electrochemical Processes

in the GDOES elemental depth profile analysis (Fig. 5.2b). Thus, rather pure CeO:> is
deposited on the stainless steel, although, from the depth profile, hydrogen and carbon
impurity species appear to be slightly incorporated in the coating. The incorporated
carbon species may be derived from hexamethylenetetramine added in the coating
solution.

Then, the wettability of the CeO2-coated specimen was examined by static contact
angle measurements. Figs. 5.3 shows the WCAs and optical photographs of water
droplets on the surfaces of the CeO; coating on electropolished stainless steel and the flat
alumina film formed by anodizing of aluminum as a function of air exposure time. The
WCA of the CeO2 coating on the flat stainless steel is only 20° immediately after
deposition; the anodically deposited CeO; is hydrophilic. This is contrast to the
hydrophobicity of the magnetron-sputtered CeO> surface [1]. However, the WCA
gradually increases with time of air exposure and reaches ~104° after three days. This
means that the CeO: surface changes from hydrophilic to hydrophobic during air
exposure. On the other hand, the WCA on the alumina surface remained hydrophilic even
after three days.

In order to examine the change in composition of the CeO> and Al2Os surface
during air exposure, XPS surface analysis was performed. Figs. 5.4a-c show the Ce 3d,
O 1s and C 1s photoelectron spectra of the CeO: surface. The Ce 3d spectra in Fig. 5.4a
are composed of two multiplets (i.e., v and u), which correspond to the spin orbit split
3ds, and 3ds., respectively. In accord with previous reports [11-15], the v, v*, v’’, u, u”

and u”” peaks are attributed to Ce*" state, while the v’ and u’ peaks are assigned to Ce**
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state. The intensity of all the Ce 3d peaks slightly decreases with time of air exposure.
This is because of covering coating surface by hydrocarbon contaminants, as described
below.

The O 1s spectra reveal two peaks at 529.5 eV and 531.4 eV, the former is assigned
to Ce-O-Ce and the latter to —OH/H>O oxygen, defective oxide or carbonate oxygen,
respectively [11, 16, 17]. The presence of surface ~-OH/H>O species probably make the
surface hydrophilic. During air exposure, the intensity of —OH/H,O peak decreases
slightly. The most significant change in the spectra was found in C 1s spectra during air
exposure. The contaminant hydrocarbon peak at 285.0 eV becomes intense largely during
air exposure, indicating the accumulation of hydrocarbon layer on the CeO; surface. A
small peak at 289.0 eV is assigned to carboxyl or carbonate species [18, 19], whose
intensity remains almost unchanged.

The change in the XPS spectra of the Al,O3 surface during air exposure was also
examined (Figs. 5.4d-f). The Al 2p spectra shows a peak at 74.3 eV, corresponding to Al**
state [20]. A broad O 1s peak is owing to overlapping of AI-O-Al (530.9 eV) and OH/H20
(531.8 eV) peaks. The intensity of the C 1s hydrocarbon peak (285.0 eV) increases with
air exposure, but the increase in the intensity for Al>Os surface is much less than that on
the CeO: surface. As a consequence, only CeO: surface changes from hydrophilic to
hydrophobic during air exposure.

Preston et al. reported the hydrophobicity of a CeO; pellet after air exposure for
long time, similar to this study [4]. According to their report, a hydrophilic CeO, pellet

surface conversed to hydrophobic due to adsorption of hydrocarbon contaminants
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compared to silica or gold surfaces; the WCA reaches 90° after air exposure for 96 h. In
addition, this trend has been shown for a variety of non-noble metal oxide materials
including zirconia and titania, and occurs due to physisorption of hydrocarbons to —-OH
groups and other energetically favorable sites present on the surface, where physical or
chemical interactions are possible. In other words, hydrocarbon in the atmosphere can be
adsorbed on the surface with high density of —OH groups [4, 21]. Thus, it is likely that
the difference of wettability behavior between CeO:-coated stainless steel and flat
anodized alumina is owing to the difference of the amount of —OH groups on the surfaces.
The anodically deposited CeO: surface may contain a high density of surface -OH group,
promoting the accumulation of hydrocarbon contaminants from air. As a consequence,
the surface becomes hydrophilic in air exposure. In fact, the deconvolution of O 1s spectra
showed that approximately 40% of oxygen was —OH/H>O-type on the as-deposited CeO>

and that on the as-formed Al,O3 was only ~10%.

5.3.2 Introduction of surface roughness of CeO2 for superhydro-
phobicity

Since the WCA as high as ~104° is obtained by anodic deposition of CeOz on the

flat stainless steel surface, we tried to introduce surface roughness to make the surface

superhydrophobic [22]. The rough surface was developed in this study by electrochemical

etching of stainless steel prior to CeO> deposition. Figs. 5.5 shows SEM micrographs of

the electrochemically etched stainless steel surface before and after CeO> deposition.

Numbers of semi-spherical large etch pits with several sizes of 50-100 um (Fig. 5.5a), ~5
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um and 0.1-0.5 um (Fig. 5.5b) are formed by the etching. Such surface morphology was
remained even after deposition of CeO», and from the comparison of the high
magnification images obtained before and after deposition (Figs 5.5¢ and 5.5f), 10 nm
scale roughness is further introduced after the deposition because of the formation of
nano-particular CeO,.

Fig. 5.6 shows the change in WCA on CeO:-coated flat and etched stainless steel
surface with air exposure time. Immediately after deposition, the CeO surface on the
etched stainless steel is again hydrophilic, and the WCA is as low as 13°, which is lower
than that on flat stainless steel (20°). The lower WCA on the etched specimen is explained
from the Wenzel equation [22]:

cosOr = RcosOr (D

in which 6r and Or are the WCAs on rough and flat surfaces and R is the roughness factor
(R >1). This equation indicates that fr decreases with surface roughening when the 6r is
less than 90°. Thus, the reduced WCA of the CeO: coating on the etched stainless steel in
comparison with that on the flat stainless steel is qualitatively explained by surface
roughening. After air exposure for 3 days, the WCA reaches 130° on the etched specimen,
being higher than that on the flat specimen (104°). The R value estimated from the
equation 1 is 2.66. The roughness was also estimated using a laser microscope, which
indicated the roughness factor of 2.57. These two values are close to each other,
suggesting that the water droplet on the CeO; coating on the etched stainless steel is in
the Wenzel state. The roughness is not high enough for superhydrophobicity.

On the superhydrophobic surface, on which a water droplet is readily rolling off, a
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Cassie-Baxter state must be achieved. In this case, air pockets are present between the
water droplet and the rough solid surface. Because of the reduced liquid/solid contact area,
the water is rolling off more readily in comparison with the Wenzel state, in which all the
rough solid surface is contacted with liquid. To obtain a superhydrophobic CeO> surface
by further enhancing the surface roughness, we utilized stainless steel mesh (mesh
opening of 15 pm and wire diameter also of 15 um) as substrate. Figs. 5.7 shows scanning
electron micrographs of the etched and non-etched stainless steel mesh with and without
CeO: coating. The electrochemically etched mesh (Figs. 5.7a-c) discloses surface
roughness and the grooves developed by the etching extends along with the wire direction
(Fig. 5.7b). The roughness is remained even after CeO> deposition (Figs. 5.7d-f) and
further nanoscale roughness is introduced by nanoparticle nature of CeO>. High
roughness of the etched mesh with CeO: is obvious from the comparison with the non-
etched counterpart (Figs. 5.7g-1).

Fig. 5.8a shows the WCAs on the CeOz-coatings on various stainless steel
morphologies after air exposure for 3 days. The WCA on the CeO-coated stainless steel
mesh without etching is only 121.3°, which is lower than that on the etched stainless steel
plate. The electrochemical etching of the stainless steel mesh increases the WCA
remarkably and the WCA reaches 155.7°. The dynamic WCA was also measured for the
CeO: coated on the etched stainless steel mesh. The advancing and receding contact
angles were 159.4° and 157.4°, respectively and the contact angle hysteresis is as low as
2.0° (Fig. 5.8b); the surface is superhydrophobic.

Fig. 5.9 shows the schematic illustration showing the wetting behavior of the CeO2

125



Chapter 5

surface coated on etched stainless steel plate and mesh. The coating on the etched stainless
steel plate was hydrophobic but not superhydrophobic. As discussed above, the surface is
in the Wenzel state (Fig. 5.9a) [22]. Similarly, the CeO; coating on the stainless steel mesh
without electrochemical etching is hydrophobic from the WCA shown in Fig. 5.8a, but
not superhydrophobic. Rather smooth wire surface of the mesh allows water to penetrate
through the mesh.

On the other hand, it is most likely that the CeO> coating on the etched stainless
steel mesh surface was in the Cassie-Baxter state due to superhydrophobicity, as shown
in Fig. 5.9¢c. Assuming the Cassie-Baxter state, the f value in the equation (2) is estimated
to be as low as 0.12 from the Or and 6r values of 155.7 and 104.1, respectively [23].

cos Or =f (1 + cos 6F) -1 2)
This f value suggests that only a limited part of the mesh wires, roughly 4 um width of
the top part of the mesh wire, may be in contact with water droplet. Pinning of the water
droplet by surface roughness of the mesh introduced by electrochemical etching is

effective in achieving the superhydrophobic state.

5.3.3 Self-healing property of superhydrophobic CeO:2 surface

Since the superhydrophobic CeO: surface was obtained by accumulation of a
carbon contaminant layer from the atmosphere, superhydrophobicity will be self-healed
even after removing the hydrocarbon surface layer. In this study, we examined the self-
healing behavior after oxygen plasma treatment of the superhydrophobic CeO: surface.

As shown in Fig. 5.10, the high WCA of >150° changes to ~0° after oxygen plasma
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treatment, probably because of the decomposition of the contaminant hydrocarbon layer
and the introduction of surface —OH group by oxygen plasma [24, 25]. However, the
WCA recovers again to >150° during air exposure for 72 h, and the superhydrophilic to
superhydrophobic transition due to re-accumulation of contaminant hydrocarbons occurs
repeatedly as shown in this figure. Findings demonstrate that the present CeO> coating
possess the self-healing nature of superhydrophobicity.

Low durability is one of the critical issues for the practical use of superhydrophobic
materials. Self-healing property is, therefore, of crucial importance to enhance the
durability [26-30]. The present superhydrophobic CeO> surface on the stainless steel
mesh showed the self-healing property because hydrophobic surface layer is derived from
hydrocarbon in the atmosphere. In addition, rough CeO- surface is readily prepared by a
combination of simple electrochemical processes. The hierarchical CeO; surface formed
by the electrochemical approach is, therefore, promising as a practical self-healing

superhydrophobic material.

5.3.4 Application to oil/water separation

Since the etched stainless steel mesh with CeO: coating is superhydrophobic and
superoleophilic as shown in Figs. 5.11a and 11b, we attempt to apply the CeO»-coated
stainless steel mesh for oil/water separation. When a mixture of oil (cyclohexane: surface
tension, y = 25.3 mN m') and water (y = 72.8 mN m™!) was poured onto the etched
stainless steel mesh coated with CeO2, only cyclohexane penetrated through the mesh,

but no penetration of water occurred, resulting in almost complete oil/water separation
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(Fig. 5.11¢). Thus, we succeeded in separating an oil/water mixture by electrochemical
etching and CeO» coating without low-surface-tension treatment by another coating such

as organic self-assembled monolayers.

5.4 Conclusions

In summary, CeO> coating anodically deposited on a flat stainless steel surface was
hydrophilic immediately after deposition, while converted to hydrophobic after exposure
to the atmosphere. This wettability transition is due to accumulation of hydrocarbon
contaminant in air. Superhydrophobic CeO; surface is obtained by the deposition of CeO-
on the electrochemically etched stainless steel mesh with sufficiently high roughness after

air exposure. The superhydrophobic CeO; surface also exhibits self-healing property.
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Figure 5.6 The WCAs on stainless steel plate with or without electrochemical etching

after anodic deposition of CeO> coating as a function of air exposure time.
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Figure 5.7 SEM images of Type 304 stainless steel mesh surfaces (a-f)

electrochemically etched in solution containing 1.2 wt.% HNOs3 and 3.6 wt.% HCl at a
constant current density of 100 A m™ for 60 s at 313 K (a-c) before and (d-f) after CeO:
anodic deposition in solution containing 0.01 mol dm™ Ce(NOs); and 0.05 mol dm™
hexamethylenetetramine at a constant current density of 10 A m™ for 60 min at 333 K.
(g-1) Surface micrographs of CeO2-coated stainless steel mesh without etching. The
magnifications are (a, d) x500, (b, ) x10000 and (c, f) x100000, respectively.
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Figure 5.8 (a) The static WCAs on Type 304 stainless steel plate and mesh surfaces
with or without electrochemical etching and CeO- anodic deposition after air exposure
for three days. (b) Optical images of the water droplets during dynamic contact angle

measurement for etched stainless steel mesh with CeO> coating.
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Figure 5.11 Optical images of (a) water and cyclohexane droplets on superhydrophobic

Type 304 stainless steel electrochemically etched and anodically deposited CeO> and

(b) oil/water separation test.
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Chapter 6

This thesis was aimed to design and fabricate the super-liquid-repellent solid
surfaces even for low-surface-tension liquids less than 20 mN m™!' by a practical multi-
step wet process and propose the self-healing design to improve the durability super-
liquid-repellency. Based on the observations of morphological structure, the analysis of
surface composition and the evaluation of surface wettability by contact angle

measurement for several liquids, general conclusions are summarized in this chapter.

The author proposed micro/nano dual-porous surface morphology to design the
super-liquid-repellency. The nanopores channels, which were developed to normal to the
surface of micropores, were used to introduce a pinning effect for avoiding the penetration
of liquids into the pores. The dual-porous hierarchical morphology was fabricated by
chemical etching of aluminum, followed by anodizing in sulfuric acid and pore-widening
treatment in phosphoric acid. The advantage of the processes was that the size of micro-
pits developed by chemical etching and also the size of nanopores are controllable by
process conditions including the solution composition.

The micropits were formed by chemical etching in HCI + CuCl> mixed solution.
The pits size decreased with an increase in the HCI concentration from several
micrometers to submicrometers. The nanopores were introduced by anodizing of the
etched aluminum in sulfuric acid. The nano-pore size was controlled by the following
pore widening treatment in phosphoric acid from less than 5 nm to ~30 nm. The porosity
of the pit surface was then increased to more than 30%. In this manner, the micro-/nano-

dual pore surface morphology of controlled pore sizes were readily formed by the wet
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processes. The use of aluminum mesh with mesh opening of 150 um, instead of aluminum
plate, allowed to form triple porous morphology (Chapter 2).

After coating with fluoroalkylphosphate self-assembled monolayer (FAP) to
reduce the surface free energy, the wettability was examined. The coating converted the
surfaces from hydrophilic and oleophilic to hydrophobic and oleophobic. The etched
surfaces with the FAP coating is superhydrophobic regardless of the etch pit size and even
without nanopores. However, the presence of nanopores is of importance to
superoleophobicity for liquids less than 40 mN m'. The contact angle hysteresis for
rapeseed oil decreased to ~3° with an increase in the pore widening time, while the high
advancing contact angle of ~160° remained unchanged. The size of etch pits influenced
the liquids with the surface tension close to 20 mN m™!, such as octane (21.8 mN m™);
larger pit size was preferable to reduce the contact angle hysteresis. For liquids with
higher surface tensions the contact angle and contact angle hysteresis were little
influenced by the micro-pit size.

On the aluminum mesh surface with triple-pore hierarchical geometry, even hexane
with a surface tension as small as 18.4 mN m™' was repelled, compared with the lower
repellency on the dual-pore hierarchical aluminum plate surface. The higher degree of
hierarchy of the roughness is better for liquid repellency. The triple-pore hierarchical
aluminum mesh became superhydrophobic and superoleophilic by changing the coating
materials from fluoroalkylphosphate to alkylphosphate. This
superhydrophobic/superoleophilic mesh is useful for oil/water separation.

The author also examined thermal and mechanical degradation of the
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superoleophobic surface. The degradation was mainly associated with the damage of the
organic coating layer (Chapter 3).

In order to obtain the durable superoleophobic surfaces, an attempt was made to
introduce self-healing nature of the organic coating by infiltration of a coating agent,
which was fluoroalkylsilane (FAS) in this study. The FAS-infiltrated dual-pore
superoleophobic aluminum plate changed to superoleophilic after O, plasma treatment
because of the damage of the organic coating. However, the superoleophobicity was
completely recovered simply exposing the plasma-treated specimen in the laboratory air
for >1 h. Repeated self-healing superoleophobicity was confirmed at least for eight times.
Through a separate experiment using nanoporous alumina films without etching, the
author has found that the recovering of the liquid repellency was better for smaller and
longer nanopore channels. The surface area of the nanopores, not the pore volume,
appears to be a controlling factor of the self-healing ability (Chapter 4).

Following the recent report by Azimi et al. showing the hydrophobicity of rare earth
oxides without any organic coating, uniform thin CeO> layer was coated on stainless steel
substrate by anodic deposition in this study. In contrast to the reported CeO; prepared by
high temperature sintering or PVD, the present anodically deposited CeO> was
hydrophilic immediately after deposition. However, the contact angle increased during
air exposure and finally became hydrophobic. XPS analysis indicated that the
hydrophilic-to-hydrophobic transition was associated with accumulation of contaminant
hydrocarbon on the CeO, surface from the air atmosphere. When surface roughness was

introduced on substrate, the hydrophobicity was enhanced. In particular, the etched and
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CeOs-coated stainless steel mesh became superhydrophobic. Since hydrophobicity was
due to accumulation of hydrocarbon contaminants during air exposure, this surface
showed the self-healing property (Chapter 5).

The present thesis study demonstrates that the multiscale porous surface
morphology is useful for super-repellency for liquids even for low surface tensions. Such
surfaces are produced by chemical etching, anodizing of aluminum and wet organic
coating. All these processes are low-cost and practical. The self-healing superoleophobic
surfaces have many potential applications including self-cleaning, anti-fouling, anti-
corrosion, anti-ice/snow sticking and fluid drag reduction. Thus, it is expected that the
results in this study will contribute to large-scale practical applications of super-liquid-

repellent surfaces.
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