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Abstract. Surfaces that exhibit reversible wettability toward water are extremely important for a variety
of technological applications. In this context, the development of superhydrophobic and superhydrophilic
surfaces for self-cleaning applications has been receiving a great deal of attention in the last few years.
In this review, an overview of the current state-of-science and technology of self-cleaning surfaces is pre-
sented. The current understanding of physics of wetting leading to surfaces with predictive, controllable
and reversible wettability is first presented. The review then focuses on materials, mainly metal oxides
and their composites, employed for self-cleaning applications. It is shown that, although conventionally
oxides and polymers are considered for self-cleaning applications, recent developments point toward the
use of artificially engineered surfaces with hierarchical roughness. Applications of self-cleaning films in non-
conventional areas such as protection of fabrics, solar cells and structures related to cultural heritage are
discussed. The review ends with an outlook for the future in terms of science and technology of self-cleaning

surfaces.

1 Introduction

The wettability of surfaces by fluids has been the subject
of great interest for many years since it affects a large
number of fields ranging from medicine to electronics. In
particular, the wettability of surfaces by water has been
investigated in detail. It is well known that there are many
natural surfaces such as lotus and rice leaves that have
very interesting water-repellent properties. Mimicking the
behavior of these surfaces was made difficult due to the
absence of any experimental evidence for the origin of
the observed contact angles. The first experimental evi-
dence was presented by Barthlott and Neinhuis [1] when
they reported images of the surface morphology, leading
to an understanding of the origin of the water-repellent
nature of the surface of a lotus leaf. Similar observations
on numerous other plants and insects [2-9] then led to
the development of artificial man-made water-repellent or
superhydrophobic surfaces. Based on the contact angle
(CA), surfaces are conventionally classified as either hy-
drophobic (CA > 90°) or hydrophilic (CA < 90°). There
is further classification wherein surfaces with CA > 150°
are called superhydrophobic and those with CA < 10°
are termed as superhydrophilic. The lotus effect refers to
the superhydrophobic nature of a surface. The superhy-
drophobicity of lotus leaves is ascribed to the presence
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of micro/nanostructured papillae covered by hydrophobic
wax crystals on their surfaces which leads to decrease in
contact area between the water droplet and lotus leaf [1].

Wetting of a surface is characterized by two distinct
states — complete wetting and complete non-wetting. Com-
plete wetting is characterized by a contact angle of 0° and
that of non-wetting by a contact angle that is close to 180°.
A surface is said to switch wettability if, by a change in an
external parameter such as surface morphology, temper-
ature, the wetting of the surface changes from complete
wetting (superhydrophilic) to complete non-wetting (su-
perhydrophobic). All intermediate states of wetting with
contact angles between 0 and 180° are possible. Therefore,
an additional feature of interest is the reversible wettabil-
ity of these surfaces leading to self-cleaning. Self-cleaning
surfaces have drawn considerable interest from perspec-
tives of both fundamental research and applications [10].
They find applications in diverse fields from daily life to
the industry including self-cleaning exterior construction
materials, interior furnishing materials, road construction
materials, solar cells, car mirrors, textiles, utensils, roof
tiles, etc. [11-15]. Self-cleaning surfaces use sunlight and
natural rainfall to clean their surface. As a consequence
less manual labor is required which in turn leads to de-
crease in maintenance costs.

Materials that exhibit superhydrophobicity can
be inorganic, organic or hybrids/nanocomposites. Since
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wettability is essentially a surface property, all applica-
tions rely on the ability to fabricate thin films or nanos-
tructures with controlled and desired surface morphology.
It is important to understand the underpinning science
to enable manipulation and engineering of surfaces with
predictable wettability behavior and reproducible contact
angles.

The main challenges, and therefore opportunities, in
further development of this area lie in (1) better quantita-
tive understanding of the science of wetting and
self-cleaning, (2) development of new materials and struc-
tures with controlled and switchable wettability and (3)
development of process technologies that are amenable
to scale up, since superhydrophobic surfaces are essen-
tially thin films. A number of recent reviews have focused
on various aspects of superhydrophobic and self-cleaning
surfaces [8,9]. However, recent developments in the the-
ories and models of self-cleaning were not discussed ex-
tensively. In addition, use of periodic nanostructures for
self-cleaning applications as well as the state of art in ox-
ide coatings on flexible or fabric-type superhydrophobic
surfaces have been discussed in a very limited fashion.

The current review, hence, presents an overview of
the various theories and models that are available, cur-
rently, to design superhydrophobic self-cleaning surfaces.
The status of metal oxides, polymeric film and polymer-
metal oxide nanocomposite materials used in these ap-
plications and the different processing techniques with
respective advantages and disadvantages are outlined. The
importance of self-cleaning coatings and nanoparticles em-
bedded in fabrics, tiles, solar cells and for protection of
heritage structures is presented. The review ends with the
authors’ perspective on the outlook for future work on
self-cleaning surfaces.

2 Theory

In general, there are two routes to create self-cleaning sur-
faces (1) superhydrophilic-triggered self-cleaning surfaces,
(2) superhydrophobic-triggered self-cleaning surfaces. The
flowchart for creating self-cleaning surfaces is shown in
Figure 1.

The most common method to quantify hydrophilicity
and hydrophobicity of a surface is through measurement of
contact angle. The wetting is characterized by the contact
angle € of liquids over the solid surfaces. The contact angle
is often used as a fast and easy technique to gain qualita-
tive information about the chemical nature of the surface.
The primary equation that quantified contact angle of a
liquid droplet on a flat surface was given by Young [16].
Contact angle can be related to the three interfacial ten-
sions via Young’s equation:

cosf) — Ysv — ’)’SL7 (1)

YLV

where gy = solid-vapor interfacial tension, s, = solid-
liquid interfacial tension, =y = liquid-vapor interfacial
tension.

Wettability is characterized by not only the chemical
composition but also the roughness of the surface. Young’s
equation is developed for the case of an ideal solid sur-
face, which is defined as a smooth, rigid, chemically ho-
mogeneous, insoluble and a non-reactive surface. Wetting
on rough surfaces of solid cannot be described by Young’s
equation and wetting models that correlate surface rough-
ness with the equilibrium contact angle are Wenzel [17]
and Cassie-Baxter [18] models. The Wenzel apprarent-
contact angle can be related to true contact angle by the
relation:

VSV — YSL

} = ryw cos Oy, (2)
YLV

cosbw = rw [

where 7y is the Wenzel’s roughness factor and may be de-
fined as the ratio of the actual area of a rough surface to
the geometric projected area. The Cassie-Baxter’s equa-
tion describes the wetting regime when air is trapped in
the microstructures of the surface, and liquid sits on top
of asperities. As a result of intrusion of air in the rough
structure, a water molecule is not able to displace the air.
The apparent-contact angle (cp) in this case is given by
the Cassie-Baxter’s equation which is

cosfOcp = (refcosOy + f — 1), (3)

where 6y is the Young contact angle, f is the fraction of
the projected area of the solid surface that is wetted by
the liquid and 7 is the roughness ratio of the wetted area.
The pictorial representations of Wenzel and Cassie-Baxter
equations are given in Figure 2.

In Wenzel’s model, the liquid droplet keeps contact
with the solid surface at all points whereas in Cassie state
the liquid sits only across surface protrusions, thus result-
ing in a droplet suspended on a composite solid and vapor
phase. In general, Wenzel’s model deals with the homoge-
neous surfaces whereas Cassie-Baxter’s model was found
to be functional for heterogeneous surfaces. These mod-
els have been used, traditionally, to explain all wettability
behavior.

The Wenzel and Cassie-Baxter models are useful to ex-
plain observed wetting behavior in most cases. However,
these models do not rigorously account for some parame-
ters that are important in applications. An example of
such a parameter is contact angle hysteresis (CAH). CAH
is the difference between the advancing and receding CAs.
Two different types of CAH effects are generally observed.
The first one is the so-called “petal effect” which means
the surface has high CA, large CAH and strong adhesion
to water. The opposite effect exhibited by the lotus leaf
leads to high CA, small CAH hysteresis and low adhe-
sion to water. The difference between the advancing and
receding angles 0,4, and 0, can be written as [19]:

]U 1/2
gav_orec: h(@ y 4
. (55) " no ()

where R, is the initial radius of the spherical drop before
deposition on the surface, U is the potential barrier to
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Fig. 1. Schematic illustration of self-cleaning surfaces prepared by different methods.

Fig. 2. Diagrammatic representation of (a) Wenzel and
(b) Cassie-Baxter state of wetting.

be surpassed by the droplet under its displacement, v is
the surface tension and (h#) is a geometrical factor of the
contact angle hysteresis. The cosines of the advancing and
receding angles 0,4, and 6., respectively, are related to
the difference between those angles for a nominally smooth
surface, as [20]:

08 Oaqy — €08 Orec = 1w (1 — fLA)
X (08 Oaqvo — €08 Oreco) + H.

(5)

The first term on the right-hand side of the equation cor-
responds to the inherent CAH of a smooth surface and

is proportional to the fraction of the solid-liquid contact
area (1 — fra) and 7w is the roughness factor defined ear-
lier. The second term H; accounts for the effect of surface
roughness on CAH. A further extension of this treatment
to include surfaces with hierarchical roughness leading to
a composite interface which is intermediate to the Cassie-
Wenzel states shows that the energy barrier that needs
to be surmounted is dependent on the dimensions of the
structure. For example for a surface consisting of pillars
of height a with interpillar separation of b as shown in
Figure 3, the energy barrier, Ei,ans, for the wetting tran-
sition to occur is given by [19]:

—21R%ary cos
b

2nR%a (ysr, — ysa)
; _

Etrans = (6)

)

where R is the radius of the contact area and v is the
surface tension. If W is the pillar width then the rough-
ness factor and contact areas can be expressed as
r=1+4R/(W/a) and R =1/(b/a+ 1) [21].

These equations lead to the conclusion that a compos-
ite interface consisting of a hierarchical roughness (such
as a periodic structure of micro/nanopillars) is ideal for
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Fig. 3. Schematic diagram of the wetting of a composite
interface consisting of micro/nanopillars.

self-cleaning applications and can be used as the basis for
the design of surfaces with controllable wettability.

3 Superhydrophobicity- and
superhydrophilicity-triggered self-cleaning
surfaces

3.1 Superhydrophobicity-triggered self-cleaning
surfaces

Superhydrophobicity results when the normal hydropho-
bicity of a smooth substrate is amplified by roughness.
As stated in the Introduction, superhydrophobic surfaces
show extreme water repellence having a CA > 150°. In
addition, for practical applications, the surfaces should
also exhibit low contact angle hysteresis along with self-
cleaning properties [19-21]. The schematic representation
of a water droplet over smooth, microstructure, nanostruc-
ture and hierarchical structure is shown in Figure 4. It is
evident that the superhydrophobicity is due to the hierar-
chical roughness of the substrate. The motion of droplet
over smooth and self-cleaning superhydrophobic surfaces
is illustrated in Figure 5.

Apart from lotus leaf, rose petal, several plant leaves,
insect wings, water strider legs, Namib Desert beetle show
superhydrophobic behavior. Studies on several natural
hydrophobic surfaces have shown that they exhibit hi-
erarchical (micro/nanostructure) roughness [1-7,22-24].
Different superhydrophobic surfaces from nature and their
microstructure through SEM images are shown in
Figure 6. An overview of biological surfaces exhibiting su-
perhydrophobic behavior is available in the literature [9].

mooth

Microstructure

Nanostructure

Fig. 4. Water droplet over smooth, nano, micro and hierar-
chical roughness.

Normal smooth surface Self-

Fig. 5. Schematic representation of motion of water droplet
over smooth and self-cleaning superhydrophobic surface.

Fig. 6. Hierarchical surface structures of biological water-
repellent surfaces from nature. (a) A water strider (Gerris
remigis) standing on a water surface, (b) lotus leaves (Nelumbo
nucifera) on which water droplets are freely moving, (c) the
two-level hierarchical structure of a water strider’s leg and
(d) the hierarchical structure of lotus leaves (reproduced with
permission of Ref. [5]).

3.2 Superhydrophilic-triggered self-cleaning surfaces

Superhydrophilic surfaces are characterized by water con-
tact angles <10°. Water spreads and completely wets such
surfaces and carries away any dirt on them. For example,
in the presence of sunlight, organic pollutants that are
present on the surface as impurity are chemically broken
and hydrophilicity results in washing away the contami-
nants from the surface. In the following sections the ma-
terials used, methods of processing and applications of
superhydrophilic surfaces are reviewed.

3.3 Self-cleaning action of metal oxides

The self-cleaning mechanism of metal oxide thin films is
based on photocatalytic and photo-induced hydrophilicity
of the film due to structural changes of the surfaces. The
main reason for the extensive study of wetting properties
of metal oxides is that their wettability is generally re-
versible under UV irradiation and dark storage. Although,
the most popular metal oxides that exhibit photocatalytic
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activities are TiOg, ZnO, SnO2, other oxides like SrTiO3,
WO3 and V5,05 [25-31] have also been investigated for
self-cleaning applications.

Among these oxides, the main center of attention
of study in self-cleaning applications has been TiO9
because its oxidizing ability is the strongest [12]. TiO, is
considered to be the ideal choice for self-cleaning applica-
tions also due to its photocatalytic and photoinduced hy-
drophilic properties and good transparency in the
visible range of the electromagnetic spectrum. The syn-
ergy of photocatalysis and superhydrophilicity is the
basis of sustaining self-cleaning ability of metal oxides.
Photocatalytic activity degrades organic and inorganic
contaminants under ultraviolet (UV) light. In contrast,
photoinduced hydrophilicity reduces the water contact an-
gle and thus removes the contaminant from the surface by
rain water [32]. Although the mechanism is described in
detail only with reference to TiOs below, it is similar for
all other metal oxides used in self-cleaning applications.

Upon UV irradiation, TiOs mainly absorbs UV pho-
tons leading to the generation of electrons and holes on
the surface of the film. A photon having energy equal to
or higher than that of the band gap moves an electron from
the valence band to the conduction band leaving behind
a hole in the valence band. The photogenerated electrons
and holes either recombine or migrate to the surface to
react with contaminant adsorbed on the surface. The hole
in the valence band (VB) reacts with HyO adsorbed on
the surface to produce hydroxyl radicals, and the electron
in the conduction band (CB) reduces Oz to produce su-
peroxide ions (O3 ). Hydroxyl radicals and superoxide ions
are particularly reactive to decompose organic compounds
present on the TiOs surfaces because of their strong ox-
idation power. In photo-induced hydrophilicity some of
the holes interact with lattice oxygen creating oxygen ion
vacancies and the electrons interact with the metal pro-
ducing surface trapped electron sites. As a consequence,
the binding energy between metal and oxygen atom de-
creases. The creation of oxygen ion vacancies makes the
surface suitable for hydroxyl absorption and as a result
these substrates become hydrophilic after UV exposure.
An additional advantage of the metal oxide surfaces is
the reversible wettability that they exhibit upon storing
in the dark and re-exposure to UV radiation [32]. The
schematic representation of photocatalytic and photoin-
duced hydrophilicity, in the case of TiOs films under UV
irradiation, are shown in Figures 7 and 8 respectively.

The superhydrophilic-to-hydrophobic reconversion is
due to the replacement of the adsorbed hydroxyl groups
by oxygen, which returns the surface geometric and elec-
tronic structures similar to the native metal-oxide sur-
faces. Oxygen bridging sites also play an important role in
the surface wettability conversions. TiOs films under UV
irradiation form a metastable state which recovers quickly
after UV irradiation is removed. However, hydrophilicity
of TiO films depends upon the relative humidity and oxy-
gen content in the environment [33]. After the discovery of
photoinduced hydrophilicity of TiOy photocatalyst under
UV irradiation, the application of TiO5 as a self-cleaning
material has enlarged in the industry. The mechanism
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Fig. 7. The photocatalytic activity of TiO2 under UV irradi-
ation.
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Fig. 8. The photoinduced hydrophilicity of TiO2 under UV
irradiation.

Fig. 9. Self-cleaning action of TiO2 exterior tiles.

of self-cleaning action of TiOs exterior tiles is shown in
Figure 9.

The other well-studied material is ZnO in which the
mechanism of photocatalytic activity is similar to that of
TiOs. As in the case of TiOs, the ZnO surface becomes en-
ergetically unstable after the hydroxyl adsorption. Oxygen
adsorption is thermodynamically favored and it is more
strongly bonded on the defect sites than the hydroxyl
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group. According to the above-described mechanism, the
induced superhydrophilic state in ZnO is unstable with
time and may return to the initial hydrophobic state af-
ter a while. Consequently, the hydroxyl groups adsorbed
on the defective sites can be replaced gradually by oxy-
gen atoms when the UV irradiated films are placed in the
dark [34-38]. The typical mechanism of photocatalysis in
ZnO is shown below.

7ZnO + 2hv — 2hT + 2e~
0% 4+ h' — O] (surface trapped hole)

1
O] +ht — 502 + (oxygen vacancy)

3.4 Self-cleaning action of metal oxide with metal
and non-metal doping

It is well known that the fraction of UV photons in solar
light is very small (approximately 5%), and artificial light
sources inside the room emit mainly visible photons. For
a photocatalyst to be useful in normal sunlight it is, thus,
needed to alter the properties so that lower energy pho-
tons can be absorbed and initiate the self-cleaning process.
Hence, to transform a UV-light-responsive surface into
a visible-light responsive surface, a variety of synthetic
schemes have been proposed. In order to obtain materials
with improved photocatalytic property, metal and non-
metal doping has been performed. Metal doping acts as
a stimulator of self-cleaning properties under visible-light
irradiation. Doping of metal ions such as Cr, V, Fe, Pb, Cu
has been explored [39-41], but it should be noted that im-
provement has not been observed in all cases. Non-metal
doped TiOy (C-N-F doped TiOs) thin films are also ac-
tive under visible-light irradiation and can therefore act
as self-cleaning surfaces [42-44]. Tt is generally observed
that non-metal doping is more promising than metal dop-
ing to produce visible-light photocatalytic activity. One of
the serious concerns in this work is that after doping with
non-metal ion, although it becomes active under visible-
light irradiation, the activity is not as pronounced as in
the case of UV light. Another approach is to make metal
oxide-metal nanocomposites [45]. The driving mechanism
in these cases is the decrease in band gap due to dop-
ing leading to higher fraction of visible photons being ab-
sorbed. However, it is also found that there is a trade-off
between tailoring band gap and decreased photocatalytic
behavior of the film. It can be stated that doped metal
oxides hold promise for tuning the photocatalytic activity
of oxides.

3.5 Self-cleaning action of metal oxide/metal oxide
nanocomposite

There are a number of applications in which the self-
cleaning surface is required to have low reflectance in the
desired region of the spectrum. One of the approaches to
achieve this is to make either metal oxide/metal oxide

nanocomposites or multilayers of metal oxides. Multilay-
ered oxides are well known for their antireflection proper-
ties. The doping of one oxide with another metal oxide can
produce low-energy states that trap electron-hole charge
carriers and thus prevent charge recombination resulting
in enhancement of photocatalytic activity. For example,
it was observed that addition of SiO5 to a TiOs film im-
proved the hydrophilic properties, and hydrophilic state
is persistent for a prolonged period of time in the absence
of UV light [46,47]. This behavior can be controlled by
varying the SiOs concentration, which is not possible in
pure TiOs films.

3.6 Self-cleaning action of metal oxide coated
or embedded textiles

Self-cleaning action in the textile industry can be obtained
by either incorporating nanoparticles or thin film of a pho-
tocatalytic metal oxide with self-cleaning properties in the
textile [48,49]. Anchoring of metal oxide on cotton textile
was done by functionalization of metal oxide by negatively
charged functional groups. Among photocatalysts, TiO2
and ZnO have been used extensively in the textile industry
because of their potential efficiency in removing undesir-
able stains, adhered superficial dirt and harmful microor-
ganism through photocatalytic activity. The conventional
fibers and polymers are not able to resist adhesion of mi-
croorganisms on their surface. Due to the antimicrobial
property the molecules of dirt can be broken down by the
oxides which prevent any growth of microorganisms on
the surface of fabrics or wools and hence properties can
be improved. It is also shown that the presence of TiO,
layers on the surface of fabrics augmented the stability of
fabric under the influence of UV irradiation. These inves-
tigations are in their infancy but are extremely important
for the development of water-repellent fabric surfaces. The
main challenges relate to the compatibility of processing
conditions between the fabric and the oxide nanoparticles
or films. It is extremely important that processing tech-
niques that do not rely on harsh conditions such as high
temperatures or gas environments are developed. Sol-gel,
spray pyrolysis, electrospinning, self-assembly, hydrother-
mal methods are a few common techniques known to in-
corporate metal oxide in fabrics, fibers, wools, ete. [50,51].
Among these techniques, electrospinning is a simple, cost-
effective method that provides a porous film with con-
trolled fiber size. Decoration of polystyrene and polyvinyl
chloride fibers, produced by electrospinning, with TiO,
nanoparticles; solar light photocatalytic activity of cot-
ton textile fiber coated with Au/TiOy films; and func-
tionalization of silk with TiOg or TiOs/Ag nanoparticles
through chemical bonding as an effective way of making
self-cleaning silk that also leads to higher stability of silk
surface under UV irradiation have shown promise. Water
absorption in wool is significantly affected by the pres-
ence of nano TiOy on it and photocatalytic decomposi-
tion of methylene blue is pronounced due to the TiO,
embedded in the wool. Other systems include TiO5/SiO4
composite film over cotton fabrics, silicon modified TiO»
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coated wool fibers, aluminum oxide on non-woven and wo-
ven fabrics and low temperature processed ZnO nanorod
arrays [50-58]. Apart from TiOs, there is work reported
on the use of other oxides such as AlyO3, ZnO and some
nanocomposites [59-64]. This indicates that there is a
great deal of interest in self-cleaning fabrics. However, is-
sues like the mechanical strength of the host fibers in the
presence of oxide nanoparticles or layers on the surfaces,
processing temperatures, environmental stability have to
be resolved.

3.7 Self-cleaning action of metal oxide in solar cells
and protection of architectural heritage

A recent interest in self-cleaning surfaces has been in the
protection of solar cells from airborne dust or particles in
remote places like deserts. Dust and other contaminants
present on the surface of the solar cell adversely affect the
efficiency of a solar power system due to their long-term
exposure to harsh environments. A common strategy is to
prepare a composite of TiOy with a low refractive index
material such as SiOs, to decrease the refractive index of
the resultant film [65] so that the films act both as an
antireflection and self-cleaning surface. However, the ad-
dition of porosity of the film has some detrimental effect
in terms of durability of the coating during the opera-
tion [66]. This is an emerging area and it needs further in-
vestigation since the presence of such coatings could also
affect the efficiency of the cell.

Self-cleaning environment friendly TiO- coatings are
efficient to protect our historical monuments or modern
buildings exposed to urban pollution. Clay roofing tiles,
due to their prolonged uses, suffer degradation that leads
to deterioration of the building. TiOs-based self-cleaning
tiles are able to prevent the corrosion in building mate-
rial. Despite its broad use in the construction industry,
there are only few studies available in the field of cultural
heritage. Recent studies have shown that TiOy coated
travertine (a porous natural limestone commonly used
in monumental building material) acts as a self-cleaning
surface due to photocatalytic activity of TiOs. It was
also demonstrated that TiO5 can be used in the field of
protection, conservation and maintenance of architectural
heritage [67,68]. Roof tiles coated with TiOy show photo-
catalytic activity in the decomposition of methylene
blue along with high hydrophilicity and antimicrobial
activity [69].

3.8 Metal oxide-polymer nanocomposite films

Another important class of self-cleaning materials are
metal oxide based polymeric films. Metal oxide-polymer
nanocomposites have drawn immense attention due to
their potential efficiency in tailoring self-cleaning
surfaces [70]. Nakata et al. [71] have prepared TiO2-PDMS
nanocomposite material that exhibits rewritable wettabil-
ity transition stimulated by UV irradiation and thermal
treatment. It has also been reported that incorporation

of silica micro or nanoparticles in a polyurethane ma-
trix may lead to superhydrophobic character [72]. These
composite materials were prepared by mixing nanoparti-
cles in different concentration with polymer solutions and
then deposited on smooth surfaces. Hou and Wang [73]
prepared superhydrophobic polystyrene/titania nanoco-
mposites with superhydrophilic property under UV
irradiation. It is postulated that for a particular combina-
tion of metal oxide-polymer film, the superhydrophobic-
ity of the composite material is independent of type of the
metal oxide used and substrate properties [74]. Sometimes
during the photocatalytic process of TiOy, the polymer
matrix is degraded. So, in those cases a protective layer
between polymer and TiO, surfaces is essential. Another
approach is to use a multilayer film consisting of TiO5 and
polyurethane, which not only serves as protective layer but
is also able to bind the TiOs particles onto the coating
surface [75].

3.9 “Designer” superhydrophobic surfaces

In practice, it is accepted that the hierarchical structures
can improve the water repellence [76,77] and as a conse-
quence, preparation of nanostructured surfaces with dual
scale roughness is of increasing interest [78]. Based on
equations (4)—(6) artificially designed nanostructures con-
sisting of nano/micropillars with varying heights, widths
and spacings have demonstrated extreme water repellence
of etched inorganic and polymer surfaces [79]. These
surfaces have been realized using very elaborate litho-
graphic techniques. Park et al. [80] have investigated the
superhydrophobicity of 2D SiOs hierarchical micro/
nanorod structures fabricated using a two-step micro/
nanosphere lithography. There are also reports that the
patterned and aligned carbon nanotube structures are su-
perhydropobic [81].

There are two ways of designing superhydrophobic
surfaces. One way is roughening an existing low surface en-
ergy material and another way is through chemical
modification of the surface by introducing hydrophobic
chemical groups on a rough substrate. Within this frame-
work, several methods have been proposed to mimic super-
hydrophobic surfaces artificially. Some elegant methods
are lithography, etching, self-assembly, electrospinning,
layer-by-layer technique, hydrothermal method, sol-gel,
chemical vapor deposition, colloidal assembly and other
methods. Surface topography plays a major role in the
hydrophobic behavior of the surfaces. Techniques such
as lithography, etching are effective to fabricate surfaces
with different topology such as square pillars, parallel
grooves [82-92]. Typical examples of polymer base super-
hydrophobic surfaces are shown in Figure 10.

More recently, controlled growth of nanostructures
such as nanotubes, nanowires, nanorods, nanoflowers,
nanoneedles leading to superhydrophobic behavior has
also been demonstrated as displayed in Figure 10 [93-98].
Nanostructured ZnO, TiOs, etched silicon have been
used largely to create superhydrophobic surfaces because
of their diverse applications. Superhydrophobic ZnO
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Fig. 10. Biomimetic superhydrophobic surfaces created artificially (a) SEM image of raspberry-like microstructure [77] and
(b) 3D AFM image of raspberry-like microstructure created by PDMS covered with epoxy based film [76] (reproduced with

permission from Ref. [76,77]).

Fig. 11. (a)—(f) Morphology and wetting behavior of oriented ZnO films grown hydrothermally from nanoparticle-seeded glass

substrates (reproduced with permission from Ref. [98]).

nanowire thin film on glass and quartz substrates by ther-
mal oxidation of the metallic Zn film was demonstrated
by Shaik et al. [99]. Metal oxide nanoparticles with two
different length scales also can produce hierarchical nanos-
tructure with extreme water repellence [100]. In this situ-
ation, smaller particles are decorated over larger particle
to obtain desired hydrophobicity. It is possible to develop
superhydrophobic surfaces from textured surfaces coated
with hydrophobic functional groups. SEM images of su-
perhydrophobic nanostructured zinc oxide thin films with
different levels of roughness are shown in Figure 11 and ex-
ample of an artificially engineered superhydrophobic sur-
face is shown in Figure 12.

It is evident from these studies that “designer” struc-
tures do not rely only on oxides for exploiting the super-

hydrophobic behavior. Therefore, there is a great deal of
promise in such periodic structures for the future.

4 Synthesis and fabrication

Metal oxide thin films for self-cleaning applications
can be deposited by a wide variety of techniques such
as sol-gel, spray pyrolysis, liquid phase deposition, phys-
ical vapor deposition Chemical deposition, hydrothermal
methods [101-119]. In physical and chemical vapour depo-
sition techniques many parameters like pressure,
substrate temperature, power density, gas flow rates are
available to control properties of films. However, these are
not suitable for deposition on flexible substrates.
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(@)

(b)

(c)

Fig. 12. Example of artificially engineered superhydrophobic surface. Droplet on the fabricated nano-microroughened hierar-
chical surface. (a)—(c) Nanoscale roughness etched by XeF2 gas that conformally covers the microscale array of pillars fabricated
through deep reactive etching. (d) and (e) Droplet sitting on the double roughness supported by only several pillars (reproduced

with permission from Ref. [21]).

Non-vacuum techniques that include sol-gel, spray pyroly-
sis and liquid phase deposition are particularly attractive
for commercial purposes because of their low cost, time
saving and suitability for large-area coatings. Inkjet print-
ing is a technique that is rapidly emerging as a candidate
for the deposition of functional materials on flexible sub-
strates. Inkjet printing of functional materials provides
many tunable parameters such as rheology of the inks
for a given material, accuracy of patterning, three dimen-
sional overlay accuracy, stitching accuracy of patterns, etc.
The challenges that remain are improved uniformity over
large areas, deposition of the layers on flexible substrates,
morphology, and structure and microstructure optimiza-
tion [120,121].

Based on the review of literature it can be summar-
ized that low-cost solution-based techniques are
emerging as the candidates for large-area self-cleaning
applications.

5 Conclusions and outlook

A review of self-cleaning surfaces produced by metal
oxides, polymeric compounds and metal oxide-polymer
nanocomposites is presented. A synthetic procedure con-
cerning nanocomposites of oxides with other inorganic and
organic materials and their effect on self-cleaning applica-
tions has been discussed. The self-cleaning mechanisms of
metal oxide thin films were related to crystal structure,
chemical composition and surface morphology. Doping of

metal /nonmetal on metal oxide is particularly important
because it has the capability of not only narrowing band
gap but also prevents electron-hole recombination. Despite
the large number of studies on self-cleaning surfaces, the
effect of substrate properties on the self-cleaning action
is relatively limited. There are challenges for the future
progress of these types of materials. It is necessary to
retain the superhydrophilicity for a prolonged period of
time even under dark storage. The current problem of self-
cleaning surfaces is that after a few cycles, self-cleaning
properties tend to decay especially in submerged systems
and systems exposed to open air. So, future work should
focus on achieving self-cleaning films with long-term sta-
bility. Though many researchers have studied self-cleaning
properties, there are still significant issues that need to be
addressed in order to make the technology more feasible.
In this context, robustness of the film surface is of vital
concern, and it has to be studied in greater detail. There
are quite a few investigations on the photocatalytic prop-
erties of single layer films, however new schemes such as
use of a buffer layer between substrate and metal oxide and
artificially engineered surfaces with hierarchical roughness
are emerging as the self-cleaning surfaces of the future.
This is mainly because the engineered surfaces could be
made of either metal or metal oxide, thus expanding the
materials horizon for self-cleaning applications. Last but
not the least, although there are several ways of depositing
a self-cleaning thin film but adherence of the film to the
substrate is a major issue, and further insight is required
in this area.
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