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a b s t r a c t

Self-cleaning materials have gained considerable attention for both their unique properties and practical
applications in energy and environmental areas. Recent examples of many TiO2-derived materials have
been illustrated to understand the fundamental principles of self-cleaning hydrophilic and hydrophobic
surfaces. Various models including those proposed by Wenzel, Cassie-Baxter and Miwa-Hashimoto are
discussed to explain the mechanism of self-cleaning. Examples of semiconductor surfaces exhibiting
the simultaneous occurrence of superhydrophilic and superhydrophobic domains on the same surface
are illustrated, which can have various advanced applications in microfluidics, printing, photovoltaic,
biomedical devices, anti-bacterial surfaces and water purification.

Several strategies to improve the efficiency of photocatalytic self-cleaning property have been dis-
cussed including doping with metals and non-metals, formation of hetero-junctions between TiO2 and
other low bandgap semiconductors, and fabrication of graphene based semiconductor nano-composites.
Different mechanisms such as band-gap narrowing, formation of localized energy levels within the
bandgap and formation of intrinsic defects such as oxygen vacancies have been suggested to account
for the improved activity of doped TiO2 photocatalysts. Various preparation routes for developing
efficient superhydrophilic–superhydrophobic patterns have been reviewed. In addition, reversible photo-
controlled surfaces with tuneable hydrophilic/hydrophobic properties and its technological applications
are discussed. Examples of antireflective surfaces exhibiting self-cleaning properties for the applications
in solar cells and flat panel displays have also been provided. Discussion is provided on TiO2 based self-
cleaning materials exhibiting hydrophilic and underwater superoleophobic properties and their utilities
in water management, antifouling applications and separation of oil in water emulsions are discussed.
In addition, ISO testing methods (ISO 27448: 2009, ISO 10678: 2010 and ISO 27447: 2009) for analysing
self-cleaning activity and antibacterial action have also been discussed. Rapid photocatalytic self-cleaning
testing methods using various photocatalytic activity indicator inks such as resazurin (Rz), basic blue 66
(BB66) and acid violet 7(AV7) for a broad range of materials such as commercial paints, tiles and glasses
are also described. Various commercial products such as glass, tiles, fabrics, cement and paint mate-
rials developed based on the principle of photo-induced hydrophilic conversion of TiO2 surfaces have
also been provided. The wide ranges of practical applications of self-cleaning photocatalytic materials
suggest further development to improve their efficiency and utilities. It was concluded that a rational
fabrication of multifunctional photocatalytic materials by integrating biological inspired structures with
tunable wettability would be favorable to address a number of existing environmental concerns.

© 2015 Elsevier B.V. All rights reserved.
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1. Introduction

Development of self-cleaning materials, understanding their
structure-function relationship, and engineering artificial surfaces
with variable wettability suitable for various commercial applica-
tions constitute an active research domain in material science [1].
These materials have received substantial interest in recent years
due to their wide applications in various fields ranging from indoor
applications in fabrics [2–4], furnishing materials [5,6], window
glasses [7–9], to exterior construction materials, roof tiles [10,11],
car mirrors [5,6], and solar panels [12–14]. These materials can
easily be cleaned by a stream of natural water such as rainfall,
which in turn significantly reduces the routine maintenance cost.
Self-cleaning activity is predominant in nature, for example, in the
cases of leaves of lotus plant [15,16], rice plant [17], butterfly wings
[18], fish scales [19] etc. The waxy surface of lotus leaves combined
with the presence of microscopic structures result in an extremely
hydrophobic surface [20]. Consequently, when water droplets roll
off the leaves, the dust/dirt particles are also removed. This mech-
anism is widely known as “Lotus effect” [16]. Broadly, self-cleaning
surfaces can be divided into two categories: (i) hydrophilic surfaces
and (ii) hydrophobic surfaces [21,22]. In the case of hydrophilic
surfaces water drops spread over the surface and form a film of
water. During the process of spreading, the contaminants on the
surface are washed away (Fig. 1a). In the case of hydrophobic sur-
faces, the water drops roll off the surface quickly due to the water
repellent and low adhesive properties of hydrophobic surfaces,
and thereby remove the contaminants on the surface (Fig. 1b). A
great amount of work has been devoted in recent years to design
self-cleaning biomimetic surfaces displaying anti-fouling, anti-
reflective properties [23–27]. Several reviews have been published
on self-cleaning action of TiO2 over the past years that mainly dis-
cuss photocatalytic activity of TiO2 [8,28–30]; however, there are
not many articles that deal with photocalytic self-cleaning activity
of TiO2 with particular emphasis on fundamental mechanism

of photoinduced hydrophilicity and its commercial applications
[21]. In the current review, a number of TiO2 based photocatalytic
materials are illustrated to understand the fundamental principles
of self-cleaning hydrophilic and hydrophobic surfaces. In addition,
composite materials containing self-cleaning materials exhibiting
hydrophilic and underwater superoleophobic properties and pho-
tocatalytic antibacterial activity are discussed in detail and recent
advances in the self-cleaning action by photocatalytic action are
comprehensively reviewed. In addition, detailed information on a
number of self-cleaning commercial products such as glass, tiles,
fabrics, cement and paint materials are discussed.

2. Contact angle and wettability

The wettability of a surface can be determined by measuring the
contact angle (�) of the liquid drop over the solid surface, which
is defined as the angle formed between the solid surface and the
tangent drawn at the liquid drop as shown in Fig. 2 and is a mea-
sure of the angle between solid–liquid and liquid–vapor interfaces.
At thermodynamic equilibrium condition between the solid, liquid
and vapor phases, the relation between the interfacial energies per
unit area is given by Young’s relation (Eq. (1)).

�sv = �SL − �LVcos� (1)

where �SV, �SL and �LV represent the interfacial energy per unit area
of the solid–vapor, solid–liquid and liquid–vapor interfaces and � is
the contact angle. For partial or totally wettable surfaces the contact
angle is usually low (0◦ < � < 90◦). For superhydrophilic surfaces �
approaches to zero value (� < 5◦) and the liquid drop tends to evenly
spread on the surface (Table 1) [31,32].

Eq. (1) relate parameters such as �, �SV, �SL and �LV which
cannot usually be obtained experimentally [33,34]. In addition, it
was previously showed that the contact angle (�) measurement
is not always highly reproducible. The real contact angle �, can
take any value within �R ≤ � ≤ �A, (where �A and �R are defined
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Fig. 1. Schematic representation of self-cleaning processes on (a) a superhydrophilic and (b) a superhydrophobic surface.
(Reproduced from RSC Adv. 3 (2013) 671–690, with permissions from Royal Society of Chemistry).

Fig. 2. Schematic representation of a liquid drop in equilibrium on a hydrophilic and a hydrophobic surface.

Table 1
Relationship of contact angle values and wettability behavior.

Contact angle Wettability

� > 90◦ Hydrophobic
� > 150◦ Superhydophobic
0◦ < � < 90◦ Hydrophilic
� < 10◦ Superhydrophilic

as the advancing and receding angles, respectively) and the differ-
ence between �A and �R is termed as hysteresis. Both �R and �A are
characteristic of the surface chemistry, texture and topography.

It should be noted here that Eq. (1) is valid only for ideal solid
surfaces, characterised by chemically homogeneous, inert, rigid and
smooth surfaces. The wettability properties of rough surfaces are

commonly described by the model proposed by Wenzel [35] and
the model by Cassie-Baxter (Fig. 3) [36].

According to the Wenzel model, for a rough surface, which has
higher surface area than a smooth surface, the liquid droplet forms
contact with the entire surface and completely penetrates into the
cavities on the surface. For such a rough surface the “apparent”
contact angle �app for a liquid droplet is related to the “true” contact
angle �s of the droplet on a smooth surface by the roughness factor
r of the surface as described in Eq. (2).

cos�app = rcos�s (2)

where the surface roughness factor r is defined as the ratio of geo-
metric surface area to the actual surface area (Eq. (3)).

r = Geometric Surface Area
Actual Surface Area

(3)

Fig. 3. Effect of the surface structure on the wetting property of a solid surface.
(Reproduced from Adv. Colloid Interface Sci. 210 (2014) 47–57 with permissions from Elsevier).
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Fig. 4. Effect of surface structure on the wetting behavior according to Miwa-
Hashimoto surface model.
(Reproduced from Langmuir 26 (2010) 15875–15882 with permission from Ameri-
can Chemical Society).

The Wenzel equation predicts that hydrophilicity and
hydrophobicity of a surface depends on the nature of the corre-
sponding surface. For a hydrophilic surface (� < 90◦ and r > 1), with
an increase in surface roughness, hydrophilicity also increases.
Conversely for a hydrophobic surface, (� > 90◦ and r > 1), surface
hydrophobicity increases with increasing surface roughness.
Although these trends are observed in most cases, Wenzel model
cannot satisfactorily deal with all heterogeneous surfaces.

The Cassie-Baxter model does not postulate complete penetra-
tion of a liquid droplet into the surface cavities. This model suggests
that the spreading of a liquid droplet on a rough surface destroys
the solid–vapor interface and forms solid–liquid and liquid–vapor
interfaces as shown in Fig. 3b. According to Cassie-Baxter model,
the “apparent” contact angle �app for a liquid droplet on a rough
surface is related to the true contact angle by Eq. (4),

cos�app = fscos�s+f vcos�v (4)

where fs and fv represent the area fraction of the liquid droplet in
contact with the solid surface and area fraction of the liquid droplet
in contact with the vapor trapped in the cavities on the rough sur-
face, respectively, and �v is the contact angle of the liquid in air. For
�v = 180◦, and fs + fv = 1, Eq. (4) can be written as,

cos�app = −1 + fs(cos�s+1) (5)

Effects of the surface roughness on water contact angle of super-
hydrophobic surfaces were investigated by Miwa et al. [37]. Various
superhydrophobic surfaces with various roughness parameters
were compared. It has been observed that in superhydrophobic
region, the sliding angles decrease with increasing contact angle
depending on the surface roughness. This model combines the
Wenzel and the Cassie-Baxter models through the Eq. (6) and is
usually referred as Miwa-Hashimoto model [38].

cos�′ = rMHfMHcos� + fMH − 1 (6)

where �′ and � represent the equilibrium contact angles on a rough
surface and on a flat surface, respectively; rMH is the ratio of the
side area to the bottom area of the needle (Fig. 4) and fMH is the
fraction of surface area of the material in contact with the liquid.

Various types of hydrophilic, superhydrophilic and superhy-
drophobic surfaces can be found in nature (Fig. 5). For example,
the contact angle of lotus leaf and butterfly wings are measured as
about 164◦ and 152◦, respectively [22]. Functional materials and
surfaces created by understanding the mechanism of self-cleaning
surfaces found in the living nature are called bio-inspired process
[22].

The presence of superhydrophilic and superhydrophobic
domains on the same surface can have various applications in
microfluidics, printing, biomedical devices and water collection
[39–43]. Superhydrophobic–superhydrophilic micro patterned
films have been fabricated based on a three layered structure
consisting of a Al2O3 gel film, a very thin TiO2 gel layer, and a

Fig. 5. Different types of hydrophilic, superhydrophilic and superhydrophobic sur-
faces found in nature and corresponding properties of bio-inspired surfaces.
(Reproduced from RSC Adv. 3 (2013) 671–690, with permissions from Royal Society
of Chemistry).

fluoroalkylsilane (FAS) layer [44]. The surface showed a WCA of
150◦ and the contact angle decreased sharply to 5◦ upon UV illumi-
nation. Irradiation with UV light initiates photocatalytic processes
in TiO2, which in turn result in the cleavage of fluoroalkyl chain and
the FAS layer consequently convert to a silica layer. The hydrophilic
property of the surface is further enhanced due to the rough struc-
ture of Al2O3 layer. Superhydrophobic TiO2 surfaces have been
developed by roughening the surface using radio-frequency plasma
with CF4 as an etchant [45]. The rough wedge-like TiO2 surface was
subsequently modified with a hydrophobic monolayer of octade-
cylphosphonic acid (ODP). TiO2 surfaces plasma etched for 10 s and
subsequent surface modification with ODP showed a WCA greater
than 150◦. The surface was converted into a superhydrophilic
surface (WCA = 0◦) upon UV illumination, due to rapid decom-
position of ODP coating resulting from TiO2 photocatalysis. The
superhydrophobicity was recovered by dipping the TiO2 surface
in a solution of ODP and the superhydrophilic/superhydrophobic
conversion was repeated for more than five cycles without any
significant loss in hydrophobicity, which suggests possibility
of designing superhydrophilic/superhydrophobic micro patterns
based on such structures, with sharp contrast in light induced wet-
tability behavior. Superhydrophilic–superhydrophobic patterns
with tunable wettability have been developed using nanostruc-
tured TiO2 films modified with fluoroalkylsilanes (FAS) using
photocatalytic lithography technique [46,47]. The WCA on the
modified surface was found to be 156◦ attributed to the rough mor-
phology of the surface and the wettability was found to change
drastically (WCA < 5◦) upon UV-exposure due to selective photo-
cleavage of the fluoroalkyl chain assembled on TiO2 surface. The
generation of superhydrophilic–superhydrophobic micropatterns
can be used to fabricate various devices. For example, the fab-
rication of superhydrophilic–superhydrophobic patterns with a
resolution of 133 and 150 lines per inch on titanium substrates for
offset printing is reported [48]. The micropattern formation was
further used as a template to develop coating of nano octacalcium
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Fig. 6. Schematic illustration of various processes occurring after photoexcitation of pure TiO2 with UV light.

phosphate by electrochemical deposition [46]. Such micropatterns
with sharp contrast in wettability have been used to construct
three dimensional functional patterns for applications in biomed-
ical devices for high throughput molecular sensing, drug delivery,
etc [49].

3. Photocatalytic hydrophilic surfaces

The photocatalytic hydrophilic surfaces utilize sunlight/indoor
light to decompose the dirt and other impurities [50–54]. TiO2
based photocatalysts have gained considerable attention as TiO2
exhibits significantly high physical and chemical stability, low
cost, easy availability, low toxicity and excellent photo-activity
[50,55–60]. In the presence of light of suitable energy (where, the
energy of the excitation source is higher than the band-gap energy
of the material), an electron (e−

CB) is excited from valence band
of TiO2 to the conduction band, generating a positive electron hole
(h+

VB) in the valence band (Fig. 6). The photoexcited electron (e−
CB)

can in turn recombine with the electron hole (h+
VB) and reduce the

overall efficiency of the photoprocess. The charge carriers, which
can escape the charge-annihilation reaction, migrate to the surface,
where the photoexcited electrons can reduce atmospheric oxygen
to generate superoxide radicals (•O2

–) or hydroperoxyl radicals
(HO2

•). The valence band hole can also oxidize surface adsorbed
water or OH– and produce •OH. These reactive oxygen species
(ROS) can convert organic pollutants into CO2 and water result-
ing in the cleaning of the surface. A major limitation in developing
self-cleaning materials based on TiO2 is the wide band gap of the
semiconductor, limiting its absorption to the UV region of sunlight,
which comprises only 3–5% of the solar spectrum [57]. Due to this
wide band gap, utility of pure TiO2 is restricted in fabrication of self-
cleaning materials (e.g., glass and tiles) for outdoor application. In
order to efficiently utilize the visible region of solar spectrum, sev-
eral strategies have been developed [57], which will be discussed
in a later section.

Semiconductor + hv → h+
VB + e−

CB (7)

e−
CB + h+

VB → Energy (8)

h+
VB + H2O → •OH + H+ (9)

e−
CB + O2 → •O2

− (10)

The superhydrophilic and oleophilic character of TiO2 was first
reported by Wang et al. [7]. A thin polycrystalline film of TiO2
(anatase) displayed a contact angle of 72 ± 1◦ for water in the
absence of light. Wang et al. reported that if the TiO2 film is irradi-
ated with ultraviolet light, the contact angle reduced to 0◦ resulting
in a spreading of water droplets on the surface (Fig. 7). Similar
trend was also observed for oily liquids such as glycerol trioreate
and hexadecane [7]. The changes in wettability were observed for
both anatase and rutile TiO2 irrespective of their photocatalytic
properties. In recent years, thin films of anatase TiO2 nanowire
arrays with exposed highly reactive (0 0 1) facet have been syn-
thesized through a fluorine free hydrothermal technique [61]. The
oriented anatase TiO2 thin films exhibited high transparency, pho-
tocatalytic activity and superhydrophilicity upon UV-irradiation,
which are advantageous for applications in self-cleaning coatings.
Self-cleaning materials have been developed from mono and self-
assembled multilayer TiO2 nanosheets deposited on quartz glass
slides by layer by layer deposition technique [62]. The photocat-
alytic activities of the nanosheets were examined in terms of their
ability to degrade methylene blue dye. The photocatalytic efficiency
of TiO2 nanosheets was lower than the anatase TiO2 films and the
photobleaching rate decreased with increasing number of layers. A
cost-effective electrospinning technique has been recently devel-
oped to fabricate photocatalytic, superhydrophilic and optically
transparent TiO2 films suitable for applications in window coatings
and photovoltaic cells [63]. Several mechanisms have been pro-
posed to account for the photoinduced hydrophilicity exhibited by
TiO2 including (i) generation of light-induced surface vacancies [7],
(ii) photoinduced reconstruction of surface hydroxyl groups [64,65]
and (iii) photoinduced removal of the carbonaceous layer present
on TiO2 surfaces exposed to air [66].

3.1. Generation of light-induced surface vacancies

The initial and widely accepted mechanism for photoinduced
hydrophilicity was proposed by Wang et al. which relies on the
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Fig. 7. Photoinduced wettability switching, where a hydrophobic TiO2 surface (a) is converted into a superhydrophilic surface (b) upon UV-irradiation, (c) exposure of a
hydrophobic TiO2-coated glass to water vapor results in the formation of fog (small water droplet), (d) antifogging effect induced by UV-illumination.
(Rreproduced from Nature 388 (1997) 431–432 with permission from Nature Publishing Group).

Fig. 8. Schematic representation of photo-induced hydrophilicity. Electrons reduce the Ti(IV)–Ti(III) state and thereby the oxygen atoms will be ejected (creation of oxygen
vacancies). Oxygen vacancies will increase the affinity for water molecules and thereby transforming the surface hydrophilic.
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formation of surface defects upon UV light illumination [7]. Friction
force microscopic studies suggested that UV irradiation resulted
in a structural change at the TiO2 surface thereby influencing the
interfacial force along the solid–liquid boundary and consequently
changing the contact angle [67]. The surface of TiO2 consists of five
coordinated Ti atoms with the sixth position occupied by H2O or
OH–. It is believed that UV irradiation creates oxygen vacancies
at the two coordinated oxygen bridging sites at the surface,
thereby converting Ti4+ ions to Ti3+ [67]. These defects can in turn
increase the affinity for hydroxyl ions formed by dissociation of
chemisorbed water molecules and thereby forming hydrophilic
domains (Fig. 8). Moreover, crystal planes (1 1 0) and (1 0 0) of
rutile TiO2 with bridging oxygen sites showed higher efficiency
for hydrophilic conversion compared to the planes such as (0 0 1)
without bridging oxygen sites [68,69]. Atomic force microscopic
study of UV-illuminated rutile TiO2 single crystal showed that
TiO2 surface consists of microscopic hydrophilic and oleopholic
domains, which are believed to generate capillary flow channels for
oil and water [67]. It was found that if the hydrophilic TiO2 material
is stored in dark for a couple of days, the hydrophilic character
gradually decrease due to slow replacement of the chemisorbed
hydroxyl and water molecules by oxygen molecules from air.
However, the hydrophilic nature of the surface can be retrieved by
further UV illumination. Nakajima et al. demonstrated the photoin-
duced amphiphilic surface formation for polycrystalline anatase
TiO2 thin films [70]. However, prolonged UV irradiation was shown
to convert the surface into a hydrophilic–oleophobic one, which
is considered to be due to variation in the rate of hydrophilic
conversion of TiO2 grains. Rutile TiO2 exhibited photoinduced
surface hardness correlated with the conversion of hydrophilic
surface [71]. This photo-induced change in surface hardness has
been attributed to surface volume expansion resulting from the
increase in distance between the adjacent Ti atoms arising from
the dissociative adsorption of water molecules upon UV exposure.

3.2. Photoinduced reconstruction of Ti OH bonds

Sakai et al. demonstrated that the rate of hydrophilic conver-
sion of TiO2 film electrode upon UV light irradiation was increased
at high positive electrode potentials and decreased in the presence
of hole scavenging agents [65]. Based on these observations, it was
suggested that the diffusion of photogenerated holes play an impor-
tant role in the hydrophilic conversion. Subsequently to account
for photoinduced hydrophilic conversion of TiO2 surfaces, Sakai
et al. proposed that UV illumination results in the reconstruction of
hydroxyl groups at the surface [64]. The extent of hydrophilic con-
version was linked to the density of surface hydroxyl group, which
in turn was correlated to the reciprocal of the contact angle. Accord-
ing to this model, the positive hole generated upon illumination of
TiO2 can diffuse to the surface and gets trapped at lattice oxygen.
Consequently, the binding energy between the Ti and lattice oxygen
becomes weak and water molecules can rupture this bond result-
ing in the formation of new hydroxyl bonds. In the absence of light,
the hydroxyl groups gradually desorb from the surface in the form
of H2O2 or H2O + O2 and the surface reverts back to the original less
hydrophilic state. Mechanical treatments such as ultrasonication
[72] and wet rubbing [73] can cause desorption of thermodynam-
ically less stable hydroxyl groups induced by UV illumination and
make the surface less hydrophilic.

3.3. Photo-oxidation of adsorbed hydrocarbon

In contrast to the widely accepted mechanism of surface-
hydroxylation explaining the gradual hydrophilic conversion of
TiO2 induced by UV illumination, Zubkov et al. reported the
sudden onset of UV light induced surface wetting under highly

controlled atmospheric conditions [66]. According to their mech-
anism, the organic pollutant is photocatalytically degraded upon
UV-irradiation on a water droplet. With an increasing irradiation
time, photocatalytic degradation continues leading to a decrease
in the surface coverage by the contaminant. At the critical point,
where the surface coverage approaches zero (i.e., beyond the
perimeter of the water droplet), rapid spreading of water droplet
occurs.

Takeuchi et al. proposed that thermal energy of the irradiating
light can cause desorption of the weakly attached water molecules
from the surface of TiO2 [74]. As shown in Fig. 9, heating TiO2
thin film causes desorption of water molecules from the surface
and results in a decrease in H-bonded network on the surface and
decrease in surface tension of the water cluster, which is considered
to be crucial for the surface wetting. In the presence of UV irradia-
tion, water desorption due to heating effect occurs simultaneously
with the photocatalytic degradation of organic contaminants lead-
ing to hydrophilic conversion. It should also be noted that the free
energy of cohesion of water does not significantly decrease with
temperature. The change in contact angle due to heating can also
be explained in such a way that, during water evaporation there will
be a reduction in size of the water droplet. Therefore, the receding
contact angle (�R) will be smaller than the advancing contact angle
(�A) due to wide contact angle hysteresis.

Sakai et al. described the enhancement of hydrophilic conver-
sion rate of TiO2 in the presence of UV illumination and high
electrode potential [65], which demonstrated the importance of
electronic photoexcitation rather than thermal action of the illu-
minating light. Yan et al. also demonstrated that photoinduced
hydrophilic conversion of TiO2 thin films occurs in two stages,
where in the first phase WCA decreases only when the surface is
illuminated with a monochromatic light of wavelength shorter than
the absorption edge, emphasizing the importance of photoinduced
electron–hole generation [75].

3.4. A combination of various mechanisms

Guan explained the relationship of adsorption of water
molecules and hydrophilicity (Fig. 10). The water molecules will
initially be chemisorbed on the TiO2 surface and these water
molecules will further ‘adsorb’ water by physisorption (van der
Waals forces or hydrogen bounds) [76]. These physisorbed water
molecules will act as a barrier to prevent the close contact between
the surface and pollutants. Therefore, the pollutants which come
in contact with the surface will easily be removed by these loose
water molecules [76]. The synergistic effect of photocatalysis and
hydrophilicity will result in long-term self-cleaning activity. The
contact angle of the pure TiO2 coatings was about 10◦ and it reduces
below 5◦ when 40 mol% SiO2 was added. The high surface acidity
due to the presence of Si cations and its ability to adsorb more
hydroxyl group was the main reason for the reduced contact angle.

Several treatments such as alkaline wash and vacuum UV treat-
ments, which remove organic contaminants from the surface, can
improve surface wettability; however, superhydrophilic surface
could not be obtained by these treatments. Moreover, the water
contact angle for several metal oxides such as tungsten oxide
and vanadium oxide, was found to decrease in response to UV-
irradiation. However, no significant photocatalytic activity was
detected, which suggests photocatalytic decomposition of surface
adsorbed pollutants cannot be solely responsible for the surface
wetting phenomenon [77]. The photoinduced hydrophilic sur-
face of TiO2 gradually reverts back to the hydrophobic state in
the absence of UV-illumination and the rate of this conversion
was found to increase in pure oxygen atmosphere. If photocat-
alytic removal of hydrocarbon was the principal mechanism for
hydrophilicity, then hydrophilic–hydrophobic conversion should
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Fig. 9. (a) Schematic illustration of hydrophilicity arising from the photocatalyzed decomposition of hydrocarbons (reproduced from J. Phys. Chem. B 109 (2005) 15454–15462
with permission from American Chemical Society) and (b) suggested mechanism to improve surface wettability of TiO2 surface upon solar illumination (reproduced from J.
Phys. Chem. B 109 (2005) 15422–15428 with permission from American Chemical Society).

have been higher under ambient condition compared to oxygen
atmosphere due to higher concentration of hydrocarbon contami-
nants [77].

As evident from the above discussion, various hypotheses have
been proposed to account for the observed hydrophilic conver-
sion of TiO2 surfaces; however, no consensus mechanism has been
elucidated so far to clarify the photoinduced superhydrophilicity.
Recently, Emeline et al. described that the efficiency of pho-
toinduced superhydrophilic conversion depends strongly on the
intensity and wavelength of the actinic light, which suggests the
initial step involves photoexcitation of electrons and generation of
charge carriers [78]. Moreover, hydrophilic conversion was shown
to depend strongly on temperature and surface acidity indicat-
ing the involvement of external hydrate layers in the hydrophilic
conversion. Alteration of surface acidity was found to change the

efficiency of charge carrier trapping, which in turn changes the
interaction between the surface hydroxyl groups and outer hydrate
layers and vary the efficiency of the photoinduced hydrophilic con-
version due to change in surface energy and entropy of the hydrate
layers [78].

4. Improving photocatalytic and self-cleaning activities of
TiO2

Due to the wide band gap of TiO2 (3.2 eV for anatase and
3.0 eV for rutile), light absorption by the semiconductor material
and consequently superhydrophilic conversion of undoped TiO2
are limited to only ultraviolet region (wavelength <390 nm) and
thereby restricting the practical uses of self-cleaning phenomenon
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Fig. 10. Self-cleaning mechanism by the adsorption of water.
(Reproduced from Surf. Coat. Technol. 191 (2005) 155–160 with permissions from
Elsevier).

to outdoor applications only. Additionally, rapid electron–hole
recombination also limits utility of pure TiO2 based materials.

4.1. Impact of surface roughness and porosity on photocatalytic
self-cleaning properties

It has been noted by a number of authors that the contact angle
of a surface is highly depended on the texture of the surface [79].
Lee et al. investigated the relationship of surface roughness and
hydrophilicity and showed that the contact angle of rough titania
surface was 15◦, while the smooth titania surfaces showed a con-
tact angle of 70◦. It has also been shown that the recovery rate
to hydrophilicity under UV irradiation had a reverse dependence
on the surface roughness. The rough titania surface can have a
high concentration of Ti3+ produced by UV irradiation and these
non-stoichiometric species on the surface play the pivotal role
as adsorption sites of −OH from water molecules [72,79]. Forma-
tion of highly porous structure to increase the surface roughness
appeared as an alternative approach to achieve superhydrophilic

surfaces. Superhydrophilic TiO2/SiO2 composite film containing
0.5 wt% polyethylene glycol (PEG), showed excellent antifogging
properties due to increased surface roughness, where the WCA
changed from 15◦ to 3◦ within 0.16 s [80]. The super-hydrophilic
titania films synthesized from alkoxide with PEG were studied to
understand the impact of porosity and contact angle [80]. As the
quantity and molecular weight of PEG increased, the porosity of
the resultant coating also increased after the heat treatment. The
OH groups adsorbed on the porous surface were found to increase
due to the larger surface area of these coatings. The water contact
angle measurement on the porous TiO2 coating showed corre-
lation between superhydrophilic nature and number of surface
OH groups as well as surface roughness [81]. Porous titania coat-
ings with super-hydrophilic properties were synthesized by the
carbonatation of amorphous Li–Ti–O. Porous TiO2 meso-channels
were created by a chemical etching process (Fig. 11) [82]. After
UV irradiation for 10 min, the contact angle on these highly porous
meso-channels was reduced below 5◦ [82].

4.2. Non-metal doping

In order to utilize the sunlight/interior light effectively and to
overcome the rapid charge carrier recombination, various research
groups have developed metal and non-metal doped TiO2. Doping
with non-metallic elements such as N [83–86], C [87–93], and S
[94,95] has shown to enhance the visible light absorption of TiO2.
Several mechanisms have been proposed to account for the shift in
absorption band, including band gap narrowing resulting from the
mixing of orbitals of TiO2 and impurity [96], generation of oxygen
vacancies [97], and formation of localized energy levels in the band
gap (Fig. 12) [98–101].

Asahi et al. demonstrated that N-doped TiO2 exhibited efficient
degradation of organic pollutants upon visible light irradiation
[96]. The TiO2−xNx film with a 5 nm thick SiO2 coating to hold
the adsorbed water showed conversion to hydrophilic surface
with a contact angle of 6◦ upon interior light exposure [96]. The
hydrophilic nature of the surface was maintained even after 30
days. Irie et al. subsequently reported the correlation between
the hydrophilic conversions to the extent of dopant nitrogen con-
centrations under irradiation with visible light [102]. The visible
light activity of the N doped TiO2 thin film was thought to be
arising from localized N centred 2p orbitals. The rate for the
hydrophilic conversion increased and the critical contact angle
decreased with increasing the concentrations of doped nitrogen
for various TiO2−xNx films. The enhanced hydrophilicity obtained
with increasing the extent of N substitution was ascribed to an
increase in absorbed photons. Visible light active N-doped TiO2
thin films were also prepared using magnetron sputtering [103].

Fig. 11. Formation of porous TiO2 channels. (Reproduced from Thin Solid Films 516 (2008) 3888–3892 with permission from Elsevier).
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Fig. 12. Formation of localized energy levels in the band gap due to nitrogen doping
into titanium dioxide photocatalyst [85].
(Reproduced from J. Hazard. Mater. 211–212 (2012) 88–94 with permission from
Elsevier).

The visible light activity of TiO2−xNx films has been assigned to
the band gap narrowing resulting from the shift of the top edge
of the valence band toward negative direction due to mixing of 2p
orbitals of N and O as well as anodic shifting of the bottom edge
of the conduction band due to the formation of oxygen vacancies.
TiO2−xNx thin film electrode was converted to a hydrophilic one
under visible light illumination and application of anodic oxida-
tion potential. The extent of hydrophilic conversion was found to
increase with increasing anodic potential possibly due to efficient
separation of the charge carriers. N-doped visible light active TiO2
thin films demonstrated photocatalytic degradation of organic pol-
lutants and antimicrobial activity [104]. The N-doped films also
exhibited superhydrophilicity (water contact angle or WCA <5◦)
under white light illumination. Surface wetting was also observed
in the absence of light. The superhydrophilicity presumably results
from the combined effect of improved photocatalytic activity and
the porous structure of the material. The activity of the N-doped
TiO2 films were further enhanced in the presence of Ag nanoparti-
cles formed in situ on the surface of TiO2 films [104].

TiO2 thin films doped with various concentrations of carbon (1.1,
0.9, 0.7 mol%) have been prepared that undergo hydrophilic conver-
sion (WCA <5◦) under UV and visible light irradiation (Fig. 13) [105].
It has been suggested that at lower concentration of the dopant
(0.7 mol%), isolated energy states corresponding to C 2p orbital in
the band gap account for the visible light activity. However, at the
higher concentration of the dopant (1.1 mol%), band gap narrowing
occurs due to mixing of 2p orbitals of carbon and oxygen in addition
to the presence of localized dopant based energy levels.

Surface fluorination of TiO2 has resulted in improved
hydrophilicity upon UV irradiation, due to increased adsorption
of water and other polar molecules, which is attributable to the
enhanced acidity [106]. Additionally, fluorination is also thought
to favor formation of Ti3+ through charge compensation between
Ti4+ and F−, which promotes charge carrier separation resulting in
an efficient photocatalytic conversion [107].

Co-doping TiO2 with two or more elements such as S–N [108],
C–N [109,110], N–F [111–113] has been found to be an effective
strategy to enhance the visible light induced photocatalytic activity
and inhibit charge carrier recombination. N, S-co-doped TiO2 thin
film synthesized through radio-frequency (RF) sputtering method

Fig. 13. Changes in contact angle of C-doped TiO2 under UV and vis irradiation con-
ditions.
(Reproduced from Thin Solid Films 510 (2006) 21–25 with permission from Else-
vier).

demonstrated higher visible light induced photocatalytic activity
than the N and S-doped TiO2 [114]. The N, S-co-doped TiO2 film also
exhibited better photoinduced hydrophilic conversion compared
to undoped TiO2 under fluorescent light bulb irradiation. Ab initio
calculations suggested that the improved activity of N,S-co-doped
TiO2 presumably results from bandgap narrowing due to mixing of
N 2p, S 3p and O 2p orbitals [114].

N–F co-doped TiO2 synthesized by a fluorosurfactant based
modified sol–gel technique, showed improved visible light
response and slow hydrophilic conversion with a WCA 8◦ upon
illumination with visible light for 14 days [115]. Two separate
wetting stages were observed for the N,F–TiO2 films, where in
the first phase the contact angle decreased up to 40◦, while the
second phase representing the transition to hydrophilic state (con-
tact angle below 20◦). The photocatalytic activity of the N,F–TiO2
films were found to be correlated with their hydrophilic conversion
properties. The improved wettability and photocatalytic activity of
the N,F-co-doped TiO2 films compared to undoped TiO2 have been
assigned to the rough and porous structure of the co-doped TiO2,
which suggests promising use of these materials in self-cleaning
applications.

C–N–F-co-doped TiO2 films possessing self-cleaning property
have been fabricated by a layer-by-layer dip-coating method using
TiO2 sol and NH4F as precursors [116]. The C–N–F-co-doped TiO2
film exhibited enhanced photocatalytic degradation of stearic acid
under visible light irradiation, which has been assigned to the syn-
ergistic effect of the doped C, N and F atoms and the high surface
area of the photocatalyst.

N,F-co-doped TiO2 nanotube arrays with dispersed PdO
nanoparticles have been developed that showed higher visible light
absorption compared to N,F-co-doped TiO2 [117]. The enhanced
visible light absorption possibly results from the synergistic effect
of N,F co-doping combined with higher crystal lattice distor-
tion of the nanotube structure. It has also been suggested that
metallic Pd◦ nanoparticles are generated by visible light induced
reduction of PdO nanoparticles and the surface plasmon reso-
nance of Pd◦ nanoparticles also accounts for the visible light
activity of these nanocomposites. The N,F-co-doped TiO2/PdO nan-
otube arrays exhibited enhanced photocatalytic activity and rapid
conversion to superhydrophilic surface upon visible light illumi-
nation [117]. The improved visible light induced response has
been explained in terms of optoelectronic coupling between N,F-
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Fig. 14. (a) Schematic illustration of the visible light induced electronic transitions for a C–Nd co-doped TiO2 sample, showing transitions from unoccupied Nd–4f energy
levels to the TiO2 conduction band, C-centred energy levels to the Nd-energy states as well as to the conduction band of TiO2 (reprinted from J. Phys. Chem. C 117 (2013)
8345–8352 with permission from American Chemical Society, (b) schematic representation of photoprocesses in a C–V co-doped TiO2, where C on the surface of TiO2 acts
as a sensitiser, absorbs visible light and transfers electron to the conduction band or impurity energy levels, while V-doping into TiO2 lattice results in a band gap narrowing
(reprinted from ACS Appl. Mater. Interfaces 3 (2011) 1757–1764 with permission from American Chemical Society).

co-doped TiO2 and PdO nanoparticles, which favors trapping of
photogenerated electrons by PdO nanoparticles thereby inhibiting
electron–hole recombination.

4.3. Metal doping

Photocatalytic activity and visible light response of TiO2 can be
enhanced by doping with various metal ions, including 3d tran-
sition metal ions [118–122], lanthanides [123–125], and noble
metals [126–130]. Various mechanisms such as bandgap narrow-
ing, formation of impurity based energy levels within the bandgap
and formation of intrinsic defects such as oxygen vacancies and
interstitial Ti have been suggested to account for the improved
activity of metal ion doped TiO2. Y2O3 doped TiO2 nanocomposite
film deposited on indium tin oxide (ITO) glass substrate has been
fabricated using sol–gel–dip coating technique [131]. The Y2O3
doped TiO2 film was converted into a hydrophilic surface (WCA 8◦)
upon illumination with a daylight lamp for 1 h [131]. A significantly
high number of oxygen vacancies can be created by the addition of
Y2O3 into TiO2 during the UV irradiation [131,132]. These oxygen
vacancies are responsible for the hydrophilicity of the Y2O3–TiO2
nanocomposite film.V2O5–TiO2 nanoporous layers (pore size of
50–400 nm) were synthesized using micro-arc oxidation method
that exhibited higher hydrophilicity upon visible light illumina-
tion due to their rough surface [133]. Visible light absorption arises
from the doping of V2O5 in the TiO2 lattice resulting in a narrow
band gap. Zang et al. reported the visible-light photo-degradation
of 4-chlorophenol in aqueous solution using amorphous micro-
porous metal oxides of titanium (AMM-Ti) loaded with chlorides
of PtIV, IrIV, RhIII, AuIII, PdII, CoII, and NiII [134]. It was proposed that

the metal salts perform as chromophores, transferring the charges
generated during the photo-reactions to the amorphous region.

Modification of TiO2 lattice with varying amount of Zn2+ ion
was found to enhance the photocatalytic activity and visible light
absorption of TiO2, which has been assigned to the formation of
surface oxygen vacancies, resulting in various sub energy levels sit-
uated near the bottom edge of the conduction band of TiO2, which
are responsible for the visible light absorption of Zn-doped TiO2
[135]. Moreover, Zn2+ doped anatase TiO2 films deposited on ITO
glasses showed improved hydrophilicity compared to the undoped
TiO2 films due to formation of surface oxygen vacancies [136].
Co-addition of Zn2+ and an anionic surfactant sodium dodecyl-
benzenesulfonate (DBS) in the precursor sol increased the surface
roughness of TiO2 films and resulted in a superhydrophilic surface
(WCA 3◦), which was found to be maintained for two weeks in dark
[136].

4.4. Metal-non-metal co-doping

Co-doping TiO2 using both metal and non-metal elements have
gained considerable attention. The co-doped systems such as N–Cu
[39], N–Fe [137], N–W [138], V–N [139], C–Mo [140], C–Nd [141],
S–Fe [142], etc showed higher photocatalytic activity due to the
synergistic effects of metal and non-metal dopants. The doped
metal and non-metal elements can create additional energy levels
in the band gap (Fig. 14a). Upon visible light the electronic transi-
tion can occur from the valence band of TiO2 to the metal centred
energy levels as well as from doped non-metal based energy lev-
els to the metal energy levels and TiO2 conduction band (Fig. 14a)
thereby increasing the overall visible light absorption [137–139].
Alternatively, the metal element can substitute at the Ti site in the



S. Banerjee et al. / Applied Catalysis B: Environmental 176–177 (2015) 396–428 407

Fig. 15. Schematic representation of the electron/hole transfer mechanism for the B–Ag codoped TiO2 under solar irradiation.
(Reprinted from J. Am. Chem. Soc. 135 (2013) 1607–1616, with permission from American Chemical Society).

lattice while the non-metal can exist as a surface species (Fig. 14b).
The visible light activity of the co-doped TiO2 increases due to
the synergistic effects of metal and non-metal dopants, resulting
from the narrow band gap and separation of electron–hole pair
[143,144]. Recently, Feng et al. demonstrated the extraordinarily
high photocatalytic activity of B-Ag-co-doped TiO2 under solar irra-
diation [145]. It has been suggested that doped B species can weave
into the interstitial sites of the TiO2 lattice. Incorporation of Ag in
the close proximity of the tri-coordinated interstitial B (Bint) sites
favors the formation of Bint–O–Ag structural units, which can trap
the photoinduced electron and facilitate electron–hole separation
(Fig. 15).

4.5. Dye sensitization

Sensitization of TiO2 by a visible light absorbing dye has been
widely used in semiconductor photocatalysis, for the degrada-
tion of organic pollutants as well as in dye sensitized solar cells
[146–149]. The sensitization process involves photoexcitation of
a sensitizer molecule (usually a transition metal complex or an
organic dye) to the appropriate singlet or triplet electronic excited

state, followed by an electron injection from the excited sensi-
tizer molecule into the conduction band of semiconductor material.
The resulting electron–hole pair can in turn generate various reac-
tive oxygen species that lead to degradation of organic pollutants.
Metalloporphyrins, and ruthenium complexes are considered as
efficient sensitizers due to the presence of delocalized � elec-
tron systems and strong absorption in the visible region and high
thermal and chemical stability [150–154]. In addition to Ru(II) com-
plexes and metalloporphyrins, other metal complexes based on
Os(II) [155], Pt(II)[156] and Re(I) [157] have also been extensively
used as sensitizers.

Visible light active self-cleaning cotton fibers func-
tionalized with TiO2 have been developed using
meso-tetra(4-carboxyphenyl) porphyrin (TCPP) and meso-tetra(4-
carboxyphenyl)-porphyrinato M(II) (MTCPP: M = Fe, Co, Cu, Zn)
sensitizers (Fig. 16) [151,158]. The photocatalytic self-cleaning
properties of the functionalized cotton fibers have been assessed
by their ability to remove coffee/wine stain under visible light
irradiation. Free base TCPP/cotton fibers exhibited lower photosta-
bility compared to the M-TCPP/cotton, thereby limiting the use of
TCPP as a sensitizer in practical self-cleaning applications. Among

Fig. 16. Schematic illustration showing the mechanism of dye sensitization in cotton functionalized with TiO2 and Cu–TCPP.
(Reprinted from ACS. Appl. Mater. Interfaces 5 (2013) 4753–4759 with permission from American Chemical Society).
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Fig. 17. Catechol–thiophene light harvesting molecules for dye-sensitization.
(Reproduced from J. Phys. Chem. C (114) 2010 17964–17974 with permission from
the American Chemical Society).

the metalloporphyrins, CuTCPP showed higher photocatalytic
activity.

A new type of dye-sensitized TiO2 system is reported using a
simple thiophene-catechol system (Fig. 17) [159]. In this case, the
charge transfer follows through a type II injection system, where
the charge injection occurs directly from the HOMO (highest occu-
pied molecular orbital) of the organic system to the conduction
band of titania. (Fig. 17) [159]. The device performances were
optimized in relation to the dye loading, open circuit voltage and
current density. The light harvesting efficiency was consistent with
the level of conjugation (e.g., with 1, 2 or 3 thiophene units).

4.6. Heterojunction/heterostructure formation

Formation of heterojunction structures incorporating TiO2 and
other narrow bandgap semiconductor material is an attractive
strategy to improve the photostability and efficiency of photo-
catalytic processes by increasing the separation between charge
carriers. Various heterojunction structures such as ZnO/TiO2
nanocomposites [160], anatase–rutile or anatase-brookite TiO2
heterojunctions [161–164], have been developed for improving
photocatalytic reactions.

The hybrid film of TiO2/WO3 (Fig. 18) was developed by deposit-
ing WO3 particles on a TiO2 film that exhibited an enhanced rate
for photocatalytic oxidation of methylene blue and transformed
to a highly hydrophilic surface upon illumination with a 10 W
fluorescent lamp [165,166]. The smaller band gap of WO3 (2.8 eV),

Fig. 19. Schematic diagram demonstrating the charge transfer between ZnO and
TiO2 nanotube arrays.
(Reproduced from J. Mater. Chem. A 2 (2014) 7313–7318 with permission from Royal
Society of Chemistry).

allows excitation by visible light, where photogenerated holes can
be transferred to TiO2, which take part in subsequent photocat-
alytic oxidation reactions and hydrophilic conversion. Presence of
an intermediate SiO2 later between TiO2 and WO3 was found to
inhibit the charge migration and photoinduced processes. Pt or
other multielectron cocatalysts can accept electron from the con-
duction band of WO3 and thus facilitates the charge separation and
photocatalytic process [167]. TiO2/WO3 bilayer films having low
W(VI)/Ti(IV) molar ratio were generated by layer-by-layer tech-
nique [168]. A high photonic efficiency (1.5%) was reported for
30 TiO2/WO3 bilayers for the degradation of acetaldehyde (1 ppm)
upon UV-illumination.

Hierarchical flake like Bi2MoO6/TiO2 bilayer films have been
developed, which showed significantly enhanced photocatalytic
activity and self-cleaning properties under visible light irradiation
[169]. The porous and flake like structure of the hybrid material
provide higher surface area for efficient visible light harvesting cou-
pled with efficient separation of electron and holes at the interface
of two semiconductors. In order to obtain low band gap material,
anatase TiO2/Cr-doped TiO2 composite thin film deposited on glass
slide was developed using DC magnetron sputtering [170]. The
composite film showed significantly improved hydrophilicity than
the TiO2 thin film with the WCA reaching a value of 10◦ upon 5 h of
UV illumination. The enhanced hydrophilicity of the composite film
has been assigned to the effective charge separation at the inter-
face. The anatase TiO2/4.8% Cr-doped TiO2 exhibited the slowest
conversion into a hydrophobic surface and retained hydrophilicity
for 48 h after the UV-illumination was discontinued.

Fig. 18. Schematic illustration of photoinduced electron transfer in TiO2/WO3 heterojunction in bilayer films.
(Reproduced from ACS Appl. Mater. Interfaces 6 (2014) 16859–16866, with permission from American Chemical Society).
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Fig. 20. Schematic illustration showing charge transfer in graphene/TiO2 composite.
(Reprinted from ACS Appl. Mater. Interfaces 5 (2012) 207–212 with permission from
American Chemical Society).

ZnO/TiO2 core–shell nanorod arrays (Fig. 19) have been further
developed by coating ZnO nanorods with a thin TiO2 nanosheet
with exposed (0 0 1) facets through a hydrothermal method [171].
Presence of the TiO2 coating provided chemical stability and
imparted enhanced photocatalytic activity and hydrophilicity. The
improved photocatalytic activity results from the combination
of enhanced surface area of the heterojunction photocatalyst
and increased charge separation resulting from the injection of
photoexcited electron from the conduction band of TiO2 to the con-
duction band of ZnO and the transfer of photogenerated holes of
ZnO to the valence band of TiO2. The heterojunction coating dis-
played high transmittance and hydrophilicity (WCA 10◦) upon UV
irradiation owing to the highly porous structure of the nanorod
arrays. Transparent thin films of TiO2–ZnO were deposited on poly-
carbonate sheets using interlayers of SiO2 [172]. The self-cleaning
coating with a TiO2:ZnO molar ratio of 1:0.05 showed the most
efficient photocatalytic activity and superhydrophilicity under pro-
longed UV irradiation. Visible light active TiO2/multiwalled carbon
nanotube (CNT) heterostructures have been fabricated by atmo-
spheric pressure chemical vapor deposition technique [173]. The
TiO2/CNT showed superhydrophilicity upon exposure to UV/vis
light due to slow recombination of electron and hole at the inter-
face. Application of electric bias, also converted the TiO2/CNT
surface into a superhydrophilic one due to formation of p–n junc-
tion at the interface.

4.6.1. Graphene based heterostructures
In recent years, nanocomposites of graphene with semiconduc-

tor materials have been found to exhibit improved optoelectronic
and photocatalytic properties [174–176]. Highly conductive and
optically transparent thin films comprising of graphene loaded
TiO2 showed significantly enhanced photocatalytic properties and
superhydrophilicity compared to pure TiO2 under illumination
from a white fluorescent lamp [177]. The enhanced photocat-
alytic activity of graphene/TiO2 can be attributed to the efficient
electron injection from the conduction band of TiO2 to graphene
(Fig. 20). The water contact angle for the graphene loaded TiO2
film decreased with increasing irradiation time. However, the film
did not show hydrophilic conversion under visible light, indicating
that only the UV portion of the white fluorescent light was effec-
tive for photoinduced hydrophilic conversion. Electroconductive
cotton fibers coated with TiO2/graphene nanocomposite exhibited
improved self-cleaning and antimicrobial properties under UV and
solar irradiation [178].

TiO2/reduced graphene oxide (RGO) hybrid films have been
developed by a combination of surface sol–gel process and layer-
by-layer assembly method [179]. The hybrid film showed improved

photocurrent generation under broadband light illumination,
where RGO can be photoexcited under both UV and visible-NIR
irradiation, while TiO2 is photoactive under UV radiation, resulting
in the overall broadband response of the hybrid film. Additionally,
photoexcited electrons from the conduction band of TiO2 can be
injected into RGO, which supresses charge carrier recombination
through rapid charge transport and charge separation. The hybrid
TiO2/RGO film was converted into a superhydrophilic one with a
WCA 4.2◦ after broadband light illumination and exhibited excel-
lent antifogging properties, which suggest potential utility of these
films in designing self-cleaning optoelectronic devices.

4.6.2. TiO2/SiO2 heterostructures for superhydrophilic and
antireflective surfaces

Self-cleaning TiO2 coatings with low surface reflec-
tion/antireflection property and high light transmission ability is
beneficial for their applications such as in flat panel displays, solar
energy collectors, and greenhouses [180–187]. Additionally, for
practical applications, it is desirable that the hydrophilic character
of self-cleaning coatings is maintained for a long period even in
the absence of light. However, photoinduced superhydrophilic
character of pure TiO2 film generally reverts back gradually in
the absence of light illumination. TiO2/SiO2 composite films were
found to exhibit enhanced superhydrophilicity and improved
maintenance of hydrophilicity in dark [188–192]. The TiO2/SiO2
composite films showed increased Lewis acidity resulting from the
excess positive charge generated due to the doping of silicon atoms
into the TiO2 lattice [193]. Increased acidity of the composite films
also accounts for the increase in the hydroxyl groups at the surface,
resulting in an enhanced hydrophilicity. Additionally, presence
of SiO2 can also decrease the refractive index of the TiO2/SiO2
composite film and increase the extent of light absorption by the
composite film and hence increase the photocatalytic activity
[194,195]. Photocatalytic activity of TiO2/SiO2 composite films was
found to be closely related to their hydrophilic property (Fig. 21)
[76,196].

Macroporous superhydrophilic TiO2/SiO2 composite was also
developed using a template free sol–gel method that involved mix-
ing the precursors of TiO2 sol and SiO2 sol in the presence of two
complexing agents, acetyl acetone and diethanolamine, to control
the rate of hydrolysis and precipitation of metal alkoxide [197].
Presence of SiO2 layer has also been reported to enhance the pho-
tocatalytic antibacterial property of TiO2 films [198]. TiO2/SiO2
composite films doped with 3d metals have been prepared by
sol–gel dip coating technique, which showed red shifted absorption
compared to TiO2/SiO2 composite and photoinduced superhy-
drophilicity [199,200]. Doped metal ions act as hole trapping
sites, which enhance the charge carrier separation and account
for the enhanced photocatalytic and self-cleaning properties. In
recent years, several groups have reported fabrication of super-
hydrophilic wool and cotton fibers using TiO2/SiO2 composites,
which displayed photocatalytic self-cleaning activity against bacte-
rial adhesion [198] and for removal of food, coffee and wine strains
[201–204].

Antireflective, self-cleaning coatings have been developed
using layer-by-layer assembly of SiO2–TiO2 core–shell nanoparti-
cles on glass support, that exhibit superhydrophilicity both in the
presence and absence of UV illumination [185,205]. The antire-
flection property arises from the presence of submicrometer sized
SiO2 particle layer, which also provided a porous structure. The
superhydrophilic property of the coatings results from enhanced
surface area of the nanoparticles and higher surface rough-
ness of the particle coating. In order to produce antireflective
self-cleaning coatings, TiO2 particles were used to coat
poly(ethylene terephthalate) [206] and poly(methyl methacrylate)
[207] films having moth-eye-like surfaces. The antireflection and
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Fig. 21. (a) High resolution electron micrograph of TiO2/SiO2 nanocomposite containing anatase TiO2 synthesized in the presence of oxalic acid and polydimethyl siloxane,
(b) 3D AFM image of the nanocomposite, (c) optical microscopic image of an uncoated marble surface treated with methylene blue after UV irradiation, (d) microscopic image
of the methylene blue treated marble surface coated with TiO2/SiO2 nanocomposite following UV illumination.
(Reproduced from Appl. Catal. B 156–157 (2014) 416–427, with permission from Elsevier).

self-cleaning properties of the coatings can be applied in solar
cells and flat panel displays. Dust and other organic pollutants can
typically reduce the conversion efficiency up to 30% and therefore
the application of a self-cleaning coating can significantly improve
the efficiency of solar cells [208]. On the other hand, the light-
absorbing materials coated solar cells could decrease the overall
light to electricity conversion efficiency. No significant studies
have been found so far on the impact of hydrophilic self-cleaning
coatings on the light conversion efficiency [209]. Low cost antire-
flection coatings possessing self-cleaning properties have been
designed employing a self-assembled block copolymer in combi-
nation with silica sol–gel chemistry and anatase TiO2 nanocrystals
[210]. In order to overcome the problem associated with polymer
instability during outdoor applications of antireflective coatings,
hydrophobic surfaces were fabricated from vertically oriented
rutile nanorods grown on glass surface [211]. The resulting glass
substrates demonstrated high transmittance in the visible light
region (520–800 nm) and enhanced photocatalytic self-cleaning
activity toward hydrophilic and oily contaminants. The nature of
the solvent present in the precursor solution showed significant
effects on the nucleation and growth of the nanorods and played
crucial roles in determining the microstructure and morphology
of the surface (Fig. 22).

4.7. Summary of contact angles of various TiO2 composites

As discussed in previous sections, several strategies have been
developed by various groups to improve the photocatalytic activ-

Fig. 22. Field emission scanning electronic microscopic images showing the effect
of solvent composition present in the precursor solution on the morphology and
water contact angle of TiO2 nanorods deposited on glass substrate.
(Reproduced from J. Colloid Interface Sci. 365 (2012) 308–313, with permission from
Elsevier).
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Table 2
Summary of contact angles of various TiO2 composites discussed.

System Contact angle Illuminating source Intensity of illumination Reference

PdO–N,F–TiO2 0◦ Visible light <4 min 1.0 mW/cm2 [117]
WO3/TiO2 0◦ UV > 10 h 5–10 �W/cm2 [166]
Bi2MoO6/TiO2 0–12◦ (depending on reactime time) UV Not specified [169]
CNT/TiO2 0◦ Visible light 10 min Not specified [173]
SiO2/TiO2 3◦ UV Not specified [80]
DBS–Zn–TiO2 3◦ Visible light Not specified [136]
C,N,F–TiO2 3–4◦ Measured in dark – [212]
RGO/TiO2 4.2◦ Broadband illumination Not specified [179]
V2O5–TiO2 <5◦ UV (25 W lamp) for 45 min Not specified [133]
Graphene/TiO2 <5◦ While fluorescence light 20 �W/cm2 [177]
Ag–N–TiO2 <5◦ White light for 2 h Not specified [104]
N–TiO2 <5◦ White light for 2 h Not specified [104]
C–TiO2 <5◦ UV > 1.5 h 0.2 mW/cm2 [105]
SiO2/N–TiO2 6◦ Visible light for 30 days 159.4 �W/cm2 [96]
Y2O3–TiO2 8◦ Daylight lamp (60 W) irradiation for 60 min Not specified [131]
N,F–TiO2 8◦ Visible > 5 h 3 mW/cm2 [115]
TiO2/Cr–TiO2 <10◦ UV for 5 h 0.5 mW/cm2 [170]
ZnO/TiO2 10◦ UV illumination Not specified [171]
C–TiO2 >10◦ Visible > 1.5 h 0.2 mW/cm2 [105]
N,S–TiO2 >10◦ Visible > 1 h 0.5 mW/cm2 [114]
Zn–TiO2 27◦ Visible light Not specified [136]

ity and hydrophilicity of TiO2 based materials. Although there is
no straight forward way to compare the activity of various materi-
als due to variation in the nature of illuminating light, intensity of
light, irradiation time, contact angle values, the systems were com-
pared to obtain a general idea about the efficiency of self-cleaning
of different types TiO2 reported and are summarized in Table 2.

In general, modifications that increased surface roughness, for
example C,N,F co-doping [212], co-addition of Zn and DBS [136]
etc., appeared a promising way to increase the self-cleaning activ-
ity of the materials and also useful for maintaining hydrophilicity
upon storage in dark. Formation of heterostructure of TiO2 with
other materials to increase the charge separation appeared another
effective approach to increase the photocatalytic activity and self-
cleaning efficiency. Introduction of rough surface morphology in
combination to heterostructure formation was found to be more
effective for fabrication of photocatalytic self-cleaning materials.
This was illustrated by the examples of Bi2MoO6/TiO2 [169] and
ZnO/TiO2 [171] systems. Doping with non-metals, especially nitro-
gen, was found to increase the hydrophilicity and visible light
induced photocatalytic activity [96].

5. Photocatalytic antibacterial composites

In recent years TiO2 based photocatalysts have gained signifi-
cant attention for developing self-cleaning antibacterial materials
[213,214]. Kikuchi et al. initially demonstrated the UV-light
induced photocatalytic antibacterial activity of TiO2 thin films
[215]. TiO2 microspheres with reactive (1 1 1) facets exposed on
the external surface produced higher amount of •OH compared
to Evonik Degussa P25 upon UV illumination and demonstrated
higher rate of bacterial inactivation, which results from the sup-
pressed electron–hole recombination in crystallized faceted TiO2
microsphere structures [216]. Visible light absorbing CuxO/TiO2
nanocomposites have been developed for indoor applications,
where the CuxO clusters composed of a mixture of Cu(II) and
Cu(I) species [217]. Presence of Cu(II) favored induced visible light
absorption of TiO2 and photocatalytic oxidation of volatile organic
compounds, while Cu(I) imparted antimicrobial activity in the
absence of light [217].

Visible light active C-doped anatase-brookite nanoheterojunc-
tion displayed significantly higher photocatalytic activity and
higher rate of inactivation against Staphylococcus aureus com-
pared to commercially available photocatalyst Evonik-Degussa

P-25 [162]. S. aureus inactivation rate constants of 0.0023 and
−0.0081 min−1 were found for TiO2 hetero-junctions and Evonik
Degussa P-25, respectively. The efficient electron–hole separa-
tion at the TiO2 hetero-junctions interface is accountable for
greater antibacterial activity of the carbon doped TiO2 nano-
heterojunctions. Photocatalytic disinfection of Escherichia coli, S.
aureus, Enterococcus faecalis, Candida albicans and Aspergillus niger
using C-doped visible light photocatalysts was also reported and
the inactivation was found in the following order E. coli > S.
aureus ≈ E. faecalis » C. albicans ≈ A. niger [218]. Anatase TiO2 nano-
tubes fabricated on Ti surface and loaded with Ag nanoparticles
demonstrated high antibacterial activity against E. coli [219]. To
achieve long-term antibacterial activity, Ag nanoparticles were
generated in situ within TiO2 nanotubes, coated with a quaternary
ammonium salt. The resulting nanocomposites exhibited high bio-
compatibility and long-term antibacterial activity. Presence of the
quaternary ammonium salt coating resulted in a reduced release of
Ag from the nanocomposites [220]. Anti-bacterial properties of un-
doped titania nano-tubes prepared by electrochemical anodization
method have also been analysed using E. coli and S. aureus. These
nanotube materials were found to be very effective in disinfect-
ing both E. coli (97.5%) and S. aureus (99.9%) using UV irradiation.
Surface morphology and physico-chemical characteristics of tita-
nia nanotube materials play a significant role in the anti-bacterial
activity [221]. Nanostructured AgI/TiO2 photocatalysts have been
developed that showed efficient visible light active photocatalytic
degradation of organic pollutants and photoinduced antibacterial
activity [222]. Visible light active self-cleaning cotton has been fab-
ricated by loading AgI particles on TiO2 functionalized cotton fibers,
which exhibited efficient degradation of methyl orange under vis-
ible light irradiation compared to TiO2-cotton fibers [223]. The
improved visible light activity has been assigned to photoexcitation
of the narrow band AgI, where photogenerated electrons from the
conduction band of AgI can be transferred to the conduction band
of TiO2, thereby increasing the charge separation along the het-
erojunction interface. Silver nanoparticles were deposited on the
surface of TiO2 nanoarrays to construct photocatalytic self-cleaning
substrate combined with surface enhanced Raman active detection
platform [224,225].

Several mechanisms have been proposed to account for the
antibacterial activity of TiO2. Upon illumination of TiO2 with suit-
able light, several ROS such as hydroxyl radical, hydrogen peroxide,
and superoxides are generated, which can be potentially fatal for



412 S. Banerjee et al. / Applied Catalysis B: Environmental 176–177 (2015) 396–428

Fig. 23. Proposed mechanism of photocatalytic self-cleaning antimicrobial action.
(Reprinted from Appl. Catal. B: Environ. 130–131 (2013) 8–13 copyright (2013) permission from Elsevier Science).

microorganisms (Fig. 23). Irradiation of TiO2 can destroy the cell
wall and cell membrane of bacterial cell [226,227]. Rengifo-Herrera
et al. reported that for N, S co-doped TiO2, photogenerated holes
generated upon visible light irradiation do not possess suitable
reduction potential to produce •OH radical by the oxidation of H2O
[228,229]. Under visible light irradiation, less oxidative O2

•–, and
1O2 are thought to be responsible for the photocatalytic decompo-
sition of bacterial cells. However, UV light excitation can produce
highly oxidizing •OH radicals, which can cause photocatalytic bac-
terial inactivation [228,229].

6. Photocatalytic hydrophobic surfaces

Superhydrophobic surfaces are characterised by low free energy
surfaces possessing a WCA greater than 150◦. The hydrophobic sur-
faces can be fabricated by controlling the chemical compositions
and geometric structures of solid surfaces. In contrast to superhy-
drophilic photocatalytic materials, there are very limited examples
of superhydrophobic photocatalytic surfaces [70,230–233]. How-
ever, these surfaces offer several advantages as self-cleaning
materials over superhydrophilic surfaces, including reduction in
bacterial adhesion [234], superior cleaning action due to “lotus
effect” [235] and anti-misting property [236]. The examples
provided in this section summarize various strategies such as
functionalization of TiO2 surfaces with PTFE, PDMS, fluorinated
alkyl moieties and modification of surface morphology, which can
increase surface roughness and lower the surface free energy. The
presence of the hydrophobic coatings, in most of the cases, prevents
complete hydrophilic conversion of TiO2 upon irradiation while the
TiO2 surfaces display photocatalytic and hydrophobic properties
simultaneously.

Nakajima et al. developed transparent superhydrophobic films
by calcination of a mixture of aluminium acetylacetonate and
titanium acetylacetonate, followed by coating with a fluoroalkylsi-
lane [237]. The films were characterized by rough, porous surface
and the roughness was correlated to the concentration of TiO2
in the film. The film containing 2 wt% TiO2 showed a WCA 140◦

after illumination with UV light (1.7 mW/cm2) for 800 h. The film
maintained its hydrophobicity and exhibited photocatalytic degra-
dation of stains upon exposure to outdoor light for 1800 h. The
self-cleaning action of the superhydrophobic film has been
explained in terms of photocatalytic activity of TiO2 combined
with its photoinduced amphiphilic property (i.e., possessing both
hydrophilic (water-loving) and lipophilic (fat-loving) properties,

simultaneously). Calcium hydroxyapatite (HAP) based photocata-
lyst has been developed, where Ti(IV) ions partially substitute Ca2+

ions [238]. Ti(IV)-doped HAP particles showed decomposition of
acetaldehyde under UV irradiation. Further coating of Ti(IV)-doped
HAP particles with a fluoroalkyl silane (FAS) and a methacrylate
based hydrophobic organic polymer resulted in a superhydropho-
bic film with a WCA 155◦ and an oil repellent property [232].
However, the FAS treated Ti(IV)-HAP polymer composite displayed
low photocatalytic efficiency for the degradation of isopropanol,
which presumably resulted from the low surface exposure of Ti(IV)-
HAP photocatalytic particles and the presence of FAS coating that
prevented diffusion of gaseous contaminants. The FAS treated
Ti(IV)-HAP-polymer composite films maintained their hydropho-
bic character for a long period of time (>600 h) upon exposure to
exterior light. This probably arises from the presence of FAS coating,
which inhibits direct contact with Ti(IV)-HAP and polymer.

Superhydrophobic nanocomposite coating of TiO2 and poly-
tetrafluoroethylene (PTFE) has been developed using a radio
frequency-magnetron sputtering (RF–MS) deposition method
[239]. The film exhibited UV-light induced photocatalytic degrada-
tion of oleic acid and the superhydrophobicity was retained after
five cycles of oleic acid adhesion and UV-illumination (Fig. 24).

Thin film of TiO2 nanoparticles dispersed in polydimethylsilox-
ane (PDMS) has been synthesized using aerosol assisted chemical
vapor deposition technique [240]. The resultant thin film exhib-
ited superhydrophobic nature (WCA 162◦) due to high surface
roughness and low surface energy of the polymer. Additionally,
the film also retained its superhydrophobic character and did not
undergo any significant degradation after prolonged irradiation
with UV light (� = 365 nm). The high surface area of the poly-
mer surface also allows incorporation of a higher concentration of
titania nanoparticles and thus a high rate of photocatalysis. Super-
hydrophobic coatings were also developed using TiO2 nanowires
and PDMS though simple dipping process [241]. Scanning elec-
tron microscopy images showed that the TiO2 nanowires aggregate
in the coating to form dendrite structures, which increase surface
roughness, with WCA 158 ± 2◦ (see Fig. 25a); however, the sur-
face was found to convert into a hydrophilic one (WCA 25◦) after
UV illumination for 6 h (8 W Hg lamp, � = 254 nm) and also dis-
played anti-fouling property for low boiling solvents. Following UV
illumination, the increased value of oxygen/Ti ratio suggested an
increase in the concentration of hydroxyl group [241]. The self-
cleaning action of the surface was examined in terms of its ability
to remove graphite powder sprinkled on the surface, which adsorbs
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Fig. 24. (a) Field emission scanning microscopic image of TiO2/PTFE. (b) Changes in water contact angle on TiO2/PTFE on Ti substrate on oleic acid and UV illumination.
(Reproduced from Adv. Mater. 24 (2012) 3697–3700, with permission from Wiley).

readily on the surface of a water droplet placed on the hydrophobic
surface and can be readily slided off the surface (see Fig. 25b). The
easy fabrication method also allows easy repairability and regener-
ation of the superhydrophobic surface, which is beneficial to reduce
mechanical damage and useful for applications in self-cleaning
materials.

Multifunctional TiO2–high-density polyethylene (HDPE)
nanocomposite surface has been fabricated through a template
lamination method [242]. The nanocomposite surface possessed
hierarchical roughness ranging from micro to nanoscale (Fig. 26).
The surface exhibited superhydrophobicity (WCA 158◦), low slip-
off angle and self-cleaning properties, which were also maintained
in the absence of UV light. Illumination of the photocatalytic

hydrophobic surface with UV light resulted in a hydrophilic
surface due to the oxygen vacancies and the hydrophobicity was
eventually restored by heating, which presumably changes the
surface composition by reversing the UV induced Ti O H bonds
to more hydrophobic Ti O bonds. Superhydrophobic films with
WCA as high as 155.5◦ have been developed using hybrid layers
of TiO2 and dodecylamine [243]. The film retained hydrophobic-
ity for 4 weeks in outdoor applications in the presence of high
relative humidity (>90%). The enhanced hydrophobicity of the
inorganic–organic hybrid films was attributed to the outward
orientation of hydrocarbon chains in the hybrid film.

Fig. 25. (a) Changes in WCA of superhydrophobic TiO2 upon UV-illumination, (b) self-cleaning process on a superhydrophobic TiO2 surface.
(Reprinted from Appl. Surf. Sci. 284 (2013) 319–323 with permission from Elsevier).
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Fig. 26. Schematic illustration of water–air interface on TiO2–HDPE nanocomposite surface possessing hierarchical structural roughness.
(Reprinted from ACS Appl. Mater. Interfaces 5 (2013) 8915–8924 with permission from American Chemical Society).

7. Reversible photo-controlled wetting

Reversible photo-response surfaces with controlled wetting
properties have attracted significant attention due to its applica-
tion in surface engineering of ceramic and bio-materials [244–248].
These tuneable ‘smart coatings’ can switch reversibly between
hydrophilic and hydrophobic surfaces by irradiating with light
of appropriate wavelength [248]. The unique properties of these

materials have applications in a number of technological areas
such as sensors, controlled drug delivery and smart membranes
or coatings [248–251]. Most important factors in controlling the
reversible nature of wetting are surface roughness, morphology,
and the polarity of the surface [244,247,252,253]. Li et al. reported
the preparation of a novel micro-nano hierarchical titania/silica
composite thin-film by modifying the microspheres of SiO2 with
nano-spheres of TiO2 and a commercial water-resistant agent

Fig. 27. Schematic representation of the reversible photo-controlled wetting of TiO2–SiO2 composites under UV irradiation.
(Reproduced from Appl. Surf. Sci. 283 (2013) 12–18 with permission from Elsevier).
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Fig. 28. Origin of underwater superoleophobicity due to formation of thin film of water between an oil drop and TiO2 surface.
(Reprinted from Langmuir 29 (2013) 6784–6789, with permission from American Chemical Society).

Fig. 29. Oil–water separating device based on titanium mesh, n-hexadecane dyed with Sudan IV (red) and water dyed with methylene blue (blue) were used as oil and water
phases, respectively. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
(Reprinted from Langmuir 29 (2013) 6784–6789 with permission from American Chemical Society).

(Aquapel), as shown in Fig. 27. These ordered TiO2–SiO2 com-
posites exhibited diverse degrees of amplified wettability [248].
It was also showed that the water contact angle is significantly
reliant on the microscopic surface roughness [248]. The effect of
TiO2–SiO2 size ratio on the wetting properties of these composites
were described using the Cassie-Baxter equation [248]. It should
also be noted that Mills et al. have indicated that photo-induced
superhydrophilicity may be due to the surface restructuring of an
intrinsically hydrophobic titania surface during the irradiation pro-
cess [254].

8. Underwater-superoleophobicity

In recent years, materials that exhibit underwater super-
oleophobicity have received significant attention due to their
applications in marine antifouling, oil spill clean-up, water manage-
ment etc. [26,255]. Photoinduced underwater superhydrophobicity
of TiO2 surfaces has been reported for TiO2 thin films prepared
by sol–gel process, coated on a glass slide or synthesized by
calcination of a Ti plate at 500 ◦C [256]. UV irradiation resulted
in a highly amphiphilic TiO2 surface demonstrating underwater
superoleophobicity with an oil contact angle (OCA) higher than

160◦. The photoinduced underwater superoleophobicity results
from the presence of a thin water film formed from the trapped
water molecules on the surface (Fig. 28), which in turn inhibits
the contact between oil droplets and TiO2 surface. TiO2 surface
was found to lose its superwetting property upon contamination
treatment, which was recovered after UV-irradiation and the wet-
tability conversion was reversible for at least three cycles. An
oil/water-separating device (Fig. 29) has been designed containing
TiO2 surface on a titanium mesh with a pore size of approximately
150 �m, which exhibited an efficient separation of oil (treated with
a red dye Sudan IV) and water (dyed using methylene blue as the
blue dye).

An underwater superoleophobic coating derived from flower
like rutile TiO2 grown on fluorine doped tin-oxide (FTO) substrate
has been reported recently [257]. The coatings exhibited superam-
phiphilicity in an air–solid–liquid three-phase system, with both
WCA and OCA values of 0◦, which results from the hydrophilic-
ity of TiO2 combined with the hierarchical flower like structure
of the coatings. The coatings showed an oil-repellent property
similar to fish scales with an underwater OCA 155◦, which pre-
sumably results from the presence of water molecules trapped
in the cavities of rough TiO2 surface thus resulting in a repulsive
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Fig. 30. Schematic illustration showing the fabrication of SWCNT/TiO2 nanocomposite and its application in separation of oil in water emulsion.
(Reproduced from ACS Nano 8 (2014) 6344–6352, with permission from American Chemical Society).

interaction between water and oil molecules. In the presence of
contaminants, superwetting state of the coating decreased, result-
ing in an increase in WCA from 0◦ to 137◦ and decrease in OCA
from 155◦ to 64◦. However, the superamphiphilicity and underwa-
ter superoleophobic property of the film recovered upon irradiation
with UV light for 2 h and the reversible transition between under-
water oleophilicity and underwater superoleophobicity could be
performed for several cycles without any loss in response by chang-
ing between contaminant treatment and UV exposure [257]. An
ultrathin film made of single-walled carbon nanotubes (SWCNTs)
and TiO2 nanocomposites has been fabricated that demonstrated
superhydrophlicity, superoleophilicity, and underwater superoleo-
phobicity upon UV-illumination (Fig. 30) [258]. The UV-illuminated
film exhibited underwater contact angles higher than 150◦ for
different oils, which result from the extremely low oil-adhesion
force of the UV-irradiated film. The SWCNT network provides
nanoscale thick and porous (20–60 nm pore size) structure that
enables efficient and ultrafast separation of both surfactant free
and surfactant-stabilized oil-in-water emulsions compared to
commercial filtration membranes. Moreover, the UV-induced pho-
tocatalytic activity of TiO2 imparts additional antifouling property
to the SWCNT/TiO2 thin films, which is beneficial for the repeated
and long-term use of the filtration membranes. Superhydrophobic
and underwater superoleophilic membranes composed of sul-
fonated graphene oxide (SGO) nanosheets and nanostructured TiO2
spheres have been fabricated for efficient separation of surfactant
stabilized oil in water emulsion [259]. The crosslinked nanos-
tructured networks of SGO/TiO2 membrane provide mechanical
flexibility and allow high oil rejection rate combined with very low
membrane fouling.

Fig. 31. Schematic diagram showing the bio-inspired SnO2 films causing degrada-
tion of organic dyes and pathogen.
(Reproduced from Nanoscale 5 (2013) 3447–3456 with permission from Royal Soci-
ety of Chemistry).

9. Other material displaying self-cleaning activity

Though TiO2 based photocatalytic materials have received most
attention for developing self-cleaning materials, other n-type metal
oxides such as ZnO and SnO2, also exhibit both photocatalytic activ-
ity and photoinduced hydrophilic conversion [77]. SnO2 nanorods
displayed switchable superhydrophobicity (WCA 154.1◦) before UV
exposure and superhydrophilicity (WCA 0◦) upon UV irradiation
[260]. The hydrophilic conversion has been attributed to surface
roughness, formation of oxygen vacancies and surface hydroxyl
groups upon UV illumination. Deposition of bio-inspired SnO2 films
on glass surface has been achieved by functionalization with sper-
mine [261]. The bio-inspired SnO2 films generated superoxide
radicals (•O2

−) upon exposure to sunlight and caused degradation
of organic dyes and pathogens (Fig. 31).
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Fig. 32. Heterojunction formation of ZnO with BiVO4.
(Reproduced from Ind. Eng. Chem. Res. 53 (2014) 8346–8356 with permission from American Chemical Society).

The photocatalytic activity combined with the photoinduced
hydrophilicity of SnO2 films can be applied to develop coatings with
antifouling properties. Pan et al. reported the fabrication of SnO2
nanowire based heterostructures that exhibit hydrophobicity due
to rough morphology of the surface [262]. The grooves present in
the surface microstructure allow trapping of air and prevent pen-
etration of water molecules. These heterostructures demonstrated
switchable wettability changes upon alternating exposure to UV
illumination, storage in dark and O2 annealing, which can be ben-
eficial to develop industrial coatings for self-cleaning applications.

Sun et al. demonstrated that thin films of ZnO show a WCA
of 109◦ before UV irradiation and their surfaces are converted to
highly hydrophilic upon UV exposure [263]. The photoinduced
hydrophilic conversion has been attributed to the formation of
surface defects similar to TiO2 upon UV exposure and subse-
quent adsorption of water molecules to the defect sites. Plasmon
assisted visible light absorbing Ag–ZnO hybrids have been fab-
ricated that exhibit surface enhanced Raman scattering (SERS)
and enhanced photocatalytic activity due to efficient separation of
charge carriers along the hybrid structure [264]. These UV–visible
light induced photocatalytic and uniform SERS active nanoar-
rays can potentially be used for self-cleaning applications. Guo
et al. reported the fabrication of superhydrophobic self-cleaning
ZnO/CuO heterohierarchical nanotrees after silinazation [265].
The superhydrophobicity was attributed to the surface rough-
ness and presence of trapped air in the rough surface cavities.
Heterojunction formed using ZnO and BiVO4 showed enhanced vis-
ible light absorption and superior photocatalytic degradation of
organic dyes compared to pure ZnO [266]. The improved activity
of the heterojunction results from reduced rate of electron–hole
recombination and enhanced visible light absorption (Fig. 32). The

heterojunction showed hydrophobic surface (WCA 112.5◦) after
treatment with tetraorthosilicate (TEOS), which can be useful to
design self-cleaning materials.

Kako et al. demonstrated the photoinduced hydrophilic and
lipophilic property of InNbO4 thin films [267]. The number of
polar groups (e.g., hydroxyl group) was found to increase in the
presence of UV irradiation and the mechanism of photoinduced
amphiphilicity was thought to be similar to that of TiO2. Unil-
amellar nanosheets of TiNbO5, Ti2NbO7, Ti5NbO14, and Nb3O8
were evaluated for their photocatalytic activity and photoinduced
hydrophilicity [268]. Nanosheets of Nb3O8 exhibited higher ther-
mal stability and efficient photoinduced hydrophilicity compared
to polycrystalline anatase TiO2. The high stability of Nb3O8 photo-
catalysts at elevated temperature is advantageous for applications
in building materials, which require high processing temperatures.

10. Testing methods for photocatalytic self cleaning
surfaces

Measurement of contact angle and photocatalytic degradation
of organic dyes are commonly used to evaluate the self-cleaning
activity of photocatalytic surfaces [254]. International standard
methods have been developed to determine the efficiency of self-
cleaning, which can be used by manufactures to characterize their
products and ensure quality and reliability.

10.1. ISO 27448: 2009: Standard testing method for
photocatalytic self-cleaning surfaces by measuring the contact
angle

An international standard organization (ISO) testing method
(ISO 27448: 2009) has been published to determine the efficiency
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Fig. 33. Typical data generated for contact angle, �, vs. irradiation time, in the stan-
dard ISO 27448: 2009.
(Reproduced from J. Photochem. Photobiol. A 237 (2012) 7–23, with permission
from Elsevier).

of self-cleaning of photocatalytic surfaces, which relies on the mea-
surement of WCA upon UV illumination [269]. The method involves
application of an organic compound (usually oleic acid, C18H34O2)
on the photocatalytic surface and the wettability of the surface is
subsequently monitored by measuring the WCA as a function of UV-
irradiation time. The oleic acid can be applied either manually or by
employing a dipping process. In the manual coating process, 200 �l
C18H34O2 is dropped onto the middle of an initially weighed sam-
ple. The dropped C18H34O2 should be evenly spread by employing a
non-woven cloth. Excess C18H34O2 should be wiped off so that the
total weight of the C18H34O2 becomes 20 �g cm−2, as measured by
weighing the coated sample. For the dipping process, the sample is
placed in a 0.5% v/v solution of C18H34O2 in n-hexane. These coated
samples should then be dried in an oven set at 70 ◦C for 15 min. The
measurement is continued until the WCA reaches a value less than
5◦ (Fig. 33). Carbon dioxide and water will be formed after the pho-
tocatalytic mineralization of oleic acid in the presence of oxygen
and light irradiation (Eq. (11)).

C18H34O2+25.5 O2

Photocatalyst

hϑ ≥ 3.2eV
−−−−−−−−−−−→18CO2+17H2O (11)

Before carrying out the measurements, the surface should be
irradiated for at least 24 h under UV irradiation (for manual coat-
ing recommended irradiance dose is 2 mW/cm2 while the dipped
samples should be irradiated with 1 mW cm−2 of UVA) to remove

organic contaminants and should be handled with proper care to
avoid any further contamination. It is also recommended that the
initial contact angle should be higher that 20◦ to observe the change
upon UV irradiation and measurements should be performed at
five different points in order to obtain an accurate average con-
tact angle. The method provides an easy and effective measure to
determine the self-cleaning efficiency of photocatalytic materials;
however, it does not incorporate extremely hydrophobic surfaces,
granular and water permeable substrates and visible light active
photocatalysts. The advantage of this test is that it provides a quick
and easy method to identify the photocatalytic self-cleaning action.
The major disadvantage of this method is that the conditions for
carrying out the testing procedures (e.g., operating temperature
and humidity) are not well defined [254] and the contact angle
measurements can vary significantly with different experimental
conditions. It is also not reported why two different coating pro-
cedures are suggested and why two different UVA irradiance dose
should be employed for the two differently coated samples [254].

10.2. ISO 10678; 2010, ‘Determination of photocatalytic activity
of surfaces in an aqueous medium by degradation of methylene
blue’

A UV/visible spectrophotometric method (ISO 10678; 2010)
has been developed utilizing the photo-induced bleaching of
methylene blue (MB) dye to assess the activity of photocatalytic
self-cleaning materials [270]. The high molar extinction coefficient
of MB (C16H18N3SCl) allows monitoring the photocatalytic process
conveniently through a striking color change of the dye from blue
to colorless due to photo-mineralization (Eq. (12)). C16H18N3SCl
can completely be mineralized into simple molecules such as HCl,
H2SO4, HNO3, CO2 and H2O through a series of photocatalytic
degradation process [271]. However, these photo-assisted degra-
dation reactions take place on a much larger timescale than the
oxidative photo-bleaching of C16H18N3SCl. It should therefore be
noted that the rate of photo-bleaching of C16H18N3SCl is not equal
to that of the mineralization of the dye.

C16H18SCI+25.5O2+

Photocatalyst

hϑ ≥ 3.2eV
−−−−−−−−−−−→HCl+H2SO4+ 3HNO3

+ 16CO2+6H2O (12)

Fig. 34. Set up for the photocatalytic degradation studies of methylene blue.
(Reproduced from Energy Environ. Sci. 5 (2012) 7491–7507 with permission from Royal Society of Chemistry).
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The experimental setup (Fig. 34) involves fixing a glass cylinder
on a sample plate (typically 10 cm2) containing the photocatalytic
coating. During the preconditioning step, ca. 35 mL MB (20 �M) is
added to the cylinder and covered with a UV-A transparent glass
plate for 12 h in dark to ensure adsorption of dye on the surface.
This is followed by irradiation with UV-A light (recommended dose
1.0 mW/cm2) with occasional agitation of the solution at every
20 min. The photocatalytic process is monitored through decom-
position of MB by measuring absorbance of the solution at 665 nm
spectrophotometrically. From the known values of rate of photocat-
alytic bleaching of MB (r), the UV-A irradiance, photonic efficiency
(�) for a photocatalytic sample can be calculated according to the
following equation.

� = 100 × r

IUV
(13)

Photocatalyzed decomposition of MB provides a simple and
convenient measure of the activity of photocatalytic self-cleaning
materials; however, varying purity of commercially available MB
often affect the molar extinction coefficient and therefore results
in errors in preparing dye solution of a specific concentration. It
should be mentioned that in addition to photocatalytic decom-
position, photobleaching of MB can also occur through a dye
sensitization mechanism, during which an electronically excited
dye molecule (D*) injects an electron to the conduction band of
the semiconductor and gets converted to radical cation (D•+). The
dye radical cation can in turn undergo decomposition resulting in
photobleaching. This dye sensitization mechanism can be avoided
by choosing proper excitation source, (�excitation = 365 nm), where
MB does not absorbs significantly. The non-catalytic dye-sensitized
reaction can be minimized by controlling the pH of the solution
at 5.5 (lower than the point of zero charge of the semiconductor
ca 6.6 for TiO2), which ensures minimal dye adsorption and thus
lowers the extent of dye sensitized photobleaching reaction. MB
decomposition test provides reliable results for moderately active
materials such as commercial self-cleaning glass; however, the low
diffusion coefficient of the dye limits its use in evaluating the highly
active materials [254,272]. Additionally, due to lower photostabil-
ity of MB, this method is not very effective in assessing low activity
materials such as commercial photocatalytic tiles [272].

The advantage of ISO 10678; 2010 is the simplicity of the exper-
imental set up. The major disadvantage is that the purity of the
C16H18N3SCl is not defined in the standard and as noted by Mills
et al. the high variation in the purity of commercially supplied
C16H18N3SCl means that it may not be possible to prepare a 10−5 M
concentration of methylene blue with confidence [254]. It was pre-
viously noted that the methylene blue test is more appropriate as
a water-purification test than a self-cleaning test [254].

10.3. ISO 27447: 2009, ‘Fine ceramics, advanced technical
ceramics – test method for antibacterial activity of
semiconducting photocatalytic materials’

ISO 27447: 2009 defines a testing process for the antibacterial
activity of photocatalytic materials or films on the surface (Fig. 35),
by evaluating the enumeration of bacteria under UV irradiation
[273]. This protocol is usually used for photocatalytic materials
coated on construction supplies (such as boards, flat sheets or
plates) or antimicrobial fabrics. ISO 27447: 2009 method does not
include powder, granules or porous ceramics. There are two major
procedures employed in this analysis: (i) film adhesion, and (ii)
glass adhesion. The former method is recommended for the analysis
of flat surfaces while the latter method is designed for the assess-
ment of fabric materials. For the film adhesion method bacteria
such as S. aureus and E. coli are the recommended bacteria employed
in the test while the glass adhesion method recommends the use

Fig. 35. Experimental set up for sample irradiation (1) UV light source, (2) metal
plate (for irradiation level adjustments), (3) lid, (4) petri dish, (5) adhesive film, (6)
test samples with inoculated bacteria (7) U-shaped glass rod or tube and (8) moist
filter paper.
(Reproduced from J. Photochem. Photobiol. A 237 (2012) 7–23 with permission from
Elsevier).

of S. aureus and Klebsiella pneumoniae [55,254]. It should be noted
that ISO 27447: 2009 is specifically designed for testing surfaces
and does not deal with the photocatalytic disinfection of water or
air.

In the film adhesion method, the bacterial strains (e.g., S. aureus
and E. coli) are inoculated into the nutrient agar and then subjected
to incubation at a temperature of 37 ◦C up to 24 h. The bacteria are
then moved to a new agar medium and incubated for another 24 h. A
portion of these bacteria is then transferred to a diluted form of the
nutrient broth (1/500 NB) and then bacteria are counted using an
optical microscope. The bacterial suspension is then diluted with
1/500 NB to get a concentration of 6.7 × 105–2.6 × 106 cells ml−1

[273]. This sample will then be inoculated on the surface of the
material to be tested [254]. The photocatalytic anti-microbial action
(RL) after 8 h of UV treatment with light irradiance L mW cm−2, can
be written as:

RL = log(BL/CL)(14)

where CL and BL are the number of live bacteria after the illumi-
nation period for photocatalytic samples and non-photocatalytic
specimens, respectively. Dark control materials with and without
the photocatalyst coating should also be developed and kept under
the dark condition for 8 h. Live bacteria counts on the specimens
with and without the photocatalyst coating after 8 h under the dark
conditions are then analysed as: BD and CD. The overall photocat-
alytic antibacterial action �R, can be calculated as:

�R = log(BL/CL)–log(BD/CD) (15)

This is a well-defined and the best available standard to date for
benchmarking the commercial photocatalyst based anti-bacterial
products. However, the main disadvantage is the recommendation
to use two different methods for flat surfaces and fabrics. It is also
not fully clear why different strains of bacteria are recommended
for these two methods [254,274].

10.4. Photocatalytic activity indicator inks

Most of the ISO standard methods developed until today require
expensive analytical instrumentation, skilled personnel, and long
analysing time. Recently photocatalytic activity indicator inks have
been developed that utilize various redox dyes such as resazurin
(Rz), basic blue 66 (BB66) and acid violet 7(AV7) to evaluate the
photocatalytic activities of a broad range of materials such as
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Fig. 36. Photocatalytic activity indicator tests for probing glass, paint and tile surfaces.
(Reproduced from J. Photochem. Photobiol. A 290 (2014) 63–71 with permission from Elsevier).

Fig. 37. Structures of resazurin (Rz) and resorufin (Rf).

commercial paints, tiles and glasses (Fig. 36) with varying activities
[275–278].

The photocatalytic activity indicator ink consists of a redox
dye (D) and a sacrificial electron donor (SED) such as glycerol.
Both the dye and the SED are incorporated in a suitable polymer
such as hydroxyl ethyl cellulose and applied onto the semicon-
ductor (SC) surface. The working mechanism of the ink involves
a photo-reduction reaction, where the photocatalytic surface upon
illumination generates an electron and hole pair. The photogen-
erated electrons reduce the dye resulting in a color change of the
indicator ink [279]. For example, the reaction mechanism of testing
using dye molecules such as resazurin (Rz) can be described as fol-
lows in Eqs. (16)–(18). The system consists of a dye (in this case it is
Rz), a sacrificial electron donor or SED (e.g., glycerol) and a polymer
material (for example, hydroxyl ethyl cellulose (HEC)), to perform
as an encapsulating agent for Rz and SED.

The reaction follows through a photo-reduction pathway as
described by reactions 16–18.

TiO2
hv Eg→ TiO2 ∗

(
h+

vb, e−
CB

)
(16)

SED+TiO2 ∗
(

h+
vb, e−

CB

)
→ SEDox + TiO2 ∗

(
e−

CB

)
(17)

Rz + e−
CB + 2H+ → Rf + H2O (18)

Illumination of the surface coated with a semiconductor such as
TiO2 with a light having energy of excitation higher than the band-
gap energy (Eg) of the semiconductor, facilitates photoexcitation of
valence band electron to the conduction band resulting a positive
electron hole (h+

VB) in the valence band. Rz, which is blue coloured,
can accept the conduction band electron (e−

CB) and gets reduced
to a pink coloured resorufin (Rf) during this reaction (Fig. 37).

The time required for the change from blue to pink or the
overall rate of color change gives a measure of the self-cleaning
photocatalysis. The details and conditions required for this test
are comprehensively explained in previous publications [275–277].

Fig. 38. The tools employed to carry out the photocatalytic activity indicator ink.
(J. Photochem. Photobiol. A 272 (2013) 18–20. Reproduced with permission from
Elsevier).

The tools employed to carry out this ink test include Rz dye, a wire
wound rod (K-bar) and a scanner (Fig. 38)

The photocatalytic activity of a material can be evaluated by
monitoring the color change of the indicator ink as a function of
irradiation time. Semi-quantitative information can be obtained by
recording the digital images of the color changes using a hand-held
scanner and analyzing the changes in red–blue–green components
as a function of time using an image analysis software (Fig. 39).
This testing method provides an inexpensive and quick measure to
probe photocatalytic materials with varying activities and is there-
fore highly beneficial for both researchers and manufacturers to
rapidly screen activities of new materials.

Unlike the previously discussed ISO test protocols, these dye
based characterization are inexpensive, simple and quick (typically
<10 min) [276]. These dye testing results correlate well with tests
such as the self-cleaning activity measurements using stearic acid.
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Fig. 39. Self-cleaning test using photocatalytic activity indicator ink (a) test results recorded at 30 s irradiation intervals for self-cleaning glass (top) and, plain glass (bottom).
(b) A plot of variation of the RGB (red) with irradiation time, extracted from the images. (For interpretation of the references to color in this figure legend, the reader is
referred to the web version of this article.)
(J. Photochem. Photobiol. A 272 (2013) 18–20. Reproduced with permission from Elsevier).

The round robin test on various surfaces showed that their average
repeatability and reproducibility are around 11% and 21%, respec-
tively. These test protocols have significant potential to grow in the
area of rapid quality control for the photocatalytic industries [276].

11. Commercial applications of photocatalytic self cleaning
surfaces

The photoinduced hydrophilic conversion of TiO2 surface has
been exploited commercially to develop anti-fogging, self-cleaning

Fig. 40. Schematic illustration of the working mechanism of self-cleaning glasses (from left to right), which require: accumulation of pollutants on glass, activation of the
photocatalytic coating by UV light, photocatalytic degradation of the organic pollutants and finally washing the decomposed materials by rain water.
(Reproduced from Sol. Energy Mater. Sol. Cells 109 (2013) 126–141 with permission from Elsevier).
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Table 3
Uses of self-cleaning materials.

Substrate Application Reference

Glass Mirrors for vehicles and indoor
uses, windows, tunnel, road lights
and vehicles

[4–8], [192]

Tile Kitchen, bathroom, building roof,
and walls

[9,10]

Textile/fiber/cotton Hospital garments, medical
devices, house hold appliances,
interior furnishing and protective
clothing

[1–3]

Plastic/polycarbonate Automotive industry and buildings [3,195]

surfaces for various applications such as fabrics, paints, glass, tiles
and cement. A brief summary of use of self-cleaning materials is
presented in Table 3.

Modification of tiles and glass windows using transparent TiO2
photocatalysts thin films has been used to construct building mate-
rials with photocatalytic self-cleaning properties [280–284]. The
self-cleaning action can be achieved by activating the photocataly-
sis process utilizing solar irradiation as illustrated in Fig. 40. ActivTM

developed by Pilkington glass represents the first example of self-
cleaning glass, consisting of a 15 nm thick nanocrystalline TiO2
film deposited on a glass surface [285]. ActivTM represents one of
the most successful self-cleaning products and is currently used in
various commercial and private buildings world-wide. The suitabil-
ity of ActivTM as a reference for semiconductor film photocatalysis
has been investigated by Mills et al. [9]. The photocatalytic activity
of ActivTM was measured in terms of its ability to degrade stearic
acid. The suitability of ActivTM as a photocatalytic reference mate-
rial results from its high mechanical endurance and reproducible
photocatalytic activity. Additionally, low visible reflectance ( 7%),
favorable absorption of solar radiation, and transmittance proper-
ties of ActivTM are also useful for the self-cleaning applications. In
recent years, several other self-cleaning glasses such as Radiance
TiTM, SuncleanTM, and BiocleanTM are also coming into commercial
applications.

The Japanese company TOTO Ltd., introduced a photoinduced
superhydrophilicity based technology, HydrotechTM, which uses
sunlight to break down pollutants that can be washed away
with rain/water. HydrotechTM has been successfully applied in
building materials, coatings and paints made by TOTO Ltd., for
indoor and outdoor applications. The photocatalytic products are
manufactured by spraying a liquid suspension of TiO2 on the
surface. The surfaces are subsequently sintered at 600–800 ◦C
to strongly attach the TiO2 layer on the surfaces [286]. Com-
mercial applications of photocatalytic TiO2-coated materials in
the fabrication of self-cleaning glazing products require high
processing temperatures; hence, high-temperature stability of
photocatalytically active anatase TiO2 is highly desirable. Non-
metallic doping has been reported to increase the thermal stability
of anatase phase [287,288], however, this can also promote
electron–hole recombination and reduced photocatalytic activity.
Recently, visible-light-active, oxygen-rich TiO2 has been developed
in which anatase phase is stable up to 900 ◦C [289]. High thermal
stability of anatase–TiO2 can be useful for developing self-cleaning
building materials.

Recently, it was shown that an ethenol suspension of per-
fluorooctyltriethoxysilane (C14H19F13O3Si) coated anatase TiO2
nanoparticles produced a paint that can be coated or extruded onto
both hard and soft materials to create a self-cleaning surface. These
superhydrophobic coatings can be applied on clothes, paper, glass,
and steel for numerous self-cleaning applications. As it is described
in Fig. 41, water droplets bounce off from the surface without wet-
ting the material [290].

Fig. 41. Time-lapse images of water-drops bouncing on the self-cleaning glass, steel,
cotton, and paper surfaces.
(Reproduced with permission from Science 347 (2015) 1132–1135).

Fig. 42. Self-cleaning cement coated on (A) Dives in Misericordia Church in Rome
(Reprinted Appl. Catal. B 170–171 (2015) 90–123 with permission from Elsevier
Science). (B) Roof of Dubai Sports City’s Cricket Stadium. (Reproduced from Energy
Environ. Sci. 5 (2012) 7491–7507 with permission from Royal Society of Chemistry).
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Fig. 43. Automotive mirror, left: uncoated, right: coated with TiO2.
(Reproduced from Energy Environ. Sci. 5 (2012) 7491–7507 with permission from Royal Society of Chemistry).

Self-cleaning glass coated with TiO2 nanoparticles has been
applied on the surface of National Opera Hall, China [291]. TiO2
nanoparticles containing white cement has also been used in Dives
in Misericordia Church in Rome [292] and Roof of Dubai Sports
City’s Cricket Stadium (Fig. 42). The Italian multinational com-
pany, Italcementi is very active in the research and development
of self-cleaning cements and has developed a range of photocat-
alytic cements and are commercially available in the form of TX
AriaTM, TX ActiveTM, and TX ArcaTM [293]. It has been reported
that covering 15% of urban surfaces of the city of Milan with con-
crete containing TX Active® would reduce the pollution up to 50%
[293]. TioCemTM, supplied by Heidelberg Cement Technology Cen-
ter, GmbH, is another popular self-cleaning photocatalytic cement
product available in the market to reduce air pollution [294,295].

Eco-friendly, self-cleaning windows and roof tiles are widely
used in Japan. Self-cleaning coatings with antifogging properties
have been used in automotive industry to develop clean and glare
free windows, automotive mirrors (Fig. 43), headlights, and mir-
rors [296]. Water droplets tend to form a continuous film on a
superhydrophilic surface, which in turn eliminates scattering of
light resulting from the presence of condensed water droplets and
thus provides clear and unhindered view. In order to obtain visible
light active self-cleaning building materials, TiO2 thin films were
developed using Ni2+ and Fe3+ dopants [297]. Addition of dopant
metal ions into TiO2 lattice creates intrinsic defects such as oxy-
gen vacancies or Ti interstitial depending on the valence state of
the dopant, which accounts for the visible light absorption. Visi-
ble light active glazed ceramic tiles were fabricated by coating the
surface with Degussa P25–TiO2 nanoparticles modified with TEOS
[298]. The modified tiles exhibited higher photocatalytic activity
and improved hydrophilicity under visible light irradiation. The
improved photocatalytic activity and hydrophilicity of the TEOS

modified TiO2 nanoparticles results from the smaller particle size,
larger surface area and increased surface roughness.

Photoinduced antimicrobial action of TiO2 has huge potential
in construction of building materials for both indoor and outdoor
applications [299,300]. Antimicrobial activity of TiO2 is extremely
important for applications in the medical field as well as in food
industries to prevent microbial contamination. Several companies
including TOTO, Karpery and Biocera, have manufactured ceramics
with a deposited thin film of semiconductor photocatalysts func-
tioning as an antimicrobial agent [301]. The resulting products
display photoinduced antimicrobial and deodorizing properties.

In recent time, several reviews have been published on func-
tionalization of textile and wool with TiO2 nanoparticles and their
self-cleaning properties [302,303]; hence a brief summary of the
recent developments is discussed in the current review. Photo-
catalytic and self-cleaning textile fibers have been designed based
on cotton, polyester, polyamide, cellulose fibers coated with TiO2
NPs [304–307]. Functionalization of textile fibers with TiO2 is usu-
ally achieved using carboxylic acid as the anchoring group, which
can coordinate to the Ti atom and can also bind to TiO2 through
H-bonding with lattice oxygen or surface hydroxyl group [302].
Addition of nanocrystalline TiO2 also contributes to the UV pro-
tection factor of the fabric, which was found to be preserved
after several cycles of home-washing [308,309]. The TiO2 coating
was found to improve the mechanical properties of cotton fibers
[310] and the coated fibers demonstrated high stain removal and
antibacterial properties [308,309]. Photocatalytic and self-cleaning
cotton fabrics were designed by treating the cotton fibers with
TiO2 nanoparticles and multi-wall carbon nanotubes (MWCNTs)
using succinic acid as a crosslinking agent [311]. The simultane-
ous coating with TiO2 and MWCNTs significantly improved the
photocatalytic activity of the cotton fiber under both UV and

Fig. 44. Removal of wine stains from cotton textiles coated with TiO2–SiO2 after irradiating for 0, 4, 8 and 24 h.
(Reprinted from J. Mol. Catal. A 244 (2006) 160–167 permission from Elsevier Science).
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sunlight, which has been assigned to the enhanced light absorption
by the TiO2–MWCNT composites and reduced rate of electron–hole
recombination. The coating with TiO2–MWCNT also improved the
abrasion resistance and UV blocking capability of the cotton fibers.
Development of the self-cleaning textiles coated with hydrophilic
TiO2 surfaces has also been reported by Bozzi et al. [312,313]. Radio
frequency plasma and UV-C irradiation have been employed to
introduce oxygenated polar functional groups. These functional
groups facilitated the effective adhesion of metal oxides on the
textile/fabric surface. The self-cleaning activity (Fig. 44) of the
TiO2–SiO2-coated fabrics was analyzed by the decolorization of red
wine stains [313]. Pakdel et al. also developed a similar strategy and
it was observed that textiles coated with TiO2/SiO2 (30:70) showed
the optimum efficiency in stain removal [202]. After a detailed web
search, no manufacturers could be identified for the commercial
supply of photocatalytic fabrics.

Visible light active self-cleaning cottons have been designed
by coating cotton fibers with TiO2-noble metal composites
[204,314,315]. Wool fabrics coated with TiO2–Ag nanocomposites
using citric acid as a cross linking agent demonstrated improved
photocatalytic efficiency for the degradation of methylene blue and
saffron stain removal [316]. The combined treatment of polyester
fabric with TiO2 nanoparticles and colloidal Ag nanoparticles also
showed improved UV protective properties and higher antimi-
crobial and self-cleaning action [317]. Polyester fabrics coated
with AgI/AgCl/TiO2 nanocomposites exhibited high efficiency for
the photochemical destruction of methylene blue and antimicro-
bial properties against E. coli [318]. The superior self-cleaning
activity resulting from the combination of superhydrophobic
surface with photocatalytic activity of TiO2 was recently demon-
strated by TiO2/TCPP functionalized cotton fabrics coated with
trimethoxy(octadecyl) silane (OTMS) [319]. The functionalized cot-
ton fabrics displayed a superhydrophobic surface induced by the
presence of TiO2 and (OTMS) with a WCA of 156◦ and caused degra-
dation of methylene blue upon visible light illumination.

Keratin base fibrous materials are used in a wide range of
applications including textiles, tires, insulation due to high dura-
bility, insulating ability and biodegradability. Photocatalytic and
self-cleaning keratin wool fibers were developed by depositing
nanocrystalline anatase TiO2 [320,321].

CristalACTiVTM is a commercial paint based on semiconduc-
tor photocatalysis technology and was developed as a solution to
remove NOx. These materials showed the ability to eliminate up
to 0.5 g/m2/day of NOx [322]. StoClimasan-ColorTM (active inte-
rior paint) incorporated a semiconductor photocatalyst which can
constantly degrade organic pollutants including carbon monoxide
under the influence of light [323]. In an investigation to analyze
the by-products formed during the photocatalytic reaction Auvi-
nen et al. indicated that, if the photocatalytic mineralization is not
fully completed, the end products are not always water and carbon
dioxide. They have examined six different paint products to under-
stand the by-products produced by photocatalytic paints during the
decomposition of formaldehyde, and a mixture of volatile organic
compound (VOC) containing five different indoor air pollutants
[324]. This investigation showed that a number of by-products
including acetone and acetaldehyde were formed during the photo-
catalytic reaction. It can therefore be concluded that the incomplete
photocatalytic decomposition of indoor pollutants could result in
a number of side products, which could be more harmful than the
pollutants themselves [324].

The huge potential of TiO2 based photocatalytic and self-
cleaning materials, as discussed above, can be realized through
rational designing of photocatalyst to utilize solar and indoor irra-
diation.

12. Conclusions

The article aims to give an overview on photocatalytic self-
cleaning materials derived from TiO2 with tunable wettability
properties. These materials constitute an important area of
research in materials chemistry that is experiencing vast growth
in recent years. These photocatalytic self-cleaning materials can
be used in many applications including antibacterial, antifog-
ging, antireflective coatings and can provide a solution to the
growing problem of environmental pollution. Various models
were postulated to understand the mechanism for photoinduced
hydrophilicity. The widely accepted mechanism relies on the for-
mation of surface defects upon UV light illumination [7]. UV
irradiation results in a structural change at the TiO2 surface and as a
result it induces an interfacial force along the solid–liquid boundary
and subsequently the contact angle changes. It was also described
that UV irradiation generates ‘oxygen vacancies’ and thereby Ti4+

ions will be converted to Ti3+. These ‘oxygen vacancies’ will increase
the affinity for water molecules.

In another theory, it was proposed that UV illumination results
in the reconstruction of hydroxyl groups at the surface [64]. The
extent of hydrophilic conversion is linked to the density of surface
hydroxyl groups. In addition, the positive hole created by the UV
irradiation can diffuse in to the surface of the photocatalyst and gets
trapped at lattice oxygen. As a result, the binding energy between
the Ti and lattice oxygen becomes fragile and water molecules can
break this bond and form new hydroxyl bonds. In another study, it
was proposed that the thermal energy formed as a result of the irra-
diation can cause desorption of the weakly attached molecules from
the surface of TiO2 [74]. It is therefore evident that no consensus has
been reached so far in explaining the exact mechanism of photo-
induced hydrophilicity and a combination of various mechanism is
often required to account for the phenomenon.

Reversible photo-controlled materials with tunable wetting
properties have recently attracted significant attention due to
their technological application. Surface roughness, morphology,
and the polarity of the surface are reported as the significant
factors in controlling the reversible nature of the wetting. A
number of methodologies such as doping with metals or non-
metals, fabrication of semiconductor nano-composites, formation
of hetero-junctions etc. were reported to improve the self-
cleaning activity by the photocatalytic action. However, it has
been noted that it is often difficult to compare the self-cleaning
activity of various photocatalysts due to variation in the nature
of irradiation, intensity of the light employed, time for irradi-
ation etc. In general, any modifications which could increase
the surface roughness by chemical treatments (e.g., doping or
surface treatments) would be a promising strategy to increase
the self-cleaning activity of the materials. Development of het-
erostructure of the photocatalysts with other materials to increase
the charge separation appeared another effective approach to
improve the self-cleaning efficiency. However, further investiga-
tions are required to understand structure activity relationships
and excited state behavior of the photocatalysts, which will be
crucial for designing novel TiO2-based functional material with
improved photoreactivity and wettability character. Moreover, cur-
rent research mostly focuses on the development of photocatalytic
superwetting materials for solid–liquid–vapor phase. Develop-
ment of underwater superoleophobic materials is gaining attention
due to their applications in waste water treatments and sepa-
ration of oil-in-water emulsions. Further studies are required to
understand the structure-wettability patterns of these groups of
materials. Rational design of multifunctional TiO2 materials by
integrating biological inspired self-cleaning structure with tunable
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wettability will be a promising strategy to address the current
energy and environmental problems.
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