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Highly active self-cleaning surfaces were prepared from hydrothermally treated TiO2 nanomaterials for
different times (0, 12, 24 and 36 h) under acidic condition. TiO2 thin films were characterized by X-ray
diffraction (XRD), transmission electron microscope (TEM) and scanning electron microscope (SEM).
TiO2 thin film (hydrothermal 24 h) exhibited hybrid morphology from accumulated plates, clusters, rods
and spheres. The photo self-cleaning activity in term of quantitative determination of the active oxidative
species (�OH) produced on the thin film surfaces was evaluated using fluorescent probe method. The
results show that, the highly active thin film is the hydrothermally treated for 24 h at 200 �C. The struc-
tural, morphology and photoactivity properties of nano-TiO2 thin films make it promising surfaces for
self-cleaning application. Mineralization of commercial textile dye (Remazol Red RB-133, RR) from highly
active TiO2 thin film surface was applied. Moreover, the durability of this nano-TiO2 thin film (hydrother-
mal 24 h) was studied.

� 2013 Published by Elsevier B.V.
Introduction

Titanium dioxide (TiO2) is a commonly used material in every-
day life. It has been widely used as a white pigment in paints, cos-
metics such as toothpaste, and foodstuffs, treatment of skin tumors
Elsevier B.V.

mail).
or skin disease, killing of bacteria, deodorization, anti-fogging and
self-cleaning of glass [1–4]. Moreover, titanium dioxide has many
advantages that make it a useful material such as it is very inert,
low cost, non-toxic, high resistance to chemical or photo-induced
corrosion. Titanium dioxide is a wide band n-type semiconductor
with a band gap of 3.2 eV and when exposed to sunlight it becomes
hydrophilic and be photocatalytically active [5–10]. Because of its
excellent photo-oxidative properties, high surface area TiO2 in
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form of thin films opens a wide scenario of practical applications in
manufacturing of smart self cleaning building material [4,11,12].
Their capability of self-cleaning mainly depends on the photocata-
lytic activity and amphipathic properties (hydrophilicity and
hydrophobicity) of nanosized TiO2 films [13–15]. The properties
of self-cleaning materials lead to promising applications in auto-
mobile windshields, windows of high-rise buildings, and other
fields utilized for sterilization, deodorization, antifog, self-cleaning,
and room air cleaning. As a consequence, many commercial prod-
ucts have emerged in recent years, including water and air purifi-
cation systems and self-cleaning tiles and glasses [13,16–18].

The most widely used methods to synthesize TiO2 nanoparticles
are sol–gel method, co-precipitation, direct deposition from aque-
ous solutions, sputtering, chemical vapor deposition and hydro-
thermal method [19–23]. Hydrothermal approach is a well-
known method which takes advantage of a direct preparation at
low crystallization temperatures without any additional calcina-
tion steps [24–26]. The hydrothermal method using water as reac-
tion medium is environmentally friendly because the reactions are
carried out in a closed system [27]. Our previous work shows that
the hydrothermal treatment at different time significantly affected
on the photophysical and photochemical properties of TiO2 [28].
TiO2 nanoparticles can be deposited on a substrate by various tech-
niques, such as sol–gel dip-coating, spin-coating, spray pyrolysis
and doctor-blade method [7,29,30]. Illuminated of nano-TiO2 on
the surface of self-cleaning materials can decompose toxic pollu-
tants in the air (or water) by highly active species (like �O2� and
�OH) produced from the reaction between photogenerated elec-
trons (or holes) and oxygen (water) in the air. Also, the self clean-
ing surface will posses super hydrophilic property which allows
water to wash away the superficial pollutants [13,31,32].

To date, the methods for evaluating the photocatalytic activity
of self-cleaning materials are generally slow and complex. Three
of the mostly used methods are the dye method, the stearic acid
method, and the contact angle method. All these methods have dis-
advantages of time consuming, low sensitivity, and high manipula-
tion cost. Due to the lack of better evaluation methods, these
inconvenient methods are still used popularly. Hence, a rapid,
easy-to-operate, and highly sensitive evaluation method will be
highlighted for assuring the quality of self-cleaning materials
[13,33–35]. Ishibashi et al. [36] found that hydroxyl radicals
(�OH) produced on nano-TiO2 under UV illumination can quantita-
tively convert non-fluorescent coumarin to highly fluorescent 7-
hydroxycoumarin [13]. Based on this phenomenon a novel method
to evaluate the performance of self-cleaning materials was pro-
posed [13].

Taking above into consideration, we have focused in the present
study on preparation, structural and morphology characterization
of different nano-TiO2 thin films for self cleaning application.
Experimental

Chemicals and material synthesis

All the chemicals were of analytical grade and used without fur-
ther purification. The preparation of TiO2 nanocrystals were carried
out by hydrothermal method in two steps. Firstly, TiO2 sol was pre-
pared according to Ref. [37]. Briefly, 1 ml Titanium (IV) isopropox-
ide, Ti[O(C3H7)]4 (TTIP) solution was added dropwise under
vigorous stirring into aqueous acidic solution (20 ml at pH = 2.5)
for 4 h at 70–80 �C. The resulting semi-transparent colloidal sus-
pension solution was transferred into a Teflon lined stainless steel
autoclave. Hydrothermal reactions were conducted at 200 �C for 0,
12, 24 and 36 h. After hydrothermal reaction, the white precipitate
was centrifuged, and then washed with bi-distilled water and alco-
hol for five times. The washed precipitate was dried in oven at
80 �C and finally ground to obtain TiO2 nanocrystals.

Self-cleaning thin films were prepared by the following proce-
dure: solution of TiO2 powder was added under magnetic stirring
for several hours to a polyethylene glycol (PEG-20000), and then
a few drops of Triton X100 were added. The glass substrates
(2.5 cm � 2.5 cm) were cleaned in distilled water, absolute ethanol
and acetone for 15 min, sequentially. TiO2 paste (0.3 gm) was
deposited on the glass using doctor-blade method. The film was
dried at room temperature in air, and then annealed at 450 �C in
air for 30 min.

Characterization of TiO2 thin film

The crystallinity of the thin films was evaluated by X-ray dif-
fraction (XRD) measurement (XRD, X’Pert PHILIPS) with Cu K1 radi-
ation (k = 1.54056 Å) as X-ray source, operated at 40 kV and
emission current of 30 mA in the range of 2 = 10–70�. Crystallite
size of anatase TiO2 calculated from the line broadening by Scher-
rer’s formula [38,39]. Surface morphology of the thin films was
studied using scanning electron microscope (SEM, Model Quanta
250 FEG) and transmission electron microscopy (TEM, JEM-2100
(JEOL)), respectively, operated at 200 kV accelerating voltage.
UV–visible diffuse reflectance spectroscopy (UV–Vis/DR) was car-
ried out on JASCO V-550 spectrometer (Japan) equipped with an
integrating sphere accessory for diffuse reflectance spectra. Barium
sulfate was used as a reference.

The active oxidative species (hydroxyl radicals (�OH)) produced
during the photocatalytic reaction from TiO2 thin films was mea-
sured using LS55 spectrofluorometer (Perkin Elmer, USA). The UV
photoreactor was used as a light source. Illumination of the self-
cleaning surfaces were carried out using UV photoreactor (Photon
Co., Egypt), air cooled. The UV photoreacor lamps emitted the pho-
tons in the range from 320 to 410 nm. The intensity of UV radiation
was found to be 0.9 mW/cm2. Mineralization of commercial textile
dye (Remazol Red RB-133, RR) from highly active TiO2 thin film
surface was followed by measuring chemical oxygen demond
(COD) for the powder loaded with dye at different time of illumi-
nation using multiparameter bench photometer with COD accom-
panied with COD test tube bench heater model C-99 from HANNA
company.

Determination of �OH radicals using fluorescent probe method

Evaluation of the photocatalytic activity of the TiO2 thin films
using fluorescent probe was carried out as follows: TiO2 self clean-
ing slides were immersed in coumarin solution (1.0 � 10�3 M) and
illuminated with UV light under vigorous magnetically stirring.
The fluorescence spectra (kex = 332 nm) of the solution was mea-
sured every 10 min of illumination. It should be noted that the
blank experiments at the same conditions but without TiO2-based
films were carried out for the fluorescence method, which showed
that the coumarin without TiO2-based films were totally inactive
under UV illumination.

Self-cleaning test

The prepared thin films were applied for self-cleaning from
commercial textile dye Remazol Red RB-133 (DYE-STAR) (RR) un-
der UV illumination. TiO2 films were immersed in RR (100 ml,
10�3 M) solution for 24 h then washed for 3 times using bi-distilled
water to remove the residual dye from the surface and dried for
30 min at room temperature. The surface of TiO2 loaded with RR
was illuminated with UV light. The decolorization of the thin film
was followed by measuring UV–Vis/DR at different illumination
times.



Fig. 1. XRD pattern of different TiO2 films.
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Mineralization of RR from highly active TiO2 thin film (24 h)
surface was followed by measuring COD. Briefly, three thin films
loaded with RR dye were prepared. The first, second and third sam-
ples were illuminated for 0, 6 and 12 h, respectively. Then the films
were removed from the glass surface to measure the COD mineral-
ization. The mineralization efficiency calculated from the following
equation:

Mineralization efficiency ¼ 100� ðCODi � CODf Þ=CODi ð1Þ

where CODi and CODf are the initial and final COD values of the dye
[40]. Durability of TiO2 thin film (24 h) was carried out by repeating
the photodegradation experiment for three times.

Results and discussion

Characterization of TiO2 thin films

Fig. 1 illustrates the XRD patterns of the TiO2 thin films pre-
pared by hydrothermal method for 0, 12, 24 and 36 h at 200 �C fol-
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Fig. 2. TEM images of TiO2 thin film (24 h) (A–
lowed by calcinations at 450 �C. The most intense reflection at
2 = 25.31 is assigned to crystalline anatase structure. The peak is
indexed by comparing the peak position with the standard data
(JCPDS card no. 84-1286). The peak is indexed as (101) plane of
anatase phase TiO2 which is a characteristic peak of that phase.

To investigate the morphology of the prepared TiO2 thin film,
the TEM and SEM images of TiO2 prepared by hydrothermal meth-
od at 200 �C for 24 h are shown in Figs. 2 and 3. TEM images of TiO2

thin film powder exhibit hybrid morphologies from accumulated
plates, double wall nanotube, nanosphere, nanorod like and cluster
(Fig. 2A–C). The double wall nanotubular structure has an average
outer (inner) diameter of approximately 8.5 nm (6 nm) and a
length of few hundreds of nanometers. The average lengths and
widths of the nano-rod like are of ca. 20 and 20 nm, respectively,
whereas the corresponding average diameter of the spherical
shape is ca. 20 nm. The electron diffraction image (Fig. 2D) is
shown as concentric rings, which also indicates that the crystallite
size is in nanoscale. Also the diffraction pattern consists of contin-
uous rings as the many small crystallites at random orientation
produce a continuous distribution, which confirms the polycrystal-
line nature of the TiO2 nanocrystal.

The SEM image of the TiO2 thin film confirms the hybrid shape
(accumulated plates which connected together with bridges from
nanotube, rod, sphere and cluster) which appeared in TEM images
(Fig. 3). The film is constructed from aggregates of nanosized crys-
tal TiO2 particles with free crack. It is also clear that TiO2 film has
porous in nature.
Evaluation of the TiO2 thin films photocatalytic activity using
fluorescent probe method

The evaluation of photocatalytic activity of self-cleaning mate-
rials is carried out with the new fluorescent probe method [13].
Irradiation of self-cleaning materials immersed in coumarin solu-
tion with light energy, the valence-band electrons of TiO2 are
excited to conduction band, leading to the formation of photogen-
erated electrons (e�) and holes (h+) with high activity. Then, dis-
solved oxygen adsorbed on nano-TiO2 surface captures
photogenerated electrons to produce highly active superoxide rad-
B
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Fig. 3. SEM image of TiO2 thin film (24 h).

Fig. 4. Fluorescence spectra changes observed during illumination of TiO2 thin film
(24) immersed in coumarin solution (1.0 � 10�3 M). kex = 332 nm.

Fig. 5. Time dependence of fluorescence intensity on illumination time of different
TiO2 thin films.

Table 1
Apparent rate constants obtained with the fluorescent probe method and the
decolorization rates of RR using different TiO2 thin films.

Thin film kf � 10�1 ± error
limit � 10�3

r k � 10�2 ± error
limit � 10�3

r

TiO2 (0 h) 1.4 ± 10 0.98 0.2 ± 0.3 0.96
TiO2 (12 h) 2.1 ± 7.0 0.99 2.2 ± 0.8 0.99
TiO2 (24 h) 4.2 ± 10 0.99 3.7 ± 2.0 0.97
TiO2 (36 h) 2.7 ± 7.0 0.99 3.5 ± 1.3 0.99
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ical-anion, meanwhile �OH radicals are generated by the reaction
between photogenerated holes and OH� (or water) [13,41]. Due
to the strong oxidation ability of �OH radicals, the dissolved couma-
rin molecules are converted to highly fluorescent 7-hydroxycoum-
arin [13]. Reactions related can be summarized as follows (Eqs.
(2)–(6)):

TiO2 þ hv! hþ þ e� ð2Þ

e� þ O2 ! �O2� ð3Þ

hþ þ OH� ! �OH ð4Þ

hþ þH2O! �OHþHþ ð5Þ

Coumarinþ �OH! 7� hydroxycoumarin ð6Þ

As shown in Fig. 4, the generation of 7-hydroxycoumarin using TiO2

self cleaning material prepared by hydrothermal method at 200 �C
for 24 h increases due to prolonged irradiation time. Fig. 5 shows
the dependence of fluorescence intensity of 7-hydroxycoumarin
(excitation at 332 nm, detection at 460 nm) on the time of UV illu-
mination using different TiO2 self-cleaning thin films. All self-
cleaning thin films exhibit a good linear correlation between fluo-
rescence intensity and irradiation time. This leads to a conclusion
that the generation of fluorescent 7-hydroxycoumarin is linearly
proportional to illumination time, obeying a pseudo-zero-order
reaction rate equation in kinetics [13,36]. Moreover, the self-clean-
ing thin film with better photocatalytic activity yields faster gener-
ation of 7-hydroxycoumarin. Therefore, the slope (k) of the curve in
Fig. 5 can be used to represent the apparent rate constant for the
photooxidation of coumarin, which in turn is able to represent the
photocatalytic activity of self-cleaning thin films. This demonstrates
that the establishment of the fluorescent probe is feasible in theory.
The slope values for the curve of fluorescence intensity versus illu-
mination time are tabulated in Table 1. The dimension is not given
here because they are not the rate constant. They can indirectly rep-
resent the apparent rate constant, but not the real value of the rate
constant [13].

On basis of the obtained results the activity of the prepared TiO2

thin films towards generation of �OH can be put in the following or-
der: TiO2 (24 h) > TiO2 (36 h) > TiO2 (12 h) > TiO2 (0 h). This photo-
catalytic activity behavior is attributed to the important role of the
hydrothermal in increasing hydroxyl group content on the surface
of TiO2 thin film. The obvious increase of hydroxyl groups may be
related to the destruction of Ti–O–Ti and the formation of Ti–OH
on the surface of TiO2 crystallites [42]. The hydroxyl groups react
with the photogenerated hole to produce hydroxyl radical which
reacts with coumarin. The increase of amount of hydroxyl after
hydrothermal treatment not only increase the trapping sites for
photogenerated holes, but also can increase the trapping sites for
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photogenerated electrons by adsorbing more oxygen molecules.
Moreover, the increase of hydroxyl species content can enhance
the rate of photogenerated electron transfer to O2, leading to a de-
crease in the recombination rate of electron–hole pairs [42,43].
Large hydrothermal time (36 h) decreases the hydroxyl content be-
cause some adsorbed hydroxyl groups will dehydrate to form Ti–
O–Ti (Ti–OH + HO–Ti) Ti–O–Ti + H2O by further heat treatment
[27].
Self cleaning application of the TiO2 thin films from commercial textile
dye

The prepared thin films are applied for self-cleaning from RR
dye under UV illumination. Fig. 6a shows the UV–Vis/DR spectra
of RR at different irradiation time using TiO2 thin film prepared
by hydrothermal method for 24 h.

The decolorization rate of RR from the prepared thin films fol-
lows the first order reaction. Fig. 6b shows the comparison of pho-
tocatalytic decolorization rates of RR using the TiO2 thin films
prepared by hydrothermal method at 200 �C for different times.
The obtained decolorization rates are collected in Table 1. It is
found that the photocatalytic activity of samples has the order of
TiO2 (24 h) > TiO2 (36 h) > TiO2 (12 h) > TiO2 (0 h), which is in good
accordance with the results obtained using the fluorescent probe
method. The increase in the spectral reflectance of studied TiO2

thin film loaded with dye give information only about the decolor-
ization of the dyes. However, it is not an indication of complete
mineralization. A COD analysis will be able to monitor the level
of total mineralization of the dyes.

The change in COD values of the active thin film (TiO2 (24 h))
loaded with RR dye is decreased from 69 before illumination to
25 and 0 after 6 and 12hs of illumination, respectively. From
COD analysis, the mineralization efficiency is reached to 64% after
6 h of illumination and completely mineralized after 12 h of UV
illumination. So, the studied textile dye are not only decolorized
but completely degraded as well by TiO2 thin film. The present re-
sults show that the hydrothermal treatment plays an important
role in modification of TiO2 thin film which leads to enhancement
photocatalytic self-cleaning activity.

The photochemical stability and durability of the TiO2 thin film
is very important form the practical application point of view. In
order to evaluate the stability and long-term performance of TiO2

thin film prepared by hydrothermal method for 24 h for self-
cleaning from the RR dye, a three-cycle degradation experiment
is carried out using the same thin film by repeated loading with
RR. Fig. 7 shows the photocatalytic efficiency of the highly active
TiO2 thin film (24 h) for the degradation of RR is relatively
unchanged upon repeating cycles. These results suggest that TiO2

losses from the glass surface for each impregnation of RR are ignor-
able and TiO2 particles are adhered compactly to the substrate. It is
evident that modified TiO2 promote the photodegradation process.
Conclusion

Nanocrystalline TiO2 thin films with high self-cleaning activity
were prepared from hydrothermally treated TiO2 method at differ-
ent times. The crystal structure and morphology of the obtained
thin films were studied. The highly active thin film was evaluated
using fluorescent probe method and the TiO2 (hydrothermal 24 h)
thin film achieves the highest one. The prepared TiO2 thin films
were applied for removal of the commercial dye RR dye from their
surfaces. Moreover, the durability of the highly active TiO2 thin
film (hydrothermal 24 h) was studied.
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