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Abstract Transparent antireflective SiO,/TiO, double
layer thin films were prepared using a sol-gel method and
deposited on glass substrate by spin coating technique.
Thin films were characterized using XRD, FE-SEM, AFM,
UV-Vis spectroscopy and water contact angle measure-
ments. XRD analysis reveals that the existence of pure
anatase phase TiO, crystallites in the thin films. FE-SEM
analysis confirms the homogeneous dispersion of TiO, on
SiO, layer. Water contact angle on the thin films was
measured by a contact angle analyzer under UV light
irradiation. The photocatalytic performance of the TiO,
and SiO,/TiO; thin films was studied by the degradation of
methylene blue under UV irradiation. The effect of an
intermediate SiO, layer on the photocatalytic performance
of TiO, thin films was examined. SiO,/TiO, double layer
thin films showed enhanced photocatalytic activity towards
methylene blue dye.

1 Introduction

The photocatalysis technology is a promising alternative
for environmental remediation because a global pollution
has recognized to be a serious problem that needs to be
addressed immediately [1, 2]. Titanium dioxide (TiO,) is
an important semiconducting material with extraordinary
physical and chemical properties. TiO, is a versatile
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material and its photocatalytic properties have been utilized
in various applications to remove contaminants from air
and water and killing of harmful bacteria and cancer cells
[3-6]. TiO, is widely used as pigments, sunscreen, paints,
toothpaste, ointments, electrochemical electrodes, capaci-
tors, and solar cells [7, 8]. To extend its applicability in
self-cleaning surfaces, many researchers have been devel-
oping various ways to apply TiO, coating on different
substrates [9].

Silica-titania (Si0,—TiO,) based coatings have gained
extensive interest for optics application, including antire-
flective coatings and optical planar waveguides, due to
their high, photoactivity, strong redox property, high
thermal stability, high chemical durability, low thermal
expansion coefficient, versatile refractive index and
hydrophilicity [10, 11].

TiO, coatings have a wide range of applications in
catalysis, self-cleaning, antifogging, optics, flexible dis-
plays, biomedical, energy generation, decorative and bar-
rier coatings for pharmaceutical and food products [12, 13].
Various metals, insulators, and semiconductors are mostly
used to prepare thin film coatings. Thin films prepared from
semiconducting metal oxides are well transparent in a
broad wavelength range and have low (MgF,, SiO,),
moderate (Al,03, Ta;0s) or high (TiO,, Nb,Os) refraction
index [12].

Anatase TiO, is more appropriate for photochemical
transformation application because of its high efficiency,
non-toxicity, strong oxidizing power, high photochemical
stability and exhibit a photo-induced super hydrophilicity
under UV light irradiation [11, 14]. This photo-induced
super hydrophilicity allows removing surface adsorbed
organic pollutants without any detergent [11]. The main
advantage of TiO, is that the photocatalysis and
hydrophilicity can occur simultaneously on the same
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surface even though the mechanisms are completely dif-
ferent [15].

Metal oxide thin films have been extensively used as
anti-reflection, protective and self-cleaning coatings
depending on their particular chemical composition and
micromorphology [13]. Various methods have been
developed to prepare thin films such as sol-gel [16],
hydrothermal [17], chemical vapor deposition [18], sput-
tering [19], electrodeposition [20], chemical bath deposi-
tion [21], etc. Among these techniques, the sol-gel method
has many advantages of relatively simple, inexpensive, low
temperature, easy to control process parameters, homo-
geneity and well dispersion of TiO, [22, 23].

Preparing a homogenous SiO,/TiO, double layer is
considered as a real challenge due to the cracks or
delamination’s on the surface or interface of the films and
more hydrophilic nature of SiO, layer affects the quality of
the produced films. Thus, in order to prepare homogeneous
double layer thin films, removal of residual alkoxy groups
is required [23]. Several methods have been used to
eliminate residual alkoxy groups including, UV light illu-
mination, plasma cleaning and thermal treatment for fab-
ricating multilayer films [23-25]. Here an attempt was
made to develop a good self-cleaning coating which also
exhibits efficient photocatalytic activity.

In the present work, uniform TiO,, SiO,, and SiO,/TiO,
thin films were prepared by sol—gel spin coating on a glass
substrate. The films were analyzed by X-ray diffraction,
Field emission scanning electron microscopy (FE-SEM),
atomic force microscopy (AFM) and UV-Vis spectroscopy.
Photo-induced hydrophilicity of the thin films was studied
by measuring the water contact angle before and after UV
irradiation. The unique physiochemical properties of TiO,
were used to evaluate the photocatalytic activity and super
hydrophilicity of the self-cleaning thin films. The photo-
catalytic degradation of methylene blue dye over thin films
was estimated using a UV-Vis spectrophotometer.

2 Experimental
2.1 Preparation of thin films

The SiO,, TiO,, SiO,/TiO, double layer films were pre-
pared by the sol-gel method at room temperature. Figure 1
shows the flow chart of the preparation of thin films. Prior
to coating, the glass substrates were ultrasonically cleaned
in acetone and ethanol, respectively. Initially, SiO, sol and
TiO, sol were prepared separately. A SiO, sol was pre-
pared by hydrolyzing tetraethyl orthosilicate (TEOS) with
ethanol and deionized water in the presence of HNO;
catalyst under magnetic stirring for 1 h. The molar ratio of
TEOS:Ethanol:H,O:HNO3; was 1:13.5:11.5:0.3. A small

quantity of surfactant Triton X-100 (2 wt%) was added to
this mixture. Then, cleaned glass substrates were spin-
coated by the SiO, precursor sol (100 pL) with the rotation
speed of 2000 rpm for 20 s. Then, the coatings were dried
at room temperature and then heat-treated at 400°C for 1 h,
at a heating rate of 10°C/min. Then, a TiO, sol was pre-
pared by mixing titanium tetra-isopropoxide (TTIP) with
ethanol in the presence of HNO5 and deionized water and
the relative molar ratio of each chemical in the precursor
sol was TTIP:Ethanol:HNO3:H,O = 1:18.5:16:2.2. After
magnetically stirring for 1 h in a glass beaker, TiO, sol
(100 pL) was deposited on the glass substrates with the
rotation speed of 2000 rpm for 20 s. Then, the glass sub-
strates were heat treated at 400°C for 1 h, at a heating rate
of 10°C/min.

The double layer film was performed on previously
fabricated SiO, thin film by spin coating technique. The
TiO, sol (100 pL) was deposited on the SiO, thin film with
the rotation speed of 2000 rpm for 20 s. Finally, the double
layer thin films were heat treated at 400°C for 1 h, at a
heating rate of 10°C/min.

2.2 Characterization

X-ray diffractometer (Bruker D8 advance, Germany, CuKa
(. = 1.54056 A) was used to investigate crystalline phase
of thin films. Surface hydrophilicity of the films was per-
formed at room temperature using a goniometer (Surface
tech, GSTD, Korea) attached to a camera. Water contact
angles were measured on the thin film surface by dropping
water droplets (2 pL) at pH 7.0. The photo-induced
hydrophilicity of the films was measured using a UV lamp
(Daytime CFL 20W Blacklight, Korea). A field-emission
scanning electron microscopy (FE-SEM, Hitachi Field
Emission S-4300) was used to observe surface morpholo-
gies and the cross section of the thin films. The thickness of
the thin films was evaluated by an FE-SEM cross section
method. Surface observation of thin films was carried out
by atomic force microscopy (AFM, XE-100 Park system,
Korea). AFM images were analyzed using XEI program
software. UV-Vis transmission spectra of the thin films
were recorded on a UV-Vis spectrophotometer (S-4100
PDA Scinco, Korea).

2.3 Photocatalytic activity

The photocatalytic activity of the thin films was studied
using degradation of MB solution under UV light irradia-
tion. 10 mL of MB aqueous solution with the concentration
of 5.34 x 107° M was taken in a small beaker. The TiO,
coated glass substrates (2.5 x 2.5 cm) were dipped into the
MB solution horizontally. Before irradiation, the beaker
was kept in the dark under magnetic stirring for 1 h to

@ Springer



10084

J Mater Sci: Mater Electron (2016) 27:10082-10088
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ensure adsorption—desorption equilibrium. Then, this bea-
ker was irradiated by a 20 W UV lamp (Daytime CFL 20W
Blacklight, Korea.). The distance from the lamp to the
surface of the solution was 7 cm. The concentration of MB
aqueous solution was determined every 60 min with a UV—
Vis spectrophotometer.

3 Results and discussion
3.1 Structural analysis
The XRD patterns of SiO,, TiO, and SiO,/TiO, thin films

deposited on a glass substrate are shown in Fig. 2. The
XRD pattern of SiO, thin films (Fig. 2a) reveals that there

S a: Si0,
e b: TiO,
- ¢: Si0,/TiO,
f 8 = B  —
| o™ b £ gy (=3
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Y
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Fig. 2 XRD patterns of SiO,, TiO,, and SiO,/TiO, thin films
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are no any characteristic peaks of SiO,. The diffraction
pattern of SiO, exhibits a broad peak in the range 20 of
10°-40° indicates the amorphous nature of SiO, thin films.
The well-defined reflection of both thin films (TiO, and
Si0,/TiO,) could be indexed to anatase phase. The
diffraction peaks of both thin films located at 26 = 25.27°,
37.91°,48.17°, 53.89°, 54.99° and 62.48° can be indexed to
the planes 101, 004, 200, 105, 211 and 204 of anatase TiO,
(JCPDS 21-1272). This indicates that TiO, is well dis-
persed on SiO, layer and crystallite size is appropriate for
the detection by XRD. No other phases such as rutile or
brookite were observed. The average crystallite size was
calculated from the Scherrer’s equation using the broad-
ening of the (1 0 1) anatase reflection. The average crys-
tallite sizes of nanoparticles for TiO, and SiO,/TiO, thin
films were about 13 and 16 nm, respectively. Thus, XRD
analysis confirms the existence of anatase phase, which is
considered as most suitable for the photocatalytically
active phase of TiO, [14, 22, 26].

3.2 Morphological analysis

Figure 3a—c shows the FESEM micrographs of the SiO,,
TiO,, and SiO,/TiO, thin films. All films are homogeneous
and without cracks over a wide area. The SiO, thin film has
flat texture and consists of very fine particles. For TiO, thin
film, the dispersion of TiO, grains was less tightly packed
and a significant grain growth was noticed. In contrast, the
Si0,/TiO, double layer is composed of densely packed and
uniform nanoscale grains (10-15 nm) of TiO, layer. From
FESEM micrographs shown in Fig. 3, it can be observed
that the TiO, grains were embedded on SiO, layer which
forms homogenous SiO,/TiO, double layer thin films. No
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Fig. 3 FE-SEM images of a SiO,, b TiO,, and ¢ SiO,/TiO, and cross-sectional view of d SiO,, e TiO,, and f SiO,/TiO, thin films

any separate SiO, and TiO, clusters were observed in
double thin films.

Figure 3d—f shows cross-sectional SEM micrographs for
SiO,, TiO, and Si0,/TiO, thin films. The average thick-
ness of the thin films was estimated according to an FE-
SEM cross section. The thickness for the SiO,, TiO,, and
Si0,/TiO, thin films was about 260, 175 and 420 nm,
respectively. The cross-sectional analysis confirms the
formation of uniform structures.

Figure 4 shows the three-dimensional AFM images of
Si0,, TiO, and SiO,/TiO; thin films deposited on the glass
substrate. The arithmetic roughness (R,) and the root-
mean-square roughness (R), were calculated using the
topographical data and listed in Table 1. According to the
AFM images, the root mean square roughness values (R;s)
of the SiO,, TiO,, and SiO,/TiO, thin films are 0.1378,
0.998 and 1.219 nm, respectively. The surface skewness
(Rgk) of the TiO, thin film is positive which confirms the

presence of few bumps, whereas a negative value of Ry
indicates that the surface is made up of valleys [27, 28].
The distribution of the sample height can be obtained from
Kurtosis (Ry,) value [28]. The AFM analysis indicates that
the SiO,/TiO, double layer thin film has the slightly higher
roughness with a uniform coating layer.

3.3 UV-visible transmittance spectra

Figure 5 shows the UV-visible transmittance spectra for
three different thin films. The SiO, thin films does not
exhibit a sharp absorption edge while TiO, and SiO,/TiO,
films show a sharp absorption edge in the visible region.
The average transmittance of SiO,, TiO,, and SiO,/TiO,
thin films were 95, 75, and 85 %, respectively. Transmit-
tance is mainly dependent on thickness and surface struc-
ture of the thin films. For double layer coating, the
transmittance (%) was not significantly different from the
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Fig. 4 AFM images of a SiO,, b TiO, and ¢ SiO,/TiO, thin films

SiO, coated glass. The transmission of TiO, decreased by
about 10 % comparing to the other glasses. Since anatase
TiO, has a high refractive index (n = 2.52), it reflected a
large portion of incident light, resulting in low transmit-
tance [29]. The transmission of the SiO,/TiO, double layer
thin films was found to be higher than that of a pure TiO,
thin film, due to the decrease of light scattering by the
addition of small SiO, layer [30].
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Fig. 5 Transmittance spectra of SiO,, TiO,, and SiO,/TiO; thin films

3.4 Hydrophilic and self-cleaning properties

Photo-induced hydrophilic property of the thin films was
evaluated by measuring the water contact angle before and
after UV irradiation. The water contact angle of the as-
prepared SiO, thin film was 30°. After heat treatment at
400°C, the water contact angle of the thin film was
decreased to below 5°. The thermal treatment can eliminate
the oxygen defects in the thin film and also enhance
roughness [23, 31]. The SiO,/TiO, double layer thin films
were effectively fabricated by forming the hydrophilic
surface of the SiO, (bottom) layer with thermal treatment.
Initially, the water contact angle of TiO, thin films was 14°
and after UV irradiation it decreased to below 5°. In the
case of Si0,/TiO, double layer thin film, the water contact
angle was 24°. Upon UV irradiation, the water contact
angle was decreased to 7° and further reached to almost 0°
within 10 min of irradiation. This indicates that Si0,/TiO,
double layer thin films show photo-induced super
hydrophilicity (Fig. 6).

Additionally, the photocatalytic performance of the thin
films was studied by degradation of an aqueous solution of
methylene blue under UV irradiation. Figure 7 shows the
photocatalytic performance of the TiO, and SiO,/TiO, thin
films as a function of irradiation time. In the absence of
thin films, MB solution was stable when irradiated with UV
light. Both TiO, containing thin films were found to be
photocatalytically active for the photocatalytic degradation
of MB solution under UV light irradiation. The MB

Table 1 Arithmetic roughness

Skewness R Kurtosis Ry,

(R,), root-mean-square Thin films Roughness R, (nm) Roughness R s (nm)

roughness (Rpys), skewness Si0, 0.11039 0.1378 ~0.125 2.945

(Rg) and kurtosis (Ry,) of the .

thin films TiO, 0.733 0.998 0.514 5.113
Si0,/TiO, 0.971 1.219 —1.287 3.665
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Fig. 6 Water contact angle measurements for a SiO,, b TiO,, ¢ SiO,/TiO, (before UV irradiation), and d SiO,/TiO, (after UV irradiation)
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Fig. 7 Photocatalytic degradation of MB on TiO, and SiO,/TiO, thin
films

degradation reaction followed pseudo-first order kinetics.
The apparent rate constant of the photocatalytic reaction
was determined by plotting In(Cy/C) against time, where
Cy is the initial concentration of MB solution and C is the
concentration of MB after irradiation of the thin films in the
corresponding time interval (Fig. 8). The reaction rate
constants of TiO, and SiO,/TiO, thin films under UV light
irradiations were 0.0088 and 0.1395 min~', respectively.

3.0

1

TiO
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Fig. 8 The pseudo first order kinetics of degradation of MB over
TiO, and SiO,/TiO, thin films

The obtained results showed that the photocatalytic per-
formance of SiO,/TiO, double layer thin films was superior
to single layer TiO, thin films. The superior photocatalytic
activity of SiO,/TiO, double layer thin films can be
attributed to its higher optical transmission than that of a
pure TiO, thin film. The higher optical transmission of
double layer thin films was due to the decrease in light
scattering by the addition of thin SiO, layer. The
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combination of low and high refractive materials SiO, and
TiO, are suitable for a broad range wavelength which
increases the spectral bandwidth and has more lifetimes
[32]. In addition to these, the changes in microstructure and
surface roughness enhance the photocatalytic performance
of the TiO, thin films. As shown in Fig. 4, surface
roughness and specific surface area of SiO,/TiO, thin films
is higher than that of TiO, only.

4 Conclusions

A facile sol-gel coating method has been used for coating
TiO,, SiO,, and SiO,/TiO, on the glass substrate. The
prepared TiO, and SiO,/TiO, thin films are highly trans-
parent and antireflective. The existence of an intermediate
SiO, layer plays a vital role in the photocatalytic perfor-
mance of the TiO, thin films coated on glass substrates.
The photocatalytic degradation of methylene blue is
enhanced because of intermediate SiO, layer. FE-SEM and
optical analysis confirmed the changes in microstructure,
surface roughness and optical properties attributed to the
superior photocatalytic performance of the SiO,/TiO,
double layer thin films. This double layered thin films with
enhanced self-cleaning and antireflective properties have
potential value in the field of energy harvesting as well
water and air pollution applications.
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