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ABSTRACT

The effect of Cerium on the properties of the multi-functional SiO,-TiO,:Ce® nanocomposite
films are shown in this paper. The multi-functional SiO,-TiO,:Ce®* nanocomposite film was synthesis
by a sol-gel method and coated several layers on a glass substrate by a spin-coating technique. The
bonding was indicated in the obtained film that Si-O-Si and Si-O-Ti bonding, which are characteristics
that bonding in the SiO,-TiO, matrix by the FT-IR spectrum. The TiO, crystal in the anatase phase and
SiO, in the amorphous phase of the nanocomposite film was determined by X-ray Diffraction. When
increased doping of Ce®*, the prepared films have a high transmittance in the visible light (from 84.5 to
88.3%, 400 — 800 nm), the red-shifted of the absorbance edge in UV(A) region (from 355 to 390 nm),
and the optical bandgap is narrowed. Particularly, the SiO,-TiO,:6%Ce® film has the transmittance by
88.3% in the visible light (400 — 800 nm), absorbance in the UV(A) light (390 nm), and performance the
super-hydrophilic with/without thermal and UV(A) light. Thus, the multi-functional SiO,-TiO,:6%Ce**
nanocomposite film could have a potential to use as the protective high transmittance film to avoid
the UV-A light and exhibits a super-hydrophilic on the material surface such as glasses, photovoltaic
devices, window panels.
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INTRODUCTION

Materials used outdoors are often damaged
by ultraviolet rays and extreme weather conditions
or by mechanical collisions with other materials. In
recent years, the development of nano-sized coatings

that both ensure aesthetics and protect surfaces in
extreme conditions is of particular concern. The
most prominent is the thin film synthesized from
TiO, material, which has been developed for a long
time but is still current because of their application
properties in the protective film field. Titanium dioxide
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is a semiconductor oxide with a wide band gap,
located in the ultraviolet region (3.0 — 3.2 eV)'. TiO,
has attracted a lot of research scientists because it
has interesting properties such as TiO, in Anatase
phase with photocatalytic activity, self-cleaning
ability, some studies show that TiO, materials are
also capable of antibacterial’3. However, Anatase
phase has photocatalytic activity, under the effect
of UV rays, can decompose organic components
in artificial rocks, damaging the rock surface. In
addition, Anatase phase is not stable to heat, when
the heating temperature increases, TiO, materials
have the ratio of Anatase and Rutile phases changes
in the direction of increasing the Rutile phase ratio®.
Moreover, TiO, has poor mechanical strength and
ability to adhere to the surface of other materials.

As an alternative to TiO,, silica-titania
composite material, which is an oxide system
consisting of silica (SiO,) and titania (TiO,), can be
used. This material system has been the subject of
research by many scientists because of the unique
properties that come from the combination of these
two separate oxides.

The silica-titania composite exhibits
many desirable properties such as ultraviolet light
absorption, TiO, self-cleaning, antimicrobial material,
both the stability, mechanical strength of SiO,, and
incoming properties from chemical bonding between
two materials®®. In addition, silica and titania are
both environmentally friendly, non-toxic, and low cost
materials2.

To enhance absorption and to improve
some properties, materials can be doped with
certain rare earth metals, transitional or nonmetallic.
Cerium is a rare earth metal known for its many redox
states. As an important doping material, cerium
has advantages such as multiple electronic energy
levels and valence states, which lead to different
properties'®'. When doping cerium into the silica-
titania composite material, there is a shift in the
absorbed light from the ultraviolet to the visible light,
enhancing the photocatalytic activity.

According to our knowledge, up to now,
there has been no published study on the properties
of Ce-doped TiO,/SiO, nanocomposite thin film
and orientation for application in the field of coating
for outdoor use. In this study, we have proposed

the successful synthesis of Ce-doped TiO,/SiO,
nanocomposite thin film by the sol gel method
combined using the spin coating technique and their
properties are discussed details.

EXPERIMENTAL

Materials

Tetraethyl orthosilicate (TEOS, 99% Sigma-
Aldrich), Titanium tetra-n-butoxide (TBT, 98%,
Sigma-Aldrich), Cerium (Ill) nitrate hexahydrate
(Xilong Scientific) were used as starting materials.
Isopropanol (IPA, 99.7%, Xilong Scientific), diethylene
glycol (DEG, 99.7%, Xilong Scientific) were used as
a solvent. The molar ratio of TEOS and TBT was
optimized and fixed at 70:30.

Preparation

Aseries of TiO,-SiO,:xCe®** nanocomposite
films (x = 0 +0.08 mol) were prepared by the pechini-
type sol-gel method and spin-coating technique. In
the typical synthesis process, 7 mmol (1,55 mL) of
TEOS was mixed with 25 mL IPA stirred for 10-15
minutes by a magnetic stirring hot plate at room
temperature. Then HNO, and water were added into
the solution, followed by stirring for 1 hour. Then, 3
mmol (1 mL) Titanium n-butoxide (TBT) was added
into the solution which was further stirred for 1 hour.
Thirdly, molar ratios of ([Ce®]/([Ti*] + [Si**]) with 2,
4, 6, and 8% of Ce(NO,),.6H,0 were alternatively
added into the solution, then continuously stirred for
30 minutes. Finally, DEG (1 mL) was prepended as
a cross linking agent and the stirring continued for
15 min to get a complete homogeneous solution. To
prepared films form, they were spin-coated onto a
glass substrate by a spin-coater machine, following
two stages: 1500 rpm for 7s and 2500 rpm for 30s.
Each of five nanocomposite layers on the glass
substrate was dried at several times to evaporate
solvents. After that, the five-layer films were annealed
in the air at 100, 200, 300°C for 2 hours. The obtained
nanocomposite films were employed to assess the
further characterization.

Characterization

After obtaining the nanocomposite material,
we carried out measurements to characterize and
analyze the properties of the material. In detail, the
Fourier-transform infrared spectroscopy (FT-IR,
Spectrum Two, Perkin Elmer) was used to study the
chemical bonding in the nanocomposite material.
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The crystalline structure of nanocomposite films was
studied by X-ray Diffraction (D8-ADVANCE, Bruker-
Germany). The surface morphology of films was
characterized by the high-resolution field emission
scanning electron microscopy (FE-SEM,

JEOL JSM-7600F). The optical property
of the films was investigated by using UV-Vis
spectrophotometer (JASCO V-750). The wettability
behavior was studied by the water contact angle
measurement (WCA, C017).

RESULTS AND DISCUSSION

Figure 1. shows the XRD patterns of
Si0,-TiO,:6% mol Ce* nanocomposite thin film on
the glass substrate air-annealed at 100, 200 and
300°C for 2 h (a,b,c samples). The XRD patterns
of (a,b) samples show that the films consist of SiO,
and TiO, in the amorphous phase but at 300°C, the
sample also existed anatase phase which is located
at 26= 23° and TiO, crystals in the anatase crystal
due to the characteristic peak at 20 = 55.9°; 31.7¢;
66.9° (PDF#84-1286). It is noteworthy that not all
the peaks of the anatase phase and no peak of Ce
crystal phase are observed in the XRD patterns.
Such observed can be attributed to thickness of
thin-film and the greater ionic radii of Ce®*" (0.107
nm) than Ti**, Si*+ (0.068, 0.040 nm, respectively).
The difference in radii leads to difficulty for Ce®* ions
to replace Ti** or Si* ions in the SiO,-TiO, matrix,
hence, Ce®* ions tend to bond with O,- anion on the
surface of TiO,"2. The trendy of bonding of Ce®* with
O,- on its surface is a factor to influence the optical
and wetting properties of the nanocomposite film
that would be discussed in the next section.

Fig. 1. X-Ray of Ce* doped TiO,/SiO, with 6% mol
concentration at different temperatures for
2 h (a:100°C; b: 200°C; c: 300°C)
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The FT-IR spectra of SiO,-TiO, and
Si0,-TiO,:6%Ce* nano composite thin film (air-
annealed at 300° for 2 h) shown in Fig. 2. The
bands at 1070 cm™ and 791 cm can be assigned
to the vibration of Si-O-Si bonding in SiO, and This
trend indicated that vibration at 901 cm™' may be
resulted from the Ti-O-Si linkages Si-O-Ti bonding
in TiO,-SiO,"*'. In this case, the content of Ce®* is
not sufficient to influence the vibration of bonding
in the SiO,-TiO, matrix.

Fig. 2. FT-IR spectrum TiO,/SiO, (a); TiO,/SiO,: 6% mol Ce**
at 300°C for 2 hours

The morphology of SiO,-TiO,:x%Ce%*
nanocomposite films with a molar different ratio of
Ce®* (x =0, 2, 4, 6, 8%) air-annealed at 300°C for
2 h is captured in the FE-SEM images (Fig. 3). As
seen in FE-SEM images, the morphology of SiO,-
TiO, nanocomposite films change with respect
to the amount of Ce®* ions doped in the film. It
is clearly seen, the composite film with x = 0%
shows some cracks on its surface, however, these
cracks disappear when increasing Ce®* ratio to 2%
(Fig.3b). In addition, the surface of SiO,-TiO,:x%Ce%*
composite films display the hole-like nanoparticles
that distribute in the matrix with (x = 4%, 6%) (Fig.3.
¢, d) and the hole-like particles are distributed in the
matrix having an average size of 50-100 nm. Further
increasing the ratio of Ce®** (x = 8%) in Fig. 3e, the
cracks re-appear in the SiO,-TiO,:Ce composite
film surface. The appearance of particles on the
nanocomposite film surface could be attributed to
high enough concentration of Ce** doped in the film
to induce phrase separation and form particles on
the film surface.
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Fig. 3. FE-SEM images of Ce*-doped SiO,-TiO,
nanocomposite thin film at 300°C in the air for 2 h with a
molar different ratio of Ce® (a) 0% (b) 2% (c) 4% (d) 6% (e)
8% (f) distribution of particles size of 6% Ce* sample

Figure 4 shows the UV-Vis transmittance
spectrum of the obtained nanocomposite films. For
the application of self-cleaning and protection, the
film has to meet requirements of transmittance that
greater than 85% in the visible region (400 —800 nm),
and absorbance in the UV-A region (300 — 400 nm)&.
It is clear to observe that the concentration of Ce®*
ion-doped in the prepared film is a factor to effect to
its optical properties. As shown in Fig. 4a, all of the
wavelengths in the visible region (400 — 800 nm) can
be transmitted through the film. By doping Ce*, the
transmittance (T) of the SiO,-TiO, film sample is raised
from 84.5% to 88.3%. Because the intrinsic bandgap
of §iO,-TiO, composite is 3.0 — 3.4 eV'™. In addition,
the morphology of the Ce®*-doped film surface shows
that particles are distributed relatively with at least
optical defects, due to low light scattering of the films,
so then the transmittance of film increased. For all of
those reasons, the visible light is easily transmitted
in the nanocomposite film'16.

On the other hand, as can be seenin Fig. 4b,
the absorbance is shifted towards longer wavelength
from 300 - 420 nm to 355 to 390 nm, when the molar
proportion of Ce3* ions increases. The red-shifted of
the absorbance can evidence for Ce®** successfully
doped in the SiO,-TiO, matrix. However, with the Ce®*
concentration is 8%, the change is not significant in
the UV-Vis spectrum, also in the FE-SEM image that
could be the concentration of Ce®* is saturated in

the SiO,-TiO, matrix. Consequently, the molar ratio
of Ce®* doped in the film is optimized at 6%.

Fig. 4. UV-Vis transmittance spectrum of SiO,-TiO,:x%Ce*
nanocomposite films with wavelength between
(a) 200 - 800 nm (b) 300 — 420 nm

To investigate the effect of Ce3* on the
bandgap of the SiO,-TiO, nanocomposite, the
samples prepared and annealed at 300°C for 2
hours. Fig. 5 illustrates the UV-Vis Diffuse Reflection
Spectrum (UV-Vis DRS) of the SiO,-TiO,:x%Ce*.
In Fig. 5a, it can be seen that the absorption edge
of the Ce®+-doped in the samples is shifted towards
the red-wavelengths when the Ce3* concentration
increase (from 390 to 530 nm). It is well known that
the dopant can influence the structure of the host
material. The configuration of Ce3* is [Xe]4f'5d°6s°
of which its f-orbital has unoccupied. When Ce3*
was doped in the SiO,-TiO, matrix, the 4f electronic
configuration of Ce which allows electron transition
from 2p levels of oxygen (valance band — VB) to
4f levels of Cerium and 2p levels of Oxygen to 3d
levels of Titanium (conduction band — CB)'"2'. This
leads to the generation of electron-hole pairs and
the improvement of the visible light absorption, and
visible light response.

According to the theory of P. Kulbelka and
Munk?? presented in 1931, the optical bandgap is
calculated by applying the Kubelka-Munk function (1):

(F(R)hv)™ = B(hv — EQ) (1)

Where R is the reflectance of an infinitely
thick specimen, h is the Planck constant, v is the
photo’s frequency, Eg is the bandgap energy, B is a
constant. The y factor depends on the nature of the
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electron transition and is equal to ¥z or 2 for the direct
and indirect transition band gaps, respectively. It is
known that SiO,, TiO, are direct transition bandgap,
therefore, Eg can be determined by plotting (F(R)
hv)2 versus hv the optical bandgap?.

Fig. 5. UV-Vis Diffuse Reflection Spectrum of
Si0,-TiO,:x% Ce** nanocomposite films (a) the
UV-Vis absorbance spectrum (b) and the
calculated band gap by Tauc plot

The optical bandgap of all samples is
calculated and shown in Fig. 5b, for the SiO,-TiO,
nanocomposite sample, the optical bandgap is
3.68 eV, with absorbance wavelength is 337 nm,
respectively. With an increase of molar ratio of Ce®*
doped in the SiO,-TiO, matrix, the optical bandgap of
obtained sample declines from 3.4 10 2.95 eV. When
Ce®* doped in the SiO,-TiO, matrix, the 4f levels of
Cerium are occupied, leads to new electric states
in the bandgap of TiO,, which were reported by
Density-functional theory (DFT) simulation articles.
According to DFT simulation for Ce** doped in the
TiO,, the 4f-Ce states are near conduction bands,
they are shallow impurity states. This leads to the
red-shifted of the absorption edge and the bandgap
of the prepared nanocomposite material is narrowed.
In addition, the shallow impurity levels are a factor to
influenced the generation of photo-excited electron-
hole pairs because they can trap the photo-excited
electrons and holes?*. Therefore, when Ce®* is doped
in the SiO,-TiO, matrix, the optical properties of the
SiO,-TiO, nanocomposite is influenced.

The wettability of the nanocomposite films
is investigated by the contact angle method (WCA).
To further investigate the surfaces of the Cedoped
Si0,-TiO, nanocomposite films, the wettability

behavior of the films was investigated by the water
contact angle (WCA) method. Fig. 6 shows the
water contact angle measurements for the non-
coated sample and the sample coated with a layer
of 6 mol% Ce-doped SiO,-TiO, film after being
exposed to UV (365 nm) for 30 minute. While the
WCA of the noncoated sample did not change, the
angle of the coated film changes from 43° to 11°.
This result indicates that the surface of the sample
has been transformed from a hydrophilic surface
to a super-hydrophilic surface when coating with 6
mol% Ce-doped SiO,-TiO, film. From the literatures,
this transformation process can be explained by the
creation of surface oxygen vacancies due to the
appearance of TiO, nanocrystals in the coated film.
In such system, the water molecules may travel into
the oxygen vacancy sites, leading to the dissociative
adsorption of the water molecules on the surfaces
of coated film and the photoinduced reconstruction
of surface hydroxyl groups. With the increase of
adsorbed hydroxyl groups on the film surface, van
der Waals forces and hydrogen bond interactions
between water molecules and hydroxyl group will
increase, leading to the super-hydrophilic properties
of the composite film?.

Fig. 6. The water contact angle of the SiO,-TiO,:6%Ce**
nanocomposite film was exposed UV radiation 30 min
(a: non-coated; b: coated by SiO,-TiO,:6%Ce**)

CONCLUSION

In conclusion, the multi-functional
SiO,-TiO,:x%mol Ce?*" nanocomposite film was
successfully synthesized by sol-gel method. The
results reported in this study illustrate that the
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Ce?* ion is a factor to influence the morphology,
optical property, and the wetting of the obtained
film. Particularly, the multi-functional SiO,-
TiO,:6%mol Ce®* nanocomposite film is a highly
transmittance in the visible light (greater than
85%), absorbance in UV(A) light, and super-
hydrophilic surface. For all of those results, the
Si0O,-TiO,:6%mol Ce®** film is recommended to
use as the protective film with some surfaces like
glasses, photovoltaic devices.
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