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A B S T R A C T

In this work, the influence of TiO2 NPs content on optical and structural properties of amorphous SiO2 is
investigated. Amorphous SiO2/TiO2 thin films were wet-mixed and then deposited onto glass substrate
by spin coating technique. The homogeneity distribution of anatase titania nanoparticles within
amorphous silica matrix was evidenced by the results of X-ray diffraction (XRD), Raman spectroscopy,
Fourier transform infrared spectroscopy (FT-IR), and field emission scanning electron microscope (FE-
SEM). The crystallite size of the mixed phase increased significantly upon increment of TiO2 NPs content.
The results of emission and photoluminescence excitation (PLE) confirmed the defects creation in the
SiO2 matrix. The trapped electrons and the presence of oxygen vacancies at the TiO2/SiO2 interface
enhanced the emission intensity of SiO2/TiO2 nanocomposite thin films.

© 2017 Elsevier Ltd. All rights reserved.
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1. Introduction

Nowadays, TiO2/SiO2 nanocomposites attract lots of attention
due to its special features such as high surface acidity, large surface
area, great surface hydroxyl, and improved light harvest. These
features are appropriate for achieving self-cleaning performance
or high photocatalytic activity [1–6]. Based on TiO2/SiO2 composite
microstructure, it can be classified into two types namely, core–
shell structure and uniform SiO2 distribution. The interface area of
the first type of TiO2/SiO2 composite microstructure is limited,
where the preparation of a shell protected TiO2 catalyst is normally
adopted [7,8]. In contrast, the interface area of the second type
between SiO2 and TiO2 can be increased, as recently reported, by
immersing mesoporous titania microspheres in SiO2 sol and then
conducting a calcination process [9].

SiO2/TiO2 composite in the gel network is popularly known as
an active catalysts due to the distinguish mesoporosity. By the
combination of titania into silica systems/nanoparticles, it can
remarkably modified the pore structure [10]. Compared to SiO2,
TiO2 can achieve strong scattering because of its interesting
properties like a higher refractive index and smaller band gap.
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Furthermore, once the structured clusters are indiscriminately
incorporated in the optical films the incorporation of TiO2 into the
composite system led to achieve strong multiple scattering [11,12].
To synthesize metal oxide nanocomposites there are several
approaches such as sol–gel method [13–15], micro-emulsion [16],
hydrothermal [17], chemical coprecipitation method [18], electron
beam physical vapor deposition technique [6], and radio frequency
magnetron sputtering [19–23]. At low temperatures, the sol–gel
technique is widely accepted as the technique to prepare a
homogeneous, densified, and porous material. In addition, the
controllability of such prepared material can be achieved as well.

Despite the features of potential industrial usage and easy
handling of SiO2/TiO2 nanocomposites in the powder form,
homogeneous distribution of nanoparticles in the mixed systems
for chemical/optoelectronic nanostructures is required. To verify
this issue as well as to produce nanocomposite materials with large
surface area, unique physical modification will be reported in this
work. Prior to disperse the powder of nanoparticles in ethanol
solvent, small percentage volume ratio of ethylene glycol was
added. Despite of the physical interaction between SiO2 NPs and
TiO2 NPs, unique distribution for both SiO2 and TiO2 NPs was
achieved in this work. The homogeneity of the prepared SiO2, TiO2,
and SiO2/TiO2 nanocomposite thin films was evidenced by the
optical and structural characterizations.

In the current work, the powder form of SiO2 NPs was
synthesized by sol-gel method. Little amount of ethylene glycol
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Fig. 1. X-ray diffraction patterns of SiO2 NPs, TiO2 NPs, and SiO2/diff. wt.% TiO2

nanocomposite thin films. The red and green patterns related to standard XRD
patterns of SiO2 and TiO2, respectively.(For interpretation of the references to colour
in this figure legend, the reader is referred to the web version of this article.)

Table 1
X-ray diffraction analysis for thin films of SiO2 NPs with different weight ratios of
TiO2 NPs.

TiO2 wt.% FWHM 2u (�) Crystal size (nm) Lattice Strain

Pure SiO2 9.981 22.52 0.85 0.2188
15 1.226 25.22 6.94 0.0239
25 0.922 25.22 9.23 0.0180
35 0.767 25.22 11.09 0.0150
100 0.615 25.22 13.83 0.0120
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(EG) was added into each solution of SiO2 NPs and TiO2 NPs to get
unique homogeneous distribution of these NPs. Prior to spin
coating technique, the solution blending method was employed to
prepare SiO2/TiO2 nanocomposites with various weight ratios. The
influence of the TiO2 NPs content on the structural and optical
properties of prepared SiO2/TiO2 thin films at room temperature
was investigated in detail.

2. Experimental procedures

2.1. Thin films preparation

SiO2 NPs in amorphous form, with an average diameter of about
26.4 nm, were synthesized using sol-gel method as reported in the
earlier published work [24]. Once the gel centrifuged and washed
with ethanol and distilled water, it was calcinated at intermediate
temperature for elimination of the residual organic element.
Anatase TiO2 powder (mean size of 25 nm), purchased from Sigma
Aldrich, USA, have been used in this investigation. Each of SiO2 NPs
and TiO2 NPs were dispersed separately into ethanol with 2 vol.% of
ethylene glycol (EG). The liquids of both SiO2 and TiO2 NPs were
stirred separately at 600 rpm for 2 h and then sonicated for 1 h to
obtain homogenous samples. SiO2/TiO2 nanocomposites with
different weight ratios of TiO2 NPs (5, 10, 15, 20, 25, 30, and
35 wt.%) were prepared by solution blending method. All samples
were deposited onto a glass substrate using spin coating technique
(2000 rpm for 20 s) and then annealed at 120 �C in vacuum oven to
remove the solvents. The films thickness for each sample was at
around 230 nm, as evidenced by FE-SEM cross section images (not
shown here).

2.2. Thin films characterization

The structural properties of the thin films were characterized by
X-ray diffraction (XRD, Bruker-AXS D8, l = 1.5418 Å), field emission
scanning electron microscope (FE-SEM, ZEISS Supra 55VP), Raman
spectroscopy (Bruker RFS 100/S,) with Nd:YAG excitation laser
operating at 1064 nm and �8 cm�1 resolution, and Fourier
transform infrared spectroscopy (FT-IR, Spectrum 400 Perki-
nElmer) in the range of 4000–300 cm�1 and at resolution of
�1 cm�1. UV–vis Spectrophotometer (Edinburg FLS920), with an
excitation wavelength fixed at 300 nm, excitation slit at 10 nm, and
emission slit at 15 nm, was employed to characterize the optical
properties of the samples.

3. Results and discussion

3.1. X-ray diffraction

X-ray diffraction patterns of pristine SiO2 NPs, pristine TiO2 NPs,
and SiO2 NPs mixed with different TiO2 NPs content (5, 10, 15, 20,
25, 30, and 35 wt.%) are illustrated in Fig. 1. The very broad hump of
SiO2 is assigned to its amorphous nature and indicated of short
range ordering of Si atoms [25]. Although the dominant phase of
SiO2 is amorphous, the weak patterns (100) and (200) are indicated
to existence the crystalline phase in the prepared SiO2 which is in a
good agreement with recent report [26]. However, once TiO2

mixed into SiO2, the diffraction patterns of anatase TiO2 NPs were
appeared in the SiO2/TiO2 thin films. The diffraction patterns at 25�,
38�, 48�, and 55� were assigned to the typical patterns of (1 0 1), (0
0 4), (2 0 0), and (2 0 4) of crystalline planes in anatase TiO2 NPs,
respectively. It can be clearly observed that the broadening hump
was dropped as the TiO2 content increased. The inhibition of the
hump peak upon increment TiO2 NPs can be attributed mostly to
the increase in the crystallite size (D), which was calculated using
Debye-Scherrer’s equation and tabulated in Table 1:

D ¼ 0:9l
bcosu

where l is the wavelength of X-ray beam (l = 1.5418 Å), b is the
full width at half maximum (FWHM) of the particular peak, and u is
the Braggs angle. Furthermore, there is no another distinguished
crystalline phase was detected, which indicates that TiO2 nano-
particles were highly dispersed with SiO2 nanoparticles. The lattice
strain (e) and FWHM (ß) can be related according to the following
formula [27]:

4e ¼ bcosu

As shown in Table 1, it can be clearly seen significant reduction in
strain upon increment TiO2. The reduction in lattice strain can be
attributed to the inverse relationship between e and D. Moreover,
in comparison with pristine TiO2, the weak pattern peaks of SiO2/
TiO2 nanocomposite films showed that the crystallinity was
decreased. This finding may be ascribed to lattice distortion
induced by interfacial strain because of the different lattice
parameters between TiO2 and SiO2 [28].

3.2. Raman spectroscopy and FT-IR

Fig. 2 shows the Raman spectra of pristine TiO2 NPs, pristine
SiO2 NPs, and SiO2/TiO2 nanocomposite thin film at high content of
titania (30 wt.%). The Raman spectrum of the pristine TiO2 NPs
indicates a strong peak at 145 cm�1 and weak peaks at 395 cm�1,
512 cm�1, and 636 cm�1. These peaks correspond to vibrational
symmetry of Eg, B1g, A1g + B1g, and Eg respectively, which are in
good agreement with recent reports for anatase phase [29–31]. The
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Fig. 2. Raman spectra of SiO2 NPs, TiO2 NPs, and SiO2/30 wt.%TiO2 nanocomposite
thin films.

Fig. 3. FTIR spectra of (a) SiO2 and TiO2 NPs thin films. (b) SiO2/diff. wt.% TiO2

nanocomposite thin films.
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Raman spectrum of pristine SiO2 thin film exhibits intense broad
peak at the range of 330–660 cm�1, and weak peaks near 840 cm�1,
993 cm�1, and 1100 cm�1. These peaks can be attributed to bending
of O��Si��O, Si��O��Si symmetric bond stretching, stretching
mode of Si��OH, and asymmetric bond stretching mode of Si��
O��Si [29,32]. The Raman spectrum of the SiO2/30 wt.% TiO2

nanocomposite exhibited a decrease in the strongest intensity
peak of titania while other peaks were inhibited. This is can be
attributed to the highly dispersed of titania within silica matrix
hence suggesting the absence of the bulk titania formation.
Moreover, the slightly blue shift of the peak at 145 cm�1 can be
attributed to the existence of a specific kind of nonstoichiometric
defects [33].

The surface chemical structure of all the thin films was
investigated by FT-IR analysis (Fig. 3). In Fig. 3(a), the vibrational
bands at 3350 cm�1 and 1640 cm�1 are assigned to the stretching
vibration of O��H group and bending modes of adsorbed water,
respectively [32], while the overlapped intense peaks at the band
range 400–700 cm�1 are corresponding to the symmetric stretch-
ing of Ti��O��Ti [34]. The vibrational bands at 1090, 960, 802, and
462 cm�1 are assigned to asymmetric stretching of Si��O��Si,
stretching modes of Si��OH, symmetric stretching vibration of
Si��O��Si, and bending modes of Si��O��Si, respectively [35].
These observations are in good agreement with previous Raman
spectra results. Moreover, as shown in Fig. 3(b), all peaks of TiO2

and SiO2 have been found in all samples spectra of SiO2/TiO2

nanocomposite thin films which confirmed the homogeneity of the
nanocomposite thin films prepared even for TiO2 NPs content as
high as 35 wt.%.

3.3. FE-SEM

Fig. 4 displays the FE-SEM images of SiO2/TiO2 nanocomposite
thin films for different content (5, 10, 20, and 30 wt.%) of TiO2 NPs
under the same scale. These images displayed the existence of
silica and titania, with lighter spots corresponding to titania and
darker spots to silica. This observation shows that the nanometric
TiO2 particles and SiO2 particles are physically combined and also
closely connected with each other which might also improve
optical properties of the nanocomposite thin films. In addition, it
can be clearly seen that the porosity of the film increases upon
increment TiO2 NPs. This finding can be also attributed to the
spaces increment and increasing of particle size distribution
between SiO2 and TiO2. Moreover, the FE-SEM images
demonstrated that the distribution of TiO2 NPs was observed to
be homogent even for high content of TiO2 NPs. This observation is
corroborated with previous findings of X-ray diffraction, Raman
spectra, and FT-IR.

3.4. Photoluminescence analysis

Fig. 5 demonstrated the photoluminescence spectra of pristine
SiO2 NPs, pristine TiO2 NPs, and SiO2/TiO2 nanocomposite thin
films with various content of TiO2 NPs. The broad emission band at
360–500 nm is attributed to TiO2 nanoparticles which is corrobo-
rated with previous reports [36,37]. In these spectra, the main
broad emission peak demonstrated at 372 nm which can be
attributed to the oxygen related defects in the thin films of SiO2/
TiO2 nanocomposite. It can be clearly noted that there is a
significant increase in UV and visible emission intensities with
increment of TiO2 content. As TiO2 NPs are well dispersed in the
matrix, more holes or electrons are excited and radiative
recombination of excitons increases. Consequently, the emission
intensities can be enhanced significantly. However, the presence of
higher amount of TiO2 NPs led to gradual increment in crystallite
size (as evidenced from the previous XRD analysis) and thus
reduction in non-saturated ions and defects [38]. Consequently,
the emission intensity showed reduction trend with higher TiO2



Fig. 4. FE-SEM images of SiO2/diff. wt.% TiO2 nanocomposite thin films.
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content. Among of all the nanocomposite thin films, the sample
with 5 wt.% of TiO2 NPs exhibited the highest emission intensity.
This is attributed to the abundance defects, which came from SiO2

NPs, compared to other nanocomposite samples. At high content of
TiO2 NPs, surface states such as dangling bonds subscribe to the
non-radiative processes. The enhancement in the intensity of UV
emission might be attributed to the decrease of dangling bonds
with reduction of TiO2 NPs. It was confirmed from X-ray diffraction
analysis that strain is performing on the SiO2 NPs as the TiO2 NPs
content is induced. It was concluded that optimum intensity of UV
emission can be achieved when the excitation wavelength chosen
from the photoluminescence excitation (PLE) spectrum [39]. Fig. 6
illustrated that the main peaks of PLE spectrum of SiO2 NPs
observed at 275 nm and 284 nm, whereas it shown at 284 nm and
342 nm for SiO2/TiO2 thin films. The main peaks of SiO2 NPs
reduced upon increment TiO2 NPs. The peak at 275 nm is resulted
from the non-bridging oxygen hole centers [40], which are
generated from the single silanol groups (Si��OH).
The mechanism of enhancement of the UV emission intensity is
illustrated in Fig. 7. The band gap for SiO2 is 10.5 eV with non-
bridged oxygen and 3.03 eV for TiO2. The higher crystallinity of the
samples upon increment the TiO2 content and the larger radius of
titanium ions than silicon ions could cause little distortion in the
silica-rich matrix or in the SiO2/TiO2 network [38]. As a result,
some energy levels under 3 eV may be created in the distorted
SiO2/TiO2. The trapped electrons at the non-bridging oxygen hole
centers transfer to both conduction band (CB) of TiO2 and the
generated levels which are slightly below it. These transitions lead
to enhance the emission intensity of the SiO2/TiO2 nanocomposite.
Moreover, as the TiO2 NPs content is increased, a lot of carriers will
be available in both CB of TiO2 and the generated levels. These
carriers with the excited carriers in SiO2 lead to more number of
radiative transitions to valence band (VB) of TiO2 and thus enhance
the UV emission intensity of SiO2/TiO2 nanocomposites. Addition-
ally, the enhancement in the visible emission of the samples
generally resulted from the oxygen vacancies at the interface of
TiO2 [41].



Fig. 5. Photoluminescence spectra of SiO2 NPs, TiO2 NPs, and SiO2/diff. wt.% TiO2

nanocomposite thin films.

Fig. 6. Photoluminescence excitation (PLE) spectra of SiO2 NPs, TiO2 NPs, and SiO2/
diff. wt.% TiO2 nanocomposite thin films.

Fig. 7. Schematic mechanism of enhancement of the UV emission intensity.
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4. Conclusion

The influenced of TiO2 NPs content on optical and structural
properties of SiO2 NPs was investigated. Homogenous SiO2/TiO2

thin films was successfully achieved in this work. The crystallite
size of TiO2 NPs in the nanocomposite thin films was increased
while its strain was decreased upon increment of TiO2 NPs content,
as indicated by the X-ray diffraction analysis. The interaction
between silica and titania NPs was physically evidenced by Raman
and FT-IR analysis. It is found that the optimal emission intensity of
the samples was for 5 wt.% of TiO2 NPs content, which can be
attributed to abundance defects compared to other samples. The
radiative transitions to the valence band (VB) of TiO2 resulted to
enhance the visible emission intensity of SiO2/TiO2 nanocompo-
sites, whereas the reduction of dangling bounds resulted to
improve the UV emission intensity.
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