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The CeO,-TiO, nanoparticles were prepared by a combination of hydrothermal and sol-gel preparation methods. The bond
structures and crystal properties of the obtained materials were featured with X-ray diffraction, FTIR, Raman, and Bet analysis;
surface morphologies were examined with the help of FESEM and STEM. And finally, the PL properties of the synthesized
samples were also examined in this study. The excitation and emission spectra of 0.1 mol% and 0.25 mol% CeO, doped TiO,
phosphors consist of broad bands in the UV (200-300 nm) region with maxima at 254 nm. The excitation band at 254 nm is
defined as the charge transfer band (CTB). In the emission spectra, a broadband located from 400 to 700 nm is related to the
5d-4f (5d1—4f1) transition of Ce* in TiO,. According to the PL result, the 5d—4f transition of Ce** is heavily dependent on the

concentration of Ce®" in the host crystal TiO,.
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1 Introduction

Combining suitable composites and metal ions to
produce new luminescence is an issue that attracts
attention today. This interest is due to their interior
architectural beauty or aesthetic structure and
potential applications in the field of organic
light-emitting diodes (OLEDs), lasers, transistors, and
fluorescent sensors. It is also crucial for use in highly
specific probes'”. TiO, has recently become a
promising material in various applications such as
photocatalysis and photovoltaic. It has a great range
of research areas in applications such as photosensors,
moisture sensors, and solar cells®’. However, the
photocatalytic properties of TiO, are limited by the
structure and band gap'®. All studies have shown that
TiO, is only active under UV light'".

With all these properties, TiO,, a semiconductor
metal oxide, can be used as an oxygen gas sensor to
control the air/fuel mixture in car engines'*", and its
high dielectric constant greatly expands TiO,
applications in electronic devices such as capacitors
and memory devices. Titanium dioxide pigment is
commonly used in almost all paints due to its high
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refractive index. Interestingly, pure TiO, is non-toxic
and readily dispersible and can be used in food
additives'®, cosmetics, and pharmaceutical agents'”.

The most important development for TiO, is that
defects in TiO, nanostructures attract attention
because internal and external defects play a vital and
fundamental role in improving material performance.
Understanding the origin of the visible light
photoactivity of the undoped and doped TiO,
motivated various studies'®"”. The photoluminescence
properties of TiO,, as with many materials (PL), are
highly dependent on sample synthesis, the presence of
additives and defects, and the condition of its
surface™ ™,

Crystal structures and improvement of surface
properties of TiO, also have basic compatibility with
its luminescent properties. Therefore, the investigation
of TiO, by photoluminescence spectroscopy can
provide information about surface regions®'. The
width and relative intensity of the gloss emission
bands are often affected by the nature of the cage. The
feature of emission bands depends mainly on the
crystal structure. This important parameter can be
used to adjust the emission of materials depending on
the applications.
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The luminescent properties of rare earths in
different compositions are essential’’”>. How can
light be developed effectively due to the multiple light
scattering and reflecting effects in the inner space,
which is beneficial for luminescence -efficiency?
Although there are studies on this in the literature, the
improvement of photoluminescence properties of
TiO, by a composite with oxides of rare earth
elements has not been investigated™ .

Recently rare earths and TiO, composites in terms
of luminescence properties have gained importance.
Several studies reported that rare earth elements in
TiO, achieved effective results for environmental
(water and air) distillation by changing the surface
adsorption properties, band gap energy, and the
complexity of organic pollutants relative to f-levels®’.
Some researchers reported that the TiO, matrix doped
with rare-earth ions prevented the e—/h + pair
recombination due to the formation of defects.
Although there are some reports on this issue, little
optimization work has been done™.

We reported on the synthesis, characterization, and
PL performance of CeO,-TiO, nanocomposite.

2 Materials and Methods

TiO, microspheres were synthesized adopting the
method reported in our previous work®. In the synthesis
of pure CeO,/Ti0, composites, all chemicals used are of
analytical grade. The sol-gel method was used for the
synthesis of nano-sized CeO,/TiO, composites. The
mixing process was done with an ultrasonic mixer and
stirring was continued until the alcohol in the solution
evaporated, and the solution turned into a gel. The gel
mixture was then calcined for six hours at 450 °C, and
finally, CeO,/TiO, nanocomposites were synthesized.
Field emission scanning electron microscopy and
elemental analysis were investigated by EDX (energy
dispersive) (FE-SEM, Zeiss); X-ray diffraction (XRD)
analysis was performed to determine the crystallinity
and phase purity of the samples using XRD (Pananalytic
Imperial) with Cu-Ko radiation (1= 1.5406 A) in the 20
range from 20 to 90 with a 0.02 step angle. Fourier
transform infrared spectroscopy (FT-IR, Perkin—Elmer-
spotlight 400) techniques characterize the prepared
Ce0,/TiO, nanocomposite. The surface area of the
samples was determined by nitrogen adsorption-
desorption analysis at (micromeritic-Gemini V). The
photoluminescence  spectra were measured by
Fluorescence spectrophotometer (HITACHI F-7100).
All PL measurements were performed in an open
atmosphere and at room temperature.

3 Results

3.1 XRD Analysis

The powder X-ray diffraction (XRD) analysis was
performed to determine the crystallinity and phase
purity of the samples using Pan analytic Imperial
powder diffractometer with Cu Ka radiation. The
XRD powder pattern was indexed using Diffrac Plus,
Win-Metric programs, and unit cell parameters were
calculated. The XRD patterns of TiO,-CeO,
nanocomposites are given in Fig. 1. 0.02 step angle in
the range of 2 6 = 10-90, at 40 kV and 40 mA. The
sharp diffraction peaks at 20 values indexed the
anatase phase of TiO, (01-071-1167). When the XRD
patterns are examined in detail, as the amount of CeO,
increases, CeO, peaks are observed in the pattern.

The crystallite size measurements were also carried
out using the Scherrer equation*’, which is given as
Eq. 1, where X is the wavelength of the x-ray, 0 is the
X-ray diffraction angle, and B is the highest full
width.

D =k\/ Bcosd o1

As seen in Table 1, the crystallite size (Dscp)
increases with CeO, contribution. This increase in
crystallite size can be explained because the full peak
width at the half maximum (FWHM) values decreases
while the CeO, addition increases. Mario J. Muifioz-
Batista obtained similar results in the CeO,/TiO,
nanocomposites produced by different methods*'.

The Scherrer formula only considers the impact of
crystallite size on the XRD peak broadening.
However, it does not describe the details of the
intrinsic strain that occurs in nanocomposites. The
Williamsons-Hall (W-H) method is used to calculate
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Fig.1 — X-ray diffraction (XRD) patterns of the samples with a
different molar ratio.
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Table 1 — Crystallite size (from Scherer’s equation (Dgcy) and Williamson-Hall Plot (Dyy.), BET surface area and strain (€) of TiO, and
Ce0,-TiO, nanocomposites.

Sample TiO, Ce0,-Ti0, (0.1 %) Ce0,-Ti0, (0.25 %) Ce0,-Ti0, (0.5%)
Dgcy (nm) 8.67 14.18 14.20 14.23
Dyw.y (nm) 8.99 13.87 13.92 13.87
Surface Area(m*/g) 36.35 45.75 48.64 62.45
Strain (g) 0.00181 0.00318 0.00306 0.00305
0,04
Equation y=ashx ® PureTiO, Equation y=arbx ® 0.1% CeO,
Value Standard Error Value Standard Error
Intercept 0.01541 0,00456 Intercept 0,00999 001314
0,03 siope 0,00181 000286 4 Slope 000318 00082
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Fig. 2 — Williamson-Hall plots for pure TiO, and CeO,-TiO, nanocomposites.

crystal size, intrinsic strain, and consider the effect of
XRD peak expansion and strain. The Williamson-Hall
plots using the peaks (101), (103), (200), (105), (213),
and applied linear fitting are shown in Fig. 2. We
calculated the crystallite size (Dw.y) and strain (g)
values by plotting Scos6 along the y-axis as a function
of 4sin@ on the x-axis corresponding to given
diffraction peaks. The slope of this fitting line gives
the strain, and the intercept gives the crystal size.

By using the W-H relationship (Eq. 2), the
Williamsons-Hall crystallite size (Dw.y) and strain
were determined*”. Where k is constant, and ¢ is the
strain-induced inside the nanocomposites.

The crystal sizes obtained from the slope of the
W-H plot showed a similar behavior as the results
obtained from the Scherer equation, as given in Table 1.

When CeO, was added to TiO,, the induced strain
increased, but no significant change was observed in
the strain value as the CeO, contribution increased.

This increase in strain may occur due to the difference
in the Ce*" (0.92 A) and Ti*" (0.64 A) ion radii.

3.2 FTIR and Raman Analysis

FT-IR spectra are shown in Fig. 3(a) in order to
examine the bond structures of TiO,-CeO, nanoparticles
in the 4004000 cm™ range. When the spectra are
examined,the spectrum exhibits broad absorption peaks
between 1600-3400 cm ', corresponding to the
stretching mode of the O-H group of hydroxyl group
adsorbed on the surface of nanoparticles. Absorption
peaks around 794 are related to Ti-O bonds. The
anatase O—Ti—O structure formation was observed as
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Fig. 3 — (a) Effects of CeO, content in CeO,/Ti0, nanocomposites on FTIR and b) Raman signals.

a characteristic band with strong and broad absorption
in the low energy zone (600800 cm™")**.

The Raman signals of theTiO,-CeO, nanoparticles
are shown in Fig. 3(b). It can be clearly seen that
tetragonal TiOy(Alg + 2Blg + 3Eg) has six active
Raman modes 143 cm-1 (Eg), 197 cm-1 (Eg), 397 cm-1
(Blg), 518 cm-1"* (Alg), 519 cm-1 (Blg), and 640
cm-1 (Eg).The intensities of Raman vibration modes
depend on the crystallinity of the oxide, which can vary
depending on applied temperature parameters such as
pressure and temperature of the furnace during the
composite phase-formation process™. As seen in the
spectra, the change in the amount of CeO, was
observed with only small shifts in Raman spectra since
the amount added was quite low. It was not preferred

because the crystal structure changed at higher rates;
the anatase structure we showed in our literature
research was the most effective structure for PL
studies’?!. Additionally, high CeO, levels were not
observed much in Raman and FTIR spectra. Still, only
low mole ratios were studied, considering that there
may be a missing rutile phase from the XRD spectra.

When the experimental data obtained were
evaluated, it was determined that 0.1% and 0.25%
doping rates were the optimum values for PL studies.

3.3 FESEM/EDX and S-TEM Analysis

The morphology and structural changes of the
Ce0,/TiO, nanocomposites are observed by using
FE-SEM images, as shown in Fig. 4(a-b). According
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Fig. 4—(a) 0.1% and b) 0.25 %, CeO,-TiO, nanocomposite FESEM images and EDX analysis.

to FESEM analysis, the surface was rough, and the
particles were regular in shape. In Table 2,
EDX studies are details of all the elements present
in the given nanocomposites. Fig. 3 shows the EDX
pattern of different molar CeO, content in
Ce0,/TiOnanocomposites. EDX results confirm the
presence of Ce, Ti, and O elements and the absence of
impurity elements.

In addition to FESEM images, the crystal structure
of nanocomposites was thoroughly investigated using
scanning transmission electron microscopy. S-TEM
images appeared as cubic CeO, nanoparticles were
designed on the large spherical surface of TiO,
nanoparticles. The white sphere or spherical-like
structure is due to the presence of TiO, nanoparticles,
and the white nature nanoparticles are spread/coated
over a wide range. Blackhead or circle or cubic /
isometric structure is due to CeO, particles™.

Scanning Transmission Electron Microscopy
(STEM) micrographs of nanocomposites are shown in
Fig. 5(a-b). As shown in the STEM micrographs,
nanocomposites, the particles of nanocomposites, have
a regular distribution.

3.4 Adsorption-Desorption Measurements

It is known that photoluminescence efficiency is
mainly dependent on properties and some parameters
such as crystal phase ratio, surface area, phase
purity®. Therefore, the surface areas of the
synthesized nanocomposites were examined by N,
adsorption/desorption =~ measurements.  For  this
purpose, N, gas was passed through the sample for 24

(@)
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Fig. 5 — (a) 0.1% and b) 0.25 %, CeO,-TiO, nanocomposite
S-TEM images.
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Fig. 6 — Surface area measurements and pore size changes of crystals.

hours to remove the impurities and water vapor in the
samples, while the sample cell temperature was at 200 °C.
The BET-specific surface areas of the CeO, doped
samples were observed in the range 36-48m’g” (See
Table 1). (Fig. 6). The addition of a small amount of
CeO, caused the doped composite to show a smaller
particle size and higher surface area than pure TiO,,
and the reduction in grain size was gradual with the
CeO, content. This increase may be due to CeO,-TiO,
nanocomposite formation, which effectively inhibits
boundary mobility and thus grain growth.
3.5 Photoluminescence Properties

The excitation and emission spectra of 0.1 mol%
and 0.25 mol% CeO, doped TiO, phosphors are
shown in Fig. 7. The excitation spectra of both
phosphors consist of broad bands in the UV (200-300
nm) region with maxima at 254 nm. The excitation
band at 254 nm is defined as the charge transfer band
(CTBY*?7. In the emission spectra, a broad band
located from 400 to 700 nm is related to the 5d-4f
(5d'—4f") transition of Ce’" in TiO,. It is known that
the emission of Ce’" is heavily affected by the crystal
environment. Also, the emission wavelength of
Ce’"is very sensitive®™. The red or blue shift of
Ce’" emission is discussed within this framework. In
Fig. 7, the maxima of Ce’" emission shifted from
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Fig. 7 — Photoluminescence spectra of 0.1% and 0.25 %,
Ce0,-TiO, nanocomposite.

524 nm to 520 nm when the Ce’" concentration
increased from 0.1 mol% to 0.25 mol %. In other
words, the blue shift of Ce*" emission occurred when
the concentration of Ce'" ions was increased.
According to this result, we can say that the 5d—4f
transition Ce®" is heavily dependent on the
concentration of Ce®" in the host crystal TiO,.
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4 Conclusions

We synthesized a novel spherical CeO, doped TiO,
nanocomposites by a simple synthesis method.XRD
data and crystallization parameters showed that
crystallization powder samples took place. Surface and
particle examinations showed that the particles had a
regular distribution. According to PL studies, 0.1 mol%
and 0.25 mol% CeO, doped TiO, phosphors have
broad excitation band in the UV (200-300 nm) regions
and a broad emission band located 400 nm to 700 nm.
When factors affecting luminescence properties were
investigated and discussed, the results showed that the
blue shift of Ce’" emission occurred when the
concentration of Ce’* ions was increased. The emission
of Ce’* is heavily dependent on the concentration of
Ce’" in the host crystal TiO,. Furthermore, this study
showed that 0.1 mol% and 0.25 mol% CeO, doped
TiO, nanocomposite phosphors are economically good
candidates for opto-electronic applications without rare
earth element doping.
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