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Abstract. TiO2(x) –CeO2(1−x) nanocomposites were prepared at low TiO2 composition of 5, 10, 15 and 20%, by using
TiO2 and CeO2 nanoparticles obtained by polymeric citrate precursor method. These nanocomposites were characterized by
using powder X-ray diffraction, transmission electron microscopy, scanning electron microscopy, energy dispersive analysis
of X-rays and BET surface area studies. BET studies showed the speciﬁc surface area of as-prepared nanocomposites in the
range of 239–288 m2 g−1 . Twenty percent of TiO2 -based titania–ceria nanocomposites have smallest average particle size of
30 nm and highest surface area of 288 m2 g−1 among all the as-prepared nanocomposites. The dielectric characteristics were
measured as a function of frequency and temperature. The dielectric constant of TiO2(x) –CeO2(1−x) at room temperature
was 35.6 (maximum) at 500 kHz for x = 0.20.
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1. Introduction
The worldwide energy demand in electronic devices is
growing day by day since the world population is increasing
continuously. The portability of such devices is a very important characteristic to utilize them conveniently and efﬁciently.
Therefore, constant efforts were made for miniaturization of
the components used to create such devices, which demands
the synthesis of novel materials with high dielectric constant, low dielectric loss and high thermal stability [1]. The
nanosized titania (TiO2 ) owing to its common availability,
nontoxicity, high thermal stability and high dielectric constant
have attracted considerable attention of material scientists.
Although TiO2 is known to exist mostly in anatase, rutile and
brookite crystallographic forms, but anatase and rutile forms
are more popular polymorphs of TiO2 . Rutile form was stable at higher temperature as compared to the anatase form
of TiO2 [2]. Nanocrystalline anatase TiO2 has applications in
water puriﬁcation to remove organic pollutants [3], in light
emitting diodes to increase their optoelectronic properties [4]
and in biosciences as antibacrial agent [5]. Usually, the rutile
form exhibits higher dielectric constant value when compared
to the anatase form, hence, it can be used as material in low
temperature co-ﬁred ceramics (LTCC) [6]. The difference in
crystallographic structure of these two forms is responsible
for the high dielectric constant in rutile form. Anatase form
consists of a framework of distorted octahedral TiO6 units
sharing four edges, while the rutile form of TiO2 has chains

of trans-edge sharing octahedral TiO6 units that are connected
by sharing corners. A dielectric constant of 80 for rutile TiO2
nanoparticles was reported in literature [7]. Wypych et al [8]
have synthesized nanosized TiO2 by using different chemical methods at different synthesis temperatures for their
dielectric characterization. The study revealed that the size
of nanoparticles, relative density and synthesis temperature
have considerable effect on the dielectric characteristics of
TiO2 . TiO2 nanoparticles synthesized by sol–gel method at
600 and 850◦ C temperatures were stabilized in anatase and
rutile structures, respectively. The room temperature dielectric constants were found to be 18.9 (for anatase) and 63.7
(for rutile) at 1 MHz frequency. Whereas TiO2 nanoparticles
synthesized using Pechini method at 900◦ C showed mixed
forms (anatase and rutile) for which room temperature dielectric constant was 17 due to the presence of anatase phase [8].
Marinel et al [9] reported dielectric constant value of about
100 for TiO2 nanoparticles, sintered at temperature 1000–
1300◦ C. Cubic CeO2 has ﬂuorite-like structure. The ﬂuorite
structure of CeO2 is stable over the wide range of temperatures
with high dielectric constant value (k = 23) [10], hence, it is
considered as a promising candidate as gate dielectric material in metal oxide semiconductor and memory devices for
next-generation devices [11–13].
The composites exhibit the distinct properties different
than that of its initial constituent materials due to large
interfacial interaction [14,15]. Thus, a series of nanocomposites were synthesized for their structural characterization
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and properties, such as TiO2 –SiO2 [16], ZrO2 –SiO2 [17–22],
CeO2 –ZrO2 [23–27] and CeO2 –TiO2 [28–30]. Some triphasic composites viz., CeO2 –ZrO2 –SiO2 and TiO2 –ZrO2 –SiO2
were also reported in literature [31–35]. Mostly, TiO2 –CeO2
ceramic nanocomposite powders and ﬁlms were investigated
for their applications in catalysis [36–40], electrochromic
devices [41–46] and oxygen sensors [47].
Numerous chemical methods were reported in literature
for the synthesis of various simple and complex metal
oxide nanostructures viz., reverse micelles [48], solvothermal [49], hydrothermal [50], polymeric citrate precursor [51]
methods, etc. Several methods are also known for the fabrication of TiO2 –CeO2 nanocomposites, such as sol–gel [52],
solvothermal [53], hydrothermal [54,55] and precipitation
[56] methods, etc. In this paper, pure TiO2 and CeO2 nanoparticles were synthesized by using polymeric citrate precursor
method. The synthesis of TiO2(x) –CeO2(1−x) (where w/w x is
= 0.05, 0.10, 0.15 and 0.20) nanocomposites was carried out
by using as-prepared TiO2 and CeO2 nanoparticles in suitable
amounts. The nanocomposites were extensively characterized by powder X-ray diffraction (PXRD), scanning electron microscopy (SEM), transmission electron microscopy
(TEM), energy dispersive analysis of X-rays (EDAX) and
BET surface area studies. The dielectric characteristics of the
nanocomposites were studied as a function of frequency and
temperature.

2. Experimental
2.1 Chemicals required
The chemicals used were citric acid (SRL, 99.5%), ethylene glycol (SDFCL, 99%), titanium isopropoxide (SigmaAldrich, 97%) and cerium chloride heptahydrate (CDH,
99%). All the chemicals were used without any further puriﬁcation. The double-distilled water was used throughout the
synthesis of nanocomposites.
2.2 Synthesis of precursor nanoparticles
Twenty-one grams and fourteen milligrams of dry citric acid
was added to the beaker containing 1.4 ml of ethylene glycol on constant stirring. 23.6 ml double-distilled water was
added to the beaker containing ethylene glycol to obtain a
clear solution and stirred for 30 min. The inert chemical
setup was designed by continuous purging of nitrogen gas
in which 0.74 ml titanium isopropoxide was added to the
original solution, so that ethylene glycol, citric acid and titanium isopropoxide were ﬁxed at the molar ratio of 10:40:1.
Initially, the white precipitates were obtained due to titanium
hydroxide formation, which was dissolved on continuous stirring under nitrogen atmosphere. The stirring was allowed
for 3 h at room temperature to form clear transparent solution. The solution was further stirred for 2 h at 55 ± 5◦ C to
increase the viscosity of the solution. The viscous solution
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was transferred to mufﬂe furnace and heated for 20 h continuously at 135◦ C temperature, so that the excess of solvent can
be removed in the form of vapours and to accelerate the polymerization reaction. The polymeric gel was further worked
up at 300◦ C (2 h) to obtain the black charred product, which
was grounded to the ﬁne powder (precursor). The black ﬁne
powder was then heated in microprocessor-controlled hightemperature furnace at 500◦ C for 20 h to obtain anatase form
of TiO2 . The ﬁne powder was again annealed at 800◦ C (10 h)
to obtain ultrapure, ﬁne and light-yellowish white powder of
rutile TiO2 . The reason to obtain rutile phase is that it has
high dielectric constant, which may enhance the dielectric
characteristics of nanocomposites.
To prepare CeO2 nanoparticles, 25 ml of 0.1 M CeCl3 ·
7H2 O was added to the beaker containing 1.4 ml of ethylene
glycol with constant stirring. Twenty-one grams and fourteen milligrams of citric acid was added slowly, so that a
milky colour was obtained, which disappeared soon into a
clear transparent solution and stirred for 3 h at room temperature. The rest of the procedure was same as in the synthesis
of TiO2 nanoparticles.
2.3 Synthesis of nanocomposites
TiO2 –CeO2 nanocomposites were prepared by mixing TiO2
and CeO2 using 5, 10, 15 and 20% w/w amounts of TiO2 ,
followed by proper grinding for 1 h. To increase adhesion of
nanopowders, few drops of 5% polyvinyl alcohol (PVA) was
added to the mixture, which was allowed for drying at 100◦ C
for 1 h. The powders were then compressed to pellets and
sintered at 1000◦ C for 10 h for composites measurements.
Two pellets of each nanocomposite were prepared. One of
the pellets was used for dielectric properties measurement and
other was grinded for 1 h to obtain ﬁne powder to perform
other characterizations.
2.4 Characterization
Bruker D8 advanced X-ray diffractometer using Ni-ﬁltered
CuK α radiations of wavelength (λ) = 1.5416 Å was used
for XRD studies. The patterns were recorded in the 2θ range
of 20–80◦ with the step time of 1 s and step size of 0.05◦ .
The lattice parameters were obtained by using the stripping
procedure on Kα2 reﬂections. SEM studies were carried out
to analyse the morphology of the as-prepared samples on
FEI SEM (model: Nova Nano SEM 450, Hillsboro, OR).
The SEM images were obtained in powder form for the
samples, which were obtained by grinding the sintered pellets at various magniﬁcations. The elemental analysis was
carried out by EDAX on 127 eV Bruker EDX detector to
estimate the composition of the nanocomposites. TEM measurements of the nanocomposites were studied on FEI Technai
G2 20 TEM at 200 kV accelerating voltage. For the preparation of TEM specimens, a small amount of sample in ﬁne
powder form was taken and dispersed in absolute ethanol to
be sonicated. The sonication was done for half an hour. A
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Figure 1. X-ray diffraction patterns of ceria (a) and titania–ceria
nanocomposites for (b) x = 0.05, (c) x = 0.10, (d) x = 0.15 and
(e) x = 0.20.

drop of the dispersed sample with the help of micropipette
(100 μl) was placed on a carbon-coated copper grid and dried
at 100◦ C.
The speciﬁc surface areas of as-prepared samples were
determined at liquid nitrogen temperature (77 K) using
‘multipoint BET method’ using BET surface area analyzer
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(Nova 2000e, Quantachrome Instruments, USA). Fifty milligrams of the sample powder was taken in the sample cell
and degassing was done at 250◦ C for 3 h in vacuum to
remove the contaminants, such as gases and water vapours
adsorbed by the sample. The degassed sample was then analysed. The sample was taken into a cell and kept at one
station. A known amount of the nitrogen gas was admitted
into the sample cell acquiring the experimental data. During the adsorption, the pressure changed in the sample cell
and ﬁnally, the equilibrium has reached. The speciﬁc surface area was computed with the help of multipoint BET
equation using BET plots. The detailed estimation of speciﬁc
surface area from the BET curves was reported elsewhere
[57]. Dielectric properties of as-synthesized nanocomposites were recorded on HFLCR meter (model: 6505P; Make:
Wayne Kerr, UK). Before performing the dielectric measurements, the diameter and thickness of the pellets were
measured and area of pellets was calculated to explore the
dielectric characteristics of the nanocomposites using the values of capacitance.

3. Results and discussion
The XRD studies of TiO2(x) –CeO2(1−x) (x = 0.05, 0.10, 0.15
and 0.20) nanocomposites were carried out after sintering
the sample pellets at 1000◦ C for 10 h. PXRD patterns were

Figure 2. SEM micrographs of titania–ceria nanocomposites for (a) x = 0.05, (b) x = 0.10, (c) x = 0.15,
(d) x = 0.20 and (e) pure ceria nanoparticles.
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Figure 3. EDAX spectra of titania–ceria nanocomposites for (a) x = 0.05, (b) x = 0.10, (c) x = 0.15 and (d) x = 0.20.

satisfactorily indexed to the CeO2 cubic structure (JCPDS
no. 81-0792) (space group Fm3m (225) and a = 5.412 Å)
and tetragonal (rutile) structure (JCPDS no. 83-2242) (space
group P42 /mnm (136), a = 4.59 and b = 2.96 Å) (ﬁgure 1).
All the samples were biphasic and highly crystalline in nature.
It is clearly seen from the XRD studies that there is no peak
other than CeO2 and TiO2 , which conﬁrm that as-prepared
materials were TiO2 –CeO2 nanocomposites. The presence of
(110), (101), (111), (211) and (301) peaks at 2θ values of
27.5, 36, 41, 54.3 and 69.5◦ , respectively, conﬁrm the presence of rutile TiO2 . Finally, PXRD data revealed that peak
intensity of rutile TiO2 phase increased with increase in the
composition of TiO2 in host CeO2 matrix.
The morphology and texture of TiO2(x) –CeO2(1−x)
nanocomposites were investigated by using SEM studies as shown in ﬁgure 2a–d. The SEM images clearly
show the biphasic morphology, in which TiO2 nanoparticles could be seen distinctly over CeO2 rough surface. The
SEM images of pure CeO2 nanoparticles showed that the
nanoparticles were agglomerated acquiring nearly spherical shapes as shown in ﬁgure 2e. This is visible from
ﬁgure 2d with increased w/w% composition of titania,

the nanocomposites showed increased density and hence,
dense surface could be seen. The EDAX studies showed
that the loaded compositions of the precursor nanoparticles have close agreement with the calculated composition
of nanocomposites as shown in ﬁgure 3a–d. XRD and
EDAX studies corroborate to the formation of TiO2 –CeO2
nanocomposites.
The particle size and size distribution of titania–ceria
nanocomposites were estimated by TEM study as shown in
ﬁgure 4a–d. The particles were nearly hexagonal, and some
of them were found spherical with reasonable agglomeration.
The average particle size of nanocomposites was in the range
of 30–46 nm. The signiﬁcant decrease in average particle
size was observed with increase in composition of TiO2 . The
smallest particle size of 30 nm was observed by TEM for 20%
TiO2 -based composites, which was in good agreement with
the size of pure CeO2 particles. Figures 2e and 4e show that
the SEM and TEM images of pure CeO2 nanoparticles have
100% ceria, which is agglomerated and larger in size as compared to nanocomposites in which less ceria is present. The
observed decrease in average particle size from 46 to 30 nm
with increase in composition of TiO2 is associated with the
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Figure 4. TEM images of titania–ceria nanocomposites for (a) x = 0.05, (b) x = 0.10, (c) x = 0.15, (d) x = 0.20
and (e) pure ceria nanoparticles.
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better microstructural formation for increased composition of
titania.
The surface area studies of as-prepared nanocomposites
were carried out in the P/P0 range of 0.05–0.35 using multipoint BET equation as shown in ﬁgure 5. The BET plots
revealed that the speciﬁc surface area of the nanocomposites was found in the range of 239–288 m2 g−1 . The speciﬁc
surface area of pure CeO2 was found to be 258 m2 g−1 .
An increase in the surface area is observed with increase
in the percent composition of TiO2 in nanocomposites. The
particle size was also estimated by using equation DBET =
6000/(ρ ∗ Sw ). In this equation, DBET represents the average
particle size in nm, ρ represents theoretical density in g cm−3
and Sw represents speciﬁc surface area in m2 g−1 [57,58].
The particle size using above BET studies was found to be
7.4, 7.1, 6.9 and 5.9 nm for the TiO2 –CeO2 nanocomposites
with 5, 10, 15 and 20% TiO2 concentrations, respectively. The
grain size values were smaller as compared to TEM sizes,
because BET size theory applies for the spherical particles
with smooth surface. Therefore, the BET size results are qualitatively correct, however, in the present studies, the particles
do not have spherical geometry and smooth surface and hence,
the shape factor was considered for nonspherical nanoparticles [59].
The dielectric properties of as-prepared ceramic nanocomposites were studied as a function of frequency and temperature after sintering the pellets at 1000◦ C for 10 h.
The dielectric characteristics (dielectric constant and loss
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Figure 5. BET surface area plots of titania–ceria nanocomposites
for (a) x = 0.05, (b) x = 0.10, (c) x = 0.15, (d) x = 0.20 and
(e) pure ceria nanoparticles.

factor) were determined with the variation of frequency
in a range from 20 kHz to 1 MHz at room temperature
as shown in ﬁgure 6a–d. The room temperature dielectric
constant and dielectric loss values were found to be 27,
0.0064 (for x = 0.05), 32.8, 0.0079 (for x = 0.10), 34.8,
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Figure 6. The variations of dielectric constant and dielectric loss with frequency at room temperature of titania–ceria nanocomposites
for (a) x = 0.05, (b) x = 0.10, (c) x = 0.15 and (d) x = 0.20.

0.0079 (for x = 0.15) and 35.6, 0.0125 (for x = 0.20),
respectively, for TiO2(x) –CeO2(1−x) nanocomposites at
500 kHz. Comparatively, high dielectric constant of nanocomposites may be associated with the inhomogeneous structure,
which may cause higher space charge polarization leading to
higher dielectric constant. The increase in dielectric constant
from 27 to 35.6 with increase in %composition of titania is
attributed to increase in surface area and decrease in particle
size of nanocomposites. The number of dipoles increases at
surfaces with decrease in particle size, which contributes to
the high degree of polarization and the charges move within
the grains that piled up at grain boundaries [60]. The dielectric characteristics were found to be stable with frequency for
TiO2(x) –CeO2(1−x) (x = 0.05, 0.10, 0.15 and 0.20) ceramic
nanocomposites, which might be associated with the failure
of electric dipoles, which follow up the fast variation of alternating applied ﬁeld [61].

The dielectric constant and dielectric loss of as-prepared
nanocomposites were also studied as a function of temperature at 500 kHz as shown in ﬁgure 7a–d. The experimental
values of dielectric constant and dielectric loss for all ceramic
nanocomposites (TiO2(x) –CeO2(1−x) (x = 0.05, 0.10, 0.15
and 0.20)) were found to be stable up to 250◦ C and thereafter,
an increment with temperature was observed. The increase of
dielectric constant beyond 250◦ C may be due to the increased
polarization with the applied ﬁeld, which cause an interaction between the ﬁeld and the dielectric polarization with
temperature [62]. The dielectric characteristics were found
to be 27.3, 0.025 (for x = 0.05), 33, 0.033 (for x = 0.10),
34.7, 0.041 (for x = 0.15) and 35.4, 0.042 (for x = 0.20)
for dielectric constant and dielectric loss, respectively, for
TiO2(x) –CeO2(1−x) nanocomposites at 200◦ C. The dielectric
constant was found to increase with increase of %composition
of TiO2 in TiO2 –CeO2 nanocomposites as shown in ﬁgure 8,
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Figure 7. The variations of dielectric constant and dielectric loss with temperature at 500 kHz frequency of titania–ceria nanocomposites
for (a) x = 0.05, (b) x = 0.10, (c) x = 0.15 and (d) x = 0.20.

which may be associated with high dielectric constant of TiO2
nanoparticles.

4. Conclusions

Figure 8. The variations of dielectric constant and dielectric loss
with TiO2 composition of titania–ceria nanocomposites at room temperature and 500 kHz frequency.

Ceramic nanocomposites of TiO2(x) –CeO2(1−x) (x = 0.05,
0.10, 0.15 and 0.20) were successfully synthesized by using
appropriate amounts of TiO2 and CeO2 nanoparticles, which
were prepared by polymeric citrate precursor route. Asprepared nanocomposites were biphasic with reasonable
agglomeration and rough surfaces. The nanocomposites were
nearly hexagonal along with some spherical particles. The
particle sizes decrease from 46 to 30 nm on increasing the
titania weight% concentration from 5 to 20%. As a result,
the speciﬁc surface area increases signiﬁcantly with increase
in %composition of titania. The nanocomposites exhibit high
stability of dielectric properties with variation of frequency
from 20 to 500 kHz as well as with variation of temperature up
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to 250◦ C. The dielectric constant was found to increase with
increase in %composition of TiO2 in TiO2 –CeO2 nanocomposites due to high dielectric characteristics of titania.
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