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Samarium-doped thermally stable TiO. nanoparticles in the anatase phase
have been synthesized by a low-temperature hydrothermal method. The for-
mation of the anatase phase has been investigated by x-ray diffraction.
Thermogravimetry and differential thermal analysis have been used for
thermal studies. The morphology and composition of synthesized powders
have been studied using scanning electron microscopy, transmission electron
microscopy, and energy-dispersive spectroscopy. Surface areas were studied
by the Brunauer—Emmett-Teller method. Dielectric properties were studied
for dopant levels of 0.2 mol% and 0.5 mol% at 300 K in the frequency range of
42 Hz to 5 MHz. At low frequency, charge carriers at the grain boundary
produce interfacial polarization giving rise to a high dielectric constant (¢’),
which is significantly reduced by doping with samarium ions (Sm?3*). Strong
frequency dependence of the dielectric loss was also observed for each con-
centration. Conductivity studies showed that the reduction in conductivity is
due to the decrease in particle size with the increase in Sm3* dopant level.
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INTRODUCTION

Nanoscale semiconductors have attracted
increasing interest due to their impact in catalytic,
magnetic, optical, and electrical applications. These
materials exhibit a variety of superior properties
when compared with their bulk form. The size
dependence of the properties of semiconductor
nanoparticles is important and offers an opportu-
nity to fabricate exotic new devices. Nanotitania
(TiOy) is one of the important ionic semiconductors
with diverse application in photocatalysis, dye-sen-
sitized solar cells, and as an anode material for
lithium-ion batteries. It has been studied exten-
sively by various groups.'” Nanotitania, a cost-
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effective material which also has the advantages of
high dielectric constant®’ and promising chemical
stability,® is expected to replace traditional capacitor
dielectrics and dielectric resonators. The majority of
dielectric applications are affected by the presence of
various crystalline polymorphs and morphologies;’
dielectric properties are strongly influenced by the
nature of polarization and are very sensitive to
interfaces, grain scale, strain introduction, and dop-
ing by ions. One of the authors has already reported
photocatalytic properties of nanotitania doped with
samarium.’ The present work aims to investigate
how doping nanotitania with a rare-earth impurity
such as samarium could change its dielectric and
electrical properties.

Numerous synthetic methods such as the sol-gel
method, chemical vapor deposition, the hydrother-
mal method, and pulsed laser deposition have been
used for fabrication of anatase phase TiOz nano-
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particles.'® ¢ A literature survey revealed that no

systematic studies have been reported on the
physical properties and device parameters of
hydrothermally synthesized anatase phase TiO,
and doped TiO, nanoparticles. In the present study,
0.2 mol% and 0.5 mol% Sm3*-doped nanotitania
materials were prepared using a low-temperature
hydrothermal method. The influences of Sm®* dop-
ing on the dielectric and electrical properties of TiO,
nanoparticles were then studied. It was observed
that the dielectric constant was high in the low-
frequency region and stable above 10 kHz for all the
synthesized samples. The loss tangent peak of TiOq
was shifted from 1 kHz to 2 kHz upon doping, and
the peak intensity was found to increase with dop-
ant concentration. The dependence of the electrical
conductivity of the sample on frequency was studied
at room temperature. At room temperature, the
alternating current (AC) conductivity was found to
increase with the frequency of applied electric field
according to the universal power law.!” The effects
on electrical conductivity of nanostructures and
nanomaterials are complex, since they are based on
distinctive mechanisms. In our study, the AC con-
ductivity of TiOy was found to decrease with
increasing samarium dopant concentration.

EXPERIMENTAL PROCEDURES

Analytical-grade titanium (IV) isopropoxide
(Ti[OC3H7]ly) acquired from Acros Organics and
SmCls from Aldrich Chemicals Sigma (99.9% pure
grade) were used for the synthesis. Deionized water
was used throughout the experiments.

SmCl; (0.1 M) was added as dopant to 7.0 ml
titanium (IV) isopropoxide, and the mixture was
stirred vigorously; the mol% of samarium ion with
respect to titanium was set to 0.2 mol% and
0.5 mol%. Distilled water was added until the white
precipitate was completely formed. The pH of the
mixture was maintained at 7.0 by addition of
ammonia, and then it was transferred to a stainless-
steel Teflon-lined autoclave, and hydrothermal
reaction was allowed to proceed at 200°C for 2 h.
The synthesized powders were filtered, washed with
water and acetone, and then dried at 80°C.

Characterization and Measurements

X-ray diffraction patterns (XRD) of synthesized
samples were recorded on a Bruker Advance dif-
fractometer using Cu K, radiation (/1 = 0.15406 nm)
at scanning rate of 0.02%s in the 260 range of 10° to
80°. The Brunauer—Emmett-Teller (BET) specific
surface area of the powder was measured using
nitrogen adsorption and a surface area analyzer
(Micromeritics, Gemini, USA). Thermogravimetry
(TG) and differential thermal analysis (DTA) mea-
surements were carried out using a Shimadzu DTG-
60 device. Particle size, composition, and structure
were also studied using scanning electron micros-
copy (SEM, dJeol, 6390 LA), energy-dispersive spec-

troscopy (EDS), and transmission electron
microscopy (TEM, Jeol JEM-3010) at an accelerat-
ing voltage of 100 kV.

The nanopowders were consolidated in the form of
cylindrical pellets of 11 mm diameter and 1 mm
thickness by applying a force of about 8 ton for
3 min using a hydraulic press. Dielectric measure-
ments were carried out at room temperature using
an impedance analyzer by applying an AC signal
across the sample cell with a blocking electrode
(silver) in a dielectric cell connected to a computer-
controlled HOIKI LCR Hi-Tester 3532-50 setup, in
the frequency range of 42 Hz to 5 MHz. The real
component of the complex dielectric function (¢’), the
loss tangent (tan §), and the AC conductivity (cac)
were calculated from the measured data using the
dimensions of the pellets.

RESULTS AND DISCUSSION
X-Ray Diffraction Analysis

The crystalline phase of the prepared nanoparti-
cles was analyzed by XRD, and the results are
shown in Fig. 1. XRD patterns revealed that the
samples had a high degree of crystallinity, and the
observed peaks could be indexed to the anatase
phase tetragonal structure of TiO, (JCPDS, no.
21-1272). No samarium oxide peaks were found in
the XRD patterns, due to the low doping concen-
tration. Figure 1 shows broader x-ray diffraction
peaks for the samarium-doped TiO5 samples due to
the smaller grain size. Similarly, Mona et al.
reported broadening of XRD peaks on lanthanide
ion doping.'®

The nanocrystallite sizes of the samples were
estimated using the Debye—Scherrer equation,
Dxgrp = 0.9 A/f cosO, where D is the crystallite size, 4
is the wavelength of x-ray used, and f and 0 are the
full-width at half-maximum of the XRD diffraction
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Fig. 1. X-ray diffraction g)atterns of undoped TiO,, 0.2 mol% Sm>*-
TiO,, and 0.5 mol% Sm>*-TiO, nanoparticles.
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Table I. Crystallite sizes, surface areas, and particle sizes of undoped TiOs, 0.2 mol% Sm>*-Ti0O,, and 0.5 mol%

Sm3*-TiO, nanoparticles

Crystallite Size,

Samples Dxgp (nm)
Undoped TiO, 31
0.2 mol% Sm>*-TiO, 10
0.5 mol% Sm®*-TiO, 8

Specific Particle Size,
Surface Area (m?/g) Dggr (nm)
49.98 31
107.16 14
128.50 12

intensity lines and the half diffraction angle (20),
respectively. Table I shows that the crystallite size
of nanotitania decreased with samarium doPing,
which is in agreement with earlier reports.’®2! The
present study revealed that doping with samarium
ions hindered the increase in grain size during
hydrothermal synthesis.

Nanostructural Analysis

Nanostructural analysis using SEM and TEM
supplemented by EDS was carried out for all the
samples to establish the grain sizes and determine
the chemical composition. Strong x-ray peaks asso-
ciated with Ti K, and Sm K, were found in the EDS
spectrum (Fig. 2a—c). Quantitative analysis by the
EDS software package was used to determine the
respective atomic percentages of each element in
the sample. SEM micrographs of the undoped and
Sm>*-doped samples, displayed in Fig. 2, showed
the agglomeration of the nanoparticles. The average
grain diameter was measured as being in the range
of a few nanometers. The TEM images (Fig. 3a—c),
showed the uniform nature of particles with no
change in particle morphology due to samarium
doping. Also, samarium oxide particles were not
identified in the TEM images, as they were well
dispersed.

The specific surface area of the powders was
measured by the dynamic BET method, in which Ny
gas was adsorbed at 77 K using a Micromeritics
system. The surface areas measured for the Sm?>*-
doped samples were higher than that for the
undoped sample (Table 1). The high surface area
was due to the reduction of the TiO, crystallite size
brought about by the samarium ions. However,
there was only a slightly higher surface area when
the Sm®" content was 0.5 mol% rather than
0.2 mol%. An increase in surface area on Nd*>*
doping was reported by De et al.?> The average
particle sizes were calculated from the BET surface
area using the equation Dggr = 6000/pS, where
Dggr is the average nanoparticle size (nm), p is the
powder density (g/cm?®), and S is the specific surface
area (m?%g). The results were comparable to the
average nanocrystallite size obtained using Scher-
rer’s equation and complemented the findings from
the SEM and TEM micrographs. The TG-DTA data
(at heating rate of 10°C/min) for the doped and
undoped samples are shown in Figs. 4 and 5,

respectively. It was clear from the data that the
samples were thermally stable because there was no
weight loss or phase transformation in the 30°C to
1000°C temperature range.

Permittivity and AC Conductivity

Dielectric measurements at room temperature
were performed on undoped and Sm?*-doped TiO,
nanoparticles. Figure 6 shows the variation of loss
tangent (tan J) with frequency for doped and
undoped samples. The loss spectra were character-
ized by peaks appearing at characteristic frequen-
cies for both the undoped and doped samples,
suggesting the existence of relaxing dipoles in all
the samples. The strength and frequency of relaxa-
tion depend on the characteristic property of dipolar
relaxation. The tangent loss peak for undoped TiO,
was at 1 kHz. It shifted to a higher frequency, i.e.,
2 kHz, on samarium doping, while the peak inten-
sity was found to increase upon increasing the
samarium dopant concentration. Dielectric relaxa-
tion observed for samples at low frequencies was
due to the dominant effect of polarization due to
charge migration. However, as the frequency
increased, dielectric relaxation was found to be
small, and above 100 kHz frequency-independent
behavior was observed for all the samples. In nor-
mal dielectric behavior, the dielectric constant
remains almost constant at high frequencies,
because, beyond a certain frequency, intrawell
hopping becomes prominent and charge carriers do
not have sufficient time for long-range hopping
before the field reversal takes place. As a result, in
the high frequency range, only intrawell hopping
persists, because the average hopping distance for
intrawell hopping is one lattice spacing, while for
interwell hopping, it is of the order of a few nano-
meters. So polarization decreases as the signal fre-
quency is increased. The dielectric constant of all
samples as a function of frequency at room tem-
perature is shown in Fig. 7. The nature of dielectric
permittivity related to free dipoles oscillating in an
alternating field is as follows. At very low frequen-
cies (w <€ 1/t), where 7 is the relaxation time, di-
poles follow the field and & =~ ¢, (the dielectric
constant at quasistatic field). As the frequency in-
creases (with o < 1/1), dipoles begin to lag behind
the field and ¢ slightly decreases. When the
frequency reaches the characteristic frequency
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Fig. 2. SEM and EDS images of (a) undoped TiO, (b) 0.2 mol% Sm®*-TiO,, and (c) 0.5 mol% Sm>*-TiO,.
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Fig. 3. TEM micrographs of (a) undoped TiO,, (b) 0.2 mol% Sm>3*-TiO,, and (c) 0.5 mol% Sm>*-TiO,.
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Fig. 4. TG curves of undoped TiO,, 0.2 mol% Sm®*-TiO,, and
0.5 mol% Sm®*-TiO, nanoparticles.
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Fig. 5. DTA curves of undoped TiO,, 0.2 mol% Sm3*-TiO,, and
0.5 mol% Sm®*-TiO, nanoparticles.

Temperature difference (a.u.)

(w = 1/7), the dielectric constant drops (relaxation
process). At very high frequencies (v > 1/1), dipoles
can no longer follow the field and ¢’ = ¢, (high-fre-
quency value of ¢’). This behavior was observed for
the doped and undoped TiO5 samples. The higher
values of ¢ at lower frequency were due to the
simultaneous presence of space charge, dipolar, io-
nic, and electronic polarizations. At room tempera-
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Fig. 6. Variation of dielectric loss with frequency of undoped TiO,,
0.2 mol% Sm3*-TiO,, and 0.5 mol% Sm>*-TiO, nanoparticles.
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Fig. 7. Variation of dielectric constant of undoped TiO,, 0.2 mol%
Sm3*-TiO,, and 0.5 mol% Sm>*-TiO, nanoparticles.

ture, in the low frequency region, the dielectric
constant of undoped TiO4 decreased on doping with
Sm because the 4f level of samarium played an
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Fig. 8. Variation of AC conductivity with frequency of undoped TiO,,
0.2 mol% Sm3*-TiO,, and 0.5 mol% Sm>*-TiO, nanoparticles.

important role in the interfacial charge transfer.>%%2*

Samarium ions could act as effective electron scav-
engers to trap the conduction-band electrons of TiOs,
hence the polarization effect decreased.

The AC conductivity (6ac) of the samples was
calculated using the dielectric equation

oACc = wégertand,

where o is the angular frequency and ¢y is the
permittivity of free space. Figure 8 shows the vari-
ation of AC conductivity as a function of frequency
for undoped and doped TiO, nanoparticles at room
temperature. It was observed that, in all the sam-
ples, AC conductivity was constant up to 100 kHz
and thereafter increased steeply as in the disor-
dered materials. Also, at higher frequencies, the AC
conductivity of undoped TiO, was reduced by Sm?3*
doping. As the particle size decreased, the surface—
volume ratio increased and large surface scattering
occurred, which resulted in a reduction in the elec-
tronic conductivity.?® The high conductivity at
higher frequencies confirmed the polaron hopping in
the synthesized sample. In the high frequency
region, the short-range intrawell hopping of charge
carriers between localized states occurred in a dis-
ordered manner.?® However, in Sm®*-doped TiO,,
Sm>* ions effectively captured charge carriers,
which in turn reduced the number of charge carriers
which were intrawell hopping; hence conductivity
was found to decrease.

CONCLUSIONS

Sm>*-doped thermally stable titania nanoparti-
cles (TiOy) in the anatase phase were synthesized
using a low-temperature hydrothermal method
without any high-temperature calcination. XRD,
BET surface area, SEM, and TEM analyses con-
firmed that the samarium doping resulted in the
formation of anatase phase TiO, nanoparticles with

an average particle size of 31 nm and a reduction of
crystallite size to 12 nm and 10 nm. EDS spectra
revealed the atomic percentages of Ti and Sm®* in
the synthesized samples. TG and DTA results
showed the thermal stability of the materials over a
wide temperature range. The TiO; nanoparticles
had high dielectric constant and displayed an
abrupt dielectric relaxation in the low frequency
range. The presence of samarium ions significantly
reduced the dielectric constant and AC conductivity.
The loss tangent peak of TiOy nanoparticles that
appeared at a characteristic frequency of 1 kHz was
shifted to the higher frequency of 2 kHz on doping
with Sm 3* jons. The peak intensity increased with
the increase in the dopant concentration. Also a

frequency-independent behavior was observed

above 100 kHz for all the samples.
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