Journal of ELECTRONIC MATERIALS, Vol. 41, No. 9, 2012
DOI: 10.1007/s11664-012-2174-7

© 2012 TMS

AC Conductivity and Diffuse Reflectance Studies
of Ag-TiO, Nanoparticles

A.K. ABDUL GAFOOR,»? M.M. MUSTHAFA,*? and P.P. PRADYUMNAN!*

1.—Department of Physics, University of Calicut, Malappuram 673635, Kerala, India. 2.—e-mail:
gasusmi@gmail.com. 3.—e-mail: mm_musthafa@rediffmail.com. 4.—e-mail: pradyupp@gmail.com

Silver (Ag)-TiO5 nanoparticles synthesized by a low-temperature hydrother-
mal method in the anatase phase have been investigated by x-ray diffraction.
Transmission electron microscopy has been used for morphological studies.
Surface areas were studied by the Brunauer—Emmett-Teller method. Alter-
nating-current (AC) conductivity and dielectric properties were studied for
various dopant levels of 0.25 wt.%, 0.5 wt.%, and 1.0 wt.% at 300 K in the
frequency range from 42 Hz to 5 MHz. AC conductivity and dielectric prop-
erties of TiOy nanoparticles were greatly affected by loading with Ag. At high
frequencies, the materials showed high AC conductivity and low dielectric
constant. Diffuse reflectance studies were carried out for various dopant levels
at 300 K by ultraviolet—visible (UV-Vis) spectroscopy. Considerable absorp-
tion of visible light by 0.5 wt.% and 1.0 wt.% Ag-TiO, nanoparticles was

observed due to the decrease of the energy band gap on Ag loading.
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INTRODUCTION

TiO, nanoparticles in anatase phase have
attracted increasing interest due to their impact in
catalytic, optical, and electrical applications. It is a
promising material for a variety of problems of
environmental interest due to its excellent proper-
ties, and it has been studied extensively by various
groups.'™ The majority of the electrical and optical
applications of semiconductor oxides are affected by
the presence of various crystalline polymorphs and
morphologies.” The size-dependent property of
semiconductor nanoparticles is important, offering
an opportunity to fabricate exotic new devices.
Nanotitania is one of the most important ionic
semiconductors, with diverse applications in photo-
catalysis and dye-sensitized solar cells, but it cannot
be used as a photocatalyst under light with wave-
length above 400 nm due to its wide energy gap
(>3.0 V). It has been reported that doping of metal
nanoparticles can enhance the photocatalytic
activity of TiOs by trapping electrons and thereby
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hindering recombination of electron—hole pairs.°
Researchers have paid more attention to stretching
its photocatalytically active region to the visible
range by incorporating transition and noble met-
als.”'° The present work aims to investigate how
loading nanotitania with a noble metal such as sil-
ver could change its electrical, dielectric, and optical
absorption properties. Anatase-phase TiO, nano-
particles have been synthesized by different meth-
ods such as the sol-gel method, chemical vapor
deposition, the hiydrothermal method, and pulsed
laser deposition.''' Literature survey revealed
that no methods had been reported for synthesis of
thermally stable Ag-loaded nanotitania of average
particle size 6 nm with enhanced visible light
absorption at low temperature. In the present work,
0.25 wt.%, 0.5 wt.%, and 1.0 wt.% Ag-TiO, nanom-
aterials with average particle size of 6 nm were
prepared. The dependence of the alternating-cur-
rent (AC) conductivity of the samples on frequency
was studied at room temperature. AC conductivity
was found to increase with the frequency of the
applied electric field according to the universal
power law,'® and to decrease with increasing silver
dopant concentration. The influences of Ag loading
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on the optical absorption properties of TiOy nano-
particles were also studied. It was observed that
loading with silver resulted in significant absorption
of light in the visible region, and the percentage
absorption increased with increasing Ag dopant
level. We have already reported the effect of Sm>*
doping on the dielectric properties of TiO,
nanoparticles.'”

EXPERIMENTAL PROCEDURES

Analytical-grade  titanium(IV)  isopropoxide
(Ti[OC3H7]ly) acquired from Acros Organics, and
NH,OH and AgNOj; from Aldrich Chemicals Sigma
(99.9% pure grade) were used for the synthesis.
Deionized water was used throughout the experi-
ments. NH,OH solution (50 mL, 5 mol) was added
to 7.0 mL titanium(IV) isopropoxide, and the mix-
ture was stirred vigorously for 1 h and then trans-
ferred to a stainless-steel Teflon-lined autoclave.
The hydrothermal reaction was allowed to proceed
at 180°C for 2 h. The synthesized powders were
purified with water and acetone and then dried at
80°C. Then, 0.166 g AgNO3 was mixed with 100 mL
doubly purified water to form a standard solution.
Ten milliliters of this solution was added to 40 mL
water and 7.0 mL titanium isopropoxide to achieve
0.25 wt.%, 20 mL of the standard solution was
mixed with 30 mL water and 7.0 mL titanium iso-
propoxide to achieve 0.5 wt.%, and 40 mL of the
solution was mixed with 10 mL water and 7.0 mL
isopropoxide to achieve 1.0 wt.%. In each case, the
hydrothermal reaction was allowed to proceed as
before and the synthesized samples were purified
and dried at 80°C.

Characterization and Measurements

The x-ray diffraction (XRD) patterns of the sam-
ples were recorded using Cu K, radiation of wave-
length 0.15406 nm at scanning rate of 0.02°/s in the
20 range from 10° to 80°. The Brunauer—-Emmett—
Teller (BET) specific surface area of the powder was
measured using nitrogen adsorption and a surface
area analyzer. The particle size and structure were
also studied using transmission electron microscopy
(TEM). The nanopowders were made in the form of
cylindrical pellets of 11 mm diameter and 1 mm
thickness by applying a force of about 8 tons for
5 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 from 42 Hz to 5 MHz. The real
component of the complex dielectric function (¢’), the
loss tangent (tan 6), and the AC conductivity (cac)
were calculated from the measured data using the
dimensions of the pellets. Optical studies were car-
ried out using the diffused reflection spectra (DRS)
measured by a UV-Vis spectrophotometer.
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Fig. 1. XRD patterns of undoped TiO,, 0.25 wt.% Ag-TiO5, 0.5 wt.%
Ag-TiO,, and 1.0 wt.% Ag-TiO, nanoparticles.

RESULTS AND DISCUSSION
XRD Analysis

XRD patterns of Ag-TiO, samples are shown in
Fig. 1. The observed peaks could be indexed
according to the tetragonal structure of anatase
TiO, (JCPDS, no. 21-1272). All the samples showed
high degree of crystallinity, which increased on sil-
ver loading without any phase change. Also, there
were no obvious peaks showing the presence of sil-
ver in the samples, which indicated that silver did
not form crystal but rather homogeneously distrib-
uted on the surface of TiOs. The XRD peak broad-
ening on Ag loading was due to the smaller grain
size.™

The nanocrystallite sizes of the prepared samples
were determined using the Debye—Scherrer equa-
tion, Dxgrp = 0.9/ cos 0, where D is the crystallite
size, A is the x-ray wavelength used, f is the full-
width at half-maximum of the XRD diffraction
intensity lines, and 0 is the half diffraction angle.
Table I shows that the crystallite size of the TiO,
nanoparticles decreased with the silver loading,
which is in agreement with earlier reports.®'® The
present study reveals that loading with silver ions
hindered the increase in grain size during hydro-
thermal synthesis.

Structural Analysis

TEM was carried out for all the samples to
establish the grain sizes. Figure 2 shows TEM
micrographs of the TiO; and Ag-TiOg samples, dis-
playing an abundance of spherical particles with
average grain diameter in the range of a few nano-
meters. These images show the uniform nature of
the particles with no change in particle morphology
due to Ag loading. Also, Ag particles were not
identified in the TEM images, as they were well
dispersed. The particle size of TiO, estimated by
TEM was found to be ~16 nm, and that of Ag-TiO,
samples was found to be ~6 nm. The specific surface
area of the powders was measured by the dynamic
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Table I. Crystallite sizes, surface areas, and particle sizes of the samples

Samples Crystallite Size, Dxrp (nm) Specific Surface Area (m?%/g) Particle Size, Dggr (nm)
Undoped TiO, 16.0 98.6 15.7
0.25 wt.% Ag-TiOq 6.60 197 7.80
0.5 wt.% Ag-TiOy 6.50 199 7.75
1.0 wt.% Ag-TiO, 6.44 200 7.73

20 nm
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Fig. 2. TEM micrographs of the samples: (a) undoped TiO,, (b) 0.25 wt.% Ag-TiO,, (c) 0.5 wt.% Ag-TiOp, and (d) 1.0 wt.% Ag-TiO,

nanoparticles.

BET method, in which N, gas was adsorbed at 77 K
using a Micromeritics system. The surface areas
measured for the Ag-loaded samples were higher
than that for the pure sample (Table I). The high
surface area was due to the reduction of the TiOy
crystallite size brought about by the silver ions.
However, there was only a slightly higher surface
area when the Ag content was 1.0 wt.% rather than
0.5 wt.% and 0.25 wt.%. The increase in surface
area by Ag doping was reported by Chao 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 Scherrer’s equation, complementing
the TEM findings.

Permittivity and AC Conductivity

The dielectric properties of nanoparticles are
influenced by the grain size, cation distribution,
synthesis method, etc. Figure 3 shows the variation
of dielectric constant (¢') of all samples as a function
of frequency at room temperature. The higher val-
ues of ¢ at lower frequency were due to the simul-
taneous presence of space charge, dipolar, ionic, and
electronic polarizations. At room temperature, in
the low-frequency region, the dielectric constant of
undoped TiOy decreased on doping with Ag due to
interfacial charge transfer. Similar results have
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Fig. 3. Variation of dielectric constant of undoped TiO,, 0.25 wt.%
Ag-TiO,, 0.5 wt.% Ag-TiO,, and 1.0 wt.% Ag-TiO, nanoparticles.

been shown for Fe-, Sm-, and Al-doped nanostruc-
tures.20-21 Generally, the dielectric constant (&)
decreases with increasing frequency, but a sudden
decrease of dielectric constant (¢') with Ag substi-
tution in the low-frequency region was observed due
to the smaller grain size and different polarization
mechanism. The polarization in nanomaterials is
contributed by space charge polarization, hopping
exchange of charge carriers between localized
states, and the resultant displacement of dipoles
with respect to the applied field. Koops®? suggested
that the effect of grain boundaries is predominant at
lower frequencies. Loading of Ag onto TiOs thickens
the grain boundaries, causing a decrease in the
polarization and hence of the dielectric constant (¢”).
The nature of the dielectric permittivity related to
free dipoles oscillating in an alternating field is as
follows: At very low frequencies (v < 1/1), where t
is the relaxation time, dipoles follow the field and
¢ =~ &, (the dielectric constant at quasistatic field).
As the frequency increases (with o < 1/1), the
dipoles begin to lag behind the field and ¢ decreases
slightly. When the frequency reaches the charac-
teristic frequency (w = 1/7), the dielectric constant
drops (relaxation process). At very high frequencies
(w > 1/1), the dipoles can no longer follow the field
and ¢ = ¢, (the high-frequency value of ¢’), thus the
dielectric constant remains almost constant at high
frequencies. This behavior was observed for all the
samples. Figure 4 shows the variation of the loss
tangent (tan J) with frequency for all the samples.
At lower frequencies, a small abnormal behavior
was observed for all the samples due to the collec-
tive contribution of charge carriers within the
material. The loss spectra were characterized by
peaks appearing at characteristic frequencies, sug-
gesting the existence of relaxing dipoles in all the
samples. However, the frequency of the tangent loss
peak in the Ag-TiOy samples was slightly higher
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Fig. 4. Variation of loss tangent with frequency for undoped TiO,,
0.25 wt.% Ag-TiO,, 0.5 wt.% Ag-TiO,, and 1.0 wt.% Ag-TiO»
nanoparticles.

than that in the pure sample. However, as the fre-
quency increased, the dielectric relaxation was
found to be small and a frequency-independent
behavior was observed for all the samples.

The AC conductivity (6ac) of the samples was
calculated using the  dielectric  equation
gac = weper tan o, where o is the angular frequency
and ¢y is the permittivity of free space. Figure 5
shows the variation of the AC conductivity as a
function of frequency for the samples at room tem-
perature. It was observed that, in all the samples,
the AC conductivity was constant up to 100 kHz but
increased steeply thereafter, as in disordered mate-
rials such as polypyrrole and Ni-TiO, crystals.?®2*
Also, at higher frequencies, the AC conductivity of
TiO, was reduced by Ag loading. As the particle size
decreased, the surface-to-volume ratio increased and
large surface scattering occurred, which resulted in
areduction in the electronic conductivity.?* The high
conductivity at higher frequencies confirms the
short-range intrawell hopping of charge carriers
between localized states. However, on loading with
silver, the effective number of charge carriers
involved in the doping mechanism was decreased,
and hence the conductivity was found to decrease.

UV-Visible Diffuse Reflectance Spectra

Figure 6 shows the optical absorption spectra of
undoped TiO, and Ag-doped TiO, nanoparticles
obtained by UV-Vis diffuse reflectance (DRS) in the
range from 200 nm to 900 nm. The undoped TiOq
showed a broad absorption in the UV region below
400 nm due to electron transfer from the valence
band (2p orbitals of oxide anion) to the conduction
band (3dtog orbitals of Ti** cation). It is also inferred
that the absorption rate increased with increasing
percentage of Ag, and a strong absorption around
450 nm to 600 nm in the visible region was shown
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Fig. 5. Variation of AC conductivity with frequency for undoped TiO,,
0.25 wt.% Ag-TiO,, 0.5 wt.% Ag-TiO,, and 1.0 wt.% Ag-TiO,
nanoparticles.
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Fig. 6. DRS of undoped TiO,, 0.25wt.% Ag-TiO,, 0.5 wt.%
Ag-TiO,, and 1.0 wt.% Ag-TiO, nanoparticles.

0.4

0.2

by 0.5 wt.% and 1.0 wt.% Ag-TiO, nanoparticles.
This could result from the introduction of localized
energy levels by silver clusters in the band gap
of TiO,, into which valence-band electrons were
excited at wavelength longer than 400 nm. It is
clear from the sample characterizations that the Ag
ions are highly dispersed on the TiO., and this
increase of metal dispersion resulted in increased
interaction between Ag and TiO, particles, leading
to broadening of absorption. Similar studies on the
effects of particle size, size distribution, and surface
coverage of Ag-TiO; nanoparticles on visible light
absorption have been reported.?*2¢

CONCLUSIONS

TiO, and Ag-TiO, nanocrystals in anatase phase
were synthesized by a low-temperature hydrothermal

method. XRD, BET surface area, and TEM analyses
confirmed that the Ag loading resulted in the reduc-
tion of the crystallite size of TiO5 from 16 nm to 6 nm
without any phase change. The TiOy nanoparticles
had high dielectric constant and displayed an abnor-
mal dielectric behavior in the low-frequency region.
The presence of Ag reduced the dielectric constant and
AC conductivity and shifted the dielectric loss peak to
higher-frequency region. At higher frequencies, the
dielectric constant was found to be constant and low,
but the AC conductivity increased rapidly. Also,
loading of Ag into the TiOg remarkably enhanced the
visible light absorption, and the rate of absorption
increased with increasing Ag content. This property of
the materials could therefore be used for dielectric and
optical applications.
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