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Abstract

The electrospinning method has been utilized in the fabrication of titanium dioxide nanofibers (TNFs) with an average diameter of
~50 nm and length of ~100 um. Effect of temperature on the dielectric relaxation behavior of the fabricated nanofibers have been
studied using AC impedance spectroscopy. The morphological, structural and compositional aspects as well as the optical properties of
the TNFs have been investigated by field emission scanning electron microscopy (FESEM), transmission electron microscopy (TEM),
energy-dispersive x-ray spectroscopy (EDX) and ultraviolet—visible (UV-vis) absorption spectrum. The permittivity behavior of the
device at the frequency below 10? Hz shows the relaxation contribution along with the electrode polarization. Dielectric loss peak in loss
tangent also confirms the presence of relaxing dipoles in TNFs. The AC conductance as a function of frequency confirms the
semiconducting nature of TNFs and obeys Jonscher’s power law except a small deviation in the low frequency region. DC conductivity
increases with increase in temperature.
© 2012 Elsevier Ltd and Techna Group S.r.l. All rights reserved.
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1. Introduction

The synthesis of one-dimensional nanostructures and
related research activities has been fueled up with their
increasing potential applications and understanding of
fundamental concepts [1]. One of the most unique proper-
ties of nanomaterials is the mobility of electrons and holes
in semiconductors and generally covered by the well-
known mechanism of quantum confinement. The transport
properties related to phonons and photons have strong
correlation with the physical dimensions and the geo-
metry of the material [2,3]. Titanium dioxide (TiO,) is a
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semiconducting material and attracted a huge attention
due to its wide band gap (~3.00 to 3.5e¢V) and high
refractive index (W,,5.=2.49 and nguumase=2.52) [4,5].
However, the band gap of the semiconducting materials
can be tailored by changing several parameters such as, the
phase transition, the density of the impurities, shape, size
and surface of the material [6]. The nanodevices of TiO,
have gained remarkable importance with their increasing
applications in the fields of science and technology [7,8].
Titanium dioxide belongs to a class of materials which
holds good electrical conductivity as well as dielectric proper-
ties with optical transparency. The combination of these
properties brings it to the forefront for diverse applications,
such as photoelectronic, photocatalytic and, chemical and
biosensing applications [9]. In recent years, the investigations
about alternating current (AC) electrical characteristics of the
organic and inorganic materials compared to the direct
current (DC) electrical characteristics are very rare [10].
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Specifically, various TiO, nanostructures are being synthe-
sized and hold tremendous interest in the AC electrical
properties [11-14]. Additionally, the investigation of dielectric
relaxation in electrospun TiO, nanofibers has never been
reported yet.

Among diverse convoluted techniques, electrospinning is
a superficial and a resourceful technique for the fabrication
of nanofibers which is highly advantageous for the pro-
duction of heterojunction through the metal doping and in
order to reduce the size of the devices [6,15,16]. Moreover,
the process of electrospinning provides handy control to
achieve the fabrication of single nanofiber, uniaxial arrays
and multilayer of the nanofibers. This controlled fabrica-
tion of nanofibers illustrates the fascinating performance
due to their high surface area to volume ratio, flexibility in
functionalities, enhances the choice of the substrates and
superior mechanical properties [17,18].

2. Experimental

Precursor solution for TNFs was prepared by dissolving
0.45 g of Polyvinylpyrrolidone (PVP, My =13,00,000) in
7.5 ml of ethanol and stirred thoroughly for 15 min. Sub-
sequently, the solution was prepared with the mixture of
3 ml acetic acid ( CH;COOH), 3 ml of ethanol (C;HO) and
1.5ml of titanium tetraisopropoxide (Ti{OCH(CHs),}4),
and the resulting solution is stirred for 1h. To avoid the
possible reaction between the titanium tetraisopropoxide
with the atmospheric moisture, the whole procedure for the

Fig. 1. The schematic images of stepwise fabrication process of the device.

preparation of the solution was carried out in the glove box.
Electrospinning of TNFs is carried out at ambient condition
using a 0.511 mm diameter stainless steel needle with a
spinning distance of 7 cm, driven by a voltage of 10 kV.
PVP/Ti{OCH(CH3;),}4 nanofibers are collected on alumi-
num foil and left in the air for 24 h for the hydrolysis of
Ti{OCH(CHs;),}4. Subsequently, annealing for 3 h at 600 °C
in air with heating rate of 10 °C/min is performed to achieve
the PVP free TNFs. The dielectric properties of the resulting
TNF were measured using broadband dielectric spectro-
meter at the logarithmic frequency range 10~ '-10° Hz in
the temperature range of 333-513 K. The preparation of the
device was carried out through the dip coating of the TNFs
suspended solution in isopropanol. Glass sheet was chosen
as a substrate due to its dielectric nature and thermal
evaporator was utilized to deposit the aluminum electrodes
and separation of 25 um between the aluminum electrodes
was ensured using a patterned mask as shown in Fig. 1.
Characterization tools such as field emission scanning
electron microscope (FESEM), transmission electron micro-
scope (TEM), ultraviolet—visible (UV—vis) spectroscopy and
broad-band dielectric spectrometer were used to investigate
the morphological study, crystalline quality, optical band
gap and dielectric properties of the TNFs.

Fig. 2. FESEM images depicting surface morphology and uniform cross-
sectional thickness of the TNF nanofibers after calcinations at 600 °C; (a)
low magnified image and (b) high magnified image.
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Fig. 3. Bright field micrograph of (a) TNF having a thickness of 50 nm, (b) HRTEM image of TNF calcined at 600 °C and (c) EDX spectrum shows the

elemental composition of the selected area of the TNF.
3. Results and discussion
3.1. Scanning electron microscopy

Fig. 2(a) shows the panoramic view of FESEM image
which reveals that one-dimensional nanofibers fabricated
through the electrospinning method have the length of the
several tens of micrometer and an average diameter of
50 nm. However, the high magnification image (Fig. 2(b))
confirms the uniformity and bead free morphology of
nanofibers. The bead free morphology can be attributed
to the solvent composition of ethanol/acetic acid (15:1)
which has reduced surface tension [19].

3.2. Transmission electron microscopy

The TEM image recorded with low resolution (LRTEM)
is shown in Fig. 3(a). The obtained results are highly
corroborating with the FESEM results and verify the
uniformity of the nanofibers have an average diameter of
~ 50 nm. Black and white spots in the image (Fig. 3(a)) can
be related to the presence of the grains with different sizes
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Fig. 4. XRD spectrum of TiO, nanofibers annealed at 120 °C for 1 h and
600 °C for 3 h.

and number of defects on the surface walls as well as in the
bulk which could lead to the conclusion that the surface of
TNFs is rough and porous. The composition of TNFs is



1778 S.S. Batool et al. | Ceramics International 39 (2013) 1775-1783

analyzed using EDX from the encircled area of Fig. 3(a)
which shows strong peaks related to titanium and oxygen
component as seen in Fig. 3(c). Copper and carbon related
peaks can be assigned to sample holder (copper grid) and a
carbon layer in the sample holder, respectively. The high
resolution TEM (HRTEM) image of the TNFs is shown in
Fig. 3(b) which indicates that the atomic layers manifest
themselves as a series of parallel lines; however, the diverse
orientation of these lines. The difference in the growth
orientation can be related to the polycrystalline (both rutile
and anatase phases) structures of the TNFs.

3.3. X-ray diffraction

The phase evolution and crystal structure of the TNFs
are analyzed by x-ray diffraction as shown in Fig. 4. It is
obvious from XRD spectra that the TNFs annealed at
600 °C show sharp peaks related to the anatase and rutile
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Fig. 5. (a) The UV-vis absorption spectra of TNF at room temperature
(b) plot of («hv)? as a function of photon energy E,

phases of the titanium dioxide, however, pre-annealed
sample is found as an amorphous in nature.

3.4. UV-vis absorption spectroscopy

Fig. 5 shows the optical absorbance spectrum recorded
from TNFs suspension prepared in isopropanol solution
for the range of 200-800 nm. Ultraviolet—visible absorp-
tion spectrometer has been used to calculate the band gap
energy of the TNFs. The absorption spectrum contains
two peaks at the positions of 210 nm and 360 nm. The
origin of the former peak could be assigned to the presence
of the impurities in the TNFs. Extrapolating the second
absorption peak gives the estimation of band gap energy
i.e. ~3.4eV which is portrayed in Fig. 5(a). To calculate
the absorption peak edge, we traced (ahv)? as a function of
incident photon energy (4v) in Fig. 5(b), as given by the
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Fig. 6. Z' vs. logf at different measurement temperatures of TNFs
(b) Z” vs. log f at different measurement temperatures of TNFs.
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relation

(ahv)* = A(hv—E,) (1)
where ‘o is the absorption coefficient, ‘4v’ is the photon
energy Epuoon=1239/2, ‘4’ is the absorption constant for
direct transition and ‘E;’ is the band gap energy [20]. The
optical band gap energy of 4.12e¢V for the TNFs is
calculated from the x intercept found by extrapolating
the straight portion of the graph in Fig. 5(b). As antici-
pated from the estimated value of the band gap, the blue
shift in the calculated value of the band gap for TNFs
compared to the bulk TiO, is observed (i.e. approximately
3.2 eV) which could be related to the reduction in the size
of the material. This reduction in the size of the material
could shift the conduction band in an upward direction
and valence band can move in a downward direction;
however, the increase in the magnitude of band gap energy
has a strong dependence on the effective mass of electrons
and holes [21,22]. So, the quantum confinement model
can be used to calculate the band gap shift of TNFs
compared to bulk material and the size dependent band
gap is described as follows:
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where m, and my, are the effective masses of electron and
hole respectively, u is the reduced mass and r is the radius
of nanofibers where / represents Plank’s constant [23].
For TiO, bulk material, the effective mass of electron m,
can vary between 5 m, and 30 m, and the mass of the hole
is more than 3 m,, where m,=9.11 x 10~ kg is the
free electron rest mass and m, is the dielectric constant
(for TiO, bulk=184) [9,24]. However, the estimated size
dependent band gap shift is calculated approximately
0.03eV for the TNFs while the values of m,=5 m,,
my,=3 m, and u=1.875 m,,.

3.5. Dielectric measurements

To analyze the electrical and dielectric properties of
TNFs and their interfaces with electronically conducting
electrodes at different temperatures (333-513 K) in the
frequency range from 1 Hz-1 MHz, the complex impe-
dance method has been used. The variation of real (Z') and
imaginary (Z”) parts of the impedance with frequency
Fig. 6(a and b) and Z’ vs. Z” impedance is depicted in
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Fig. 7. Z' vs. Z" at different measurement temperatures of TNFs (a) 333-373 K, (b) 393-433 K, and (c) 453-513 K.
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both frequency and temperature cause a decrease in
electrical resistance as Z' correspond to electrical resis-
tance. Temperature independent behavior on Z' at higher
frequencies suggesting the possible release of space charge
and a consequence of lowering of potential barrier [25,26].
To evaluate the suitable relaxation frequency we present
the variation of Z” with frequency at different tempera-
tures in Fig. 6(b). It is observed that two peaks appear
above the temperature 413 K, representing the presence of
at least two dielectric relaxation processes at those tem-
perature values. The positions of peak shift towards higher
frequencies with increase of temperature and the absolute
value of Z” decreases with temperature. At higher tem-
peratures there could be a possibility of third relaxation
peak at very low frequency. To examine the detailed
relaxation phenomena in TNFs, the impedance spectra at
three different temperatures ranges from 333 to 373 K, 393
to 433 K and 453 to 513 K are shown in Fig. 7(a), (b) and
(c) respectively. These are characterized by the appearance
of a semicircular arc at different temperatures followed by
a spur at lower frequencies at all temperatures. Moreover,
two semicircles are observed for TNFs at higher tempera-
tures (Fig. 7(c)), indicating the presence of aforementioned
two relaxation behaviors (Fig. 6) [27]. The impedance
spectra having spur in the low frequency region are due
to the surface related artifacts between electrode and
sample and may also represent electrode polarization effect
[28]. As temperature increases, the radius of the arc corre-
sponding to the bulk resistance of the sample decreases
indicating a thermally activated conduction mechanism.
Fig. 8 (a,b) illustrates the variation of dielectric constant
(¢') and dielectric loss (tan §) for the TNFs at various
temperatures as a function of frequency, respectively. & at
lower frequencies is rather high and is found to decrease
with frequency and at higher frequencies it becomes almost
stabilized; it is also increased by raising the measuring
temperature (Fig. 8 (a)). The variation in the nature of ¢ in
the presence of an alternating electric field may be
described in the following way. Oscillation of free dipoles
in AC field causes a change in ¢, at very low frequencies
these dipoles follow the field and we get ¢ at quasi-static
fields. With the increase in frequency, the electric field
begins to lead by the dipoles which may cause a slight
decrease in ¢ but at higher frequencies, these dipoles
cannot follow the field and we get frequency independent
¢ [29]. The high dispersion of & at low frequency at all
temperatures may also be attributed to the formation of
the space charge region at the electrode interface which is
commonly known as non-Debye nature of behavior [30].
Fig. 8(b) shows a plot between log f and tan J, in which
a relaxation peak appears in the low frequency region which
shifts towards higher frequencies along with a slight increase
in height by increasing temperature. Increasing temperature
has the effect of mobilizing the free charges, reducing
pinning and leading to greater amount of charges partici-
pating relaxation process at a fixed frequency [31]. Usually,
in the lower conductivity system electrode polarization can
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Fig. 8. Variation of (a) dielectric constant (M’) and (b) dielectric loss
(tan 9) for TNFs at various temperatures as a function of frequency.

completely mask the low frequency relaxation [32]. In
order to study the dielectric relaxations and to resolve
the low frequency relaxation, electric modulus formalism
is used.

The complex electric modulus spectrum (M vs. M”)
have been carried out in selected temperature range 333—
513 K is shown in Fig. 9(a). Complex electric modulus can
help in analyzing the electrical response of TNFs through
polarization analysis. One semicircle can be observed in
Fig. 9(a) for all the temperatures with a smaller shift
towards higher M” values. This behavior could be related
to the decrease in modulus resistance with the increase of
temperature in good agreement with the literature [33].
Variation of real (M’) and imaginary (M") parts of the
electric modulus as a function of frequency of various
temperatures have been depicted in Fig. 9(b) and (c),
respectively. M shows a constant value at higher frequen-
cies while at lower frequencies it approaches to zero for all
temperatures. But shows dispersion in the intermediate
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Fig. 9. (a) Cole—Cole plots between M and M” for TNFs at different temperatures; (b) variation of real part of M’ with frequency at different
temperatures; and (c) variation of imaginary part of M” with frequency at different temperatures.

frequencies which increases as temperature increases.
While M” exhibits a single broad relaxation peak centered
in the dispersion region of M’ in the temperature range
studied. The broad nature of the peak is consequence of
distribution of relaxation time which shifts towards higher
frequencies as temperature increases, confirms the relaxa-
tion phenomenon is thermally activated and the frequency
region under the curve determines the region in which
charge carriers are mobile on long distances [32]. The
region where the peak occurs indicating the transition from
the long range to short range mobility with increase in
frequency as the region below the peak maximum deter-
mine the range in which carriers are mobile over long
distance and above the peak they are confined to potential
barriers, being mobile over short distances [34]. This
type of behavior suggests the existence of a temperature
dependent hoping type mechanism of charge transport.
The effect of temperature on relaxation process is further
analyzed by plotting the maximum peak frequency in the
imaginary part of modulus spectra against the reciprocal
of temperature. Fig. 10 shows the activation energy plot of
TNFs for the relaxation process observed. It is analyzed
from the plot (inset of Fig. 10) that increases in tempera-
ture causes decrease in relaxation time due to enhancement
of mobility of charge carriers at high temperature. It can
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Fig. 10. Arrhenius plot shows the dependence of the ¢ and f,,,. (peak) vs.
1000 T~" of TNFs.

be further well described by the Arrhenius type behavior.
Arrhenius equation is used to calculate the activation
energy from the slope of the dielectric relaxation line plot
in Fig. 10:

4)

7 =tiexp - ,f—T)
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where f'is the frequency maximum in the imaginary part of
modulus spectrum, E, is the activation energy and k is the
Boltzmann constant. The activation energy was calculated
for dielectric relaxation TNFs is 0.33 eV.

The paramount changes in the features of AC conductiv-
ity (o)) as a function of logarithmic frequency at different
temperatures could be seen in Fig. 11, which shows the
conductivity increases with rising temperature. In the low
frequency region, the behavior of conductivity is frequency
independent and it becomes sensitive at high frequency
region. This behavior can be roughly described by a power
law by the expression which can be used to fit a solid line in
the AC conductivity with respect to frequency [35]:
c=0,+A0" %)
where ‘0’ is the DC conductivity (o) (which is indepen-
dent of frequency extracted from the low frequency pla-
teau), ‘@’ is the angular frequency, ‘4’ is the pre-exponential
factor and ‘n’ is the fractional exponent respectively. Effect
of temperature on these parameters is given in Table 1,
which shows a decrease in value of ‘n” with temperature.
It is reported [36] that when the value of ‘n’ is greater than 1,
it means the motion involved localized hopping without the
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Fig. 11. Frequency dependence of the AC conductivity of TNFs at various
temperatures.

Table 1.
Data of DC conductivity, A and n at different temperatures.

Temperature (K) 0, A n

333 1.31995E—12 4.26620E—15 0.83678
353 3.52337E—12 1.55721E— 14 0.76072
373 1.06859E—11 1.04213E—13 0.62233
393 4.56989E—11 2.2257T1E—13 0.60031
413 1.31350E—10 2.70661E—13 0.57142
433 3.19919E—10 2.58651E—12 0.46768
453 5.64793E—10 3.40133E—11 0.31563
473 8.68763E—10 1.80199E—10 0.20234
493 2.61633E—06 1.11321E—09 0.00009
513 5.50824E —05 1.70125E—06 0.00004

spices leaving the neighborhood and when ‘n’ is less than 1,
diffusion limited hopping involves. Therefore, the transport
mechanism is explained by the thermally activated hopping
process between two sites separated by an energy barrier.
Using the Arrhenius relation, 0/, T = o/ exp[—E,/kT] where,
0/, is the pre-exponential factor, E, is the activation energy
related to this conduction process, k& is the Boltzmann
constant and 7 is the temperature, gives the activation
energy at 0.33 eV (Fig. 10).

4. Conclusions

Semiconducting TNFs with an average diameter and
length of ~50 nm and ~ 100 pm, respectively, have been
fabricated using a facile and reproducible electrospinning
technique. The higher band gap energy (~4.2eV) com-
pared to the bulk material could be the result of a quantum
size effect. The temperature and frequency dependence of
dielectric properties shows that the AC conductivity and
relaxation are dominated by hopping of charge carriers
and dipoles respectively. Complex impedance analysis in
the temperature range 333-513 K and frequency range
10~ '-10° Hz indicates the non-Debye relaxation type of
relaxation process and the presence of relaxation time
distribution as well as the electrode polarization effects.
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