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Abstract Nanostructured (~ 200 nm grain size) titanium
dioxide (TiO,) ceramics were densified at temperature as
low as 800 °C by pressureless sintering in a pure oxygen
atmosphere. Phase transition and microstructural develop-
ment of sintered samples were studied by X-ray diffraction
(XRD) and scanning electron microscopy (SEM). Dielectric
properties including d.c. conductivity, dielectric constant,
loss tangent, and dielectric breakdown strength (BDS) were
determined for samples sintered at various temperatures. The
influence of sintering temperature on the microstructural
development, defect chemistry, and dielectric properties of
TiO, is discussed. Nanostructured TiO, ceramics with high
sintering density (>98%) lead to improved dielectric prop-
erties; high BDS (~ 1800 kV/cm), low electrical conduc-
tivity (~5 x 107'° S/cm), high dielectric constant (~ 130),
and low loss tangent (~0.09% at 1 kHz), which is promising
for application in high energy density capacitors.

Introduction

TiO, is one of the most widely used metal oxides, which
has broad range of applications, including pigments, gas
and humidity sensors, catalyst support, solar cells, and
capacitors [1-6]. As a dielectric material, TiO, combines
the merit of both relatively high dielectric constant (>100)
[7] and high breakdown strength (BDS, >1000 kV/cm) [8]
which are two important parameters to fabricate capacitors
with high energy density. For ideal (assuming no dielectric
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loss) linear dielectrics the volumetric energy density (W,
J/m?) is governed by the following equation:

W(vol.) = %305rE§ (1)
where &, is the permittivity of vacuum (8.854 x 10~'?
F/m), ¢, is the relative permittivity (dielectric constant) of
the dielectric material, and E, (V/m) is the BDS of the
dielectric material.

Although TiO, has been widely studied with respect to
synthesis of nanosized powders [9, 10], thin film fabrica-
tion [11, 12], and sintering of nanostructured TiO,
ceramics [13-15], little attention has been paid on dielec-
tric properties of nanostructured bulk TiO, ceramics. It is
well known that the properties of electroceramics are
affected by their microstructural features (such as grain
size, porosity, secondary phases) and defect structure (such
as point and electronic defects). The objective of this study
is to investigate the effect of sintering conditions on the
microstructural development and dielectric properties of
TiO, ceramics for potential application in high energy
density capacitor.

Experimental

Sintering studies of TiO, were conducted using nanosized
TiO, powders (Nanophase Technologies Corporation
Romeoville, IL). Powder characteristics and main impuri-
ties (from the product data sheet) are shown in Tables 1
and 2, respectively. Green compacts were prepared
by uniaxial pressing of powders (without binder) at
~100 MPa followed by cold isostatic pressing
at ~300 MPa . Sintering of the samples was conducted at
various temperatures (700-1000 °C) in pure oxygen
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Table 1 TiO, powder characteristics

Characteristics Value
Purity (%) 99.9
Average particle size (nm) 40
Specific surface area (mzlg) 38
Bulk density (g/cm®) 0.20
True density (g/cm?) 3.95

80% anatase
and 20% rutile

Crystal phase

Table 2 Main impurities in the TiO, powder

Elements Impurity
level (Wt%)

Fe 0.037

Mg 0.032

Ca 0.024

Al 0.0089

(1 atm.) for 12 h with a heating and cooling rate of 4 and
5 °C/min, respectively. Sintered densities were determined
by Archimedes’ method using water as immersion liquid
and assuming theoretical densities of anatase 3.89 g/cm®
and rutile 4.25 g/cm® [14]. Phase evolution of the samples
at various temperatures was determined by X-ray diffrac-
tion (XRD) (Philips X’Pert, Holand). Microstructural
development of as-fired fracture surfaces was observed by
scanning electron microscopy (SEM) (Hitachi S4700,
Japan). Grain size of the samples was determined by linear
intercept method by counting of at least 100 grains from
SEM images of the microstructure.

For electrical measurements, the samples (~10 mm
diameter and ~0.8 mm thickness) were polished using
5 um diamond suspension and electroded with silver paste
as top and bottom electrodes. Electrical properties were
measured in a temperature controllable Delta 9023 envi-
ronmental chamber (Delta Design, Inc. San Diego, CA,
USA) in air. D.C. conductivity measurements were per-
formed using a Keithley 6517 Electrometer (Keithley
Instruments, Cleveland, USA). Dielectric constant of the
samples was calculated according to the capacitance
measured with a Solartron 1260 impedance analyzer con-
nected with a Solartron 1296 dielectric interface (Solartron
analytical, Hampshire, England) in the frequency range of
1 Hz to 1 MHz and voltage amplitude of 1 V. Polarization
as a function of electrical field was measured with a fer-
roelectric tester (RT6000, Radiant Technology, NM, USA).
For BDS measurements, d.c. voltage was supplied by a
Spellman SL30 high voltage generator (Spellman high
voltage electronics corporation, New York, USA), with a
fixed ramp rate of 250 V/s. A dimpled -electrode
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configuration was employed for BDS measurements to
ensure that maximum electrical stress is concentrated at the
thinnest point (~80-100 um) of the sample. This sample
configuration allowed to measure intrinsic BDS of the
samples by eliminating of electrical field enhancement at
the electrode edges [16]. A more detailed description of
sample preparation and BDS measurements is given else-
where [17].

Results and discussion
Microstructural development

Relative densities of TiO, ceramics sintered at various
temperatures are shown in Fig. 1. A sintering density
(relative density with respect to the theoretical density) of
97.3% was obtained at 780 °C, further increase of the
sintering temperature up to 1000 °C lead to nearly full
densification of the samples. Although TiO, nanopowders
have been densified at even lower temperatures (700 °C by
spark plasma sintering [18] or 400 °C by hot-pressing at
very high pressures [14]), highly dense TiO, ceramics were
obtained by conventional pressureless sintering at 800 °C
in the present study. Enhanced sintering of the samples is
attributed to nanosized starting powders and well-com-
pacted (~60% packing density) green pellets after isostatic
pressing. As shown in Table 3, a high green density led to a
high sintering density as it applies for densification of most
ceramic materials.

Figure 2 shows the microstructure of TiO, ceramics
with a grain size ranging from ~0.15 pm for samples
sintered at 700 °C to ~2.70 pm after sintering at 1000 °C.
Residual porosity is observed in samples sintered at tem-
peratures below 800 °C (Fig. 2e) in accordance with the
density measurements. The samples sintered at lower
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Fig. 1 Relative density and grain size of TiO, ceramics as a function
of sintering temperature
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bimodal grain size distribution was observed in samples
sintered at higher temperatures, indicating that the grain
growth  occurred according to  Ostwald-ripening
mechanism.

Figure 3 shows XRD patterns of TiO, samples sintered
at various temperatures. Weak intensity peaks correspond-
ing to the remaining anatase phase (JCPDS 73-1764) were
identified in the sample sintered at 700 °C while samples
sintered at temperatures equal to or higher than 750 °C
showed the rutile phase (JCPDS 21-1276). The temperature

Fig. 2 Microstructural
development of TiO, ceramics
sintered at a 700 °C, b 800 °C,
¢ 900 °C, d 1000 °C, e 700 °C
(fracture surface), f 800 °C
(fracture surface)

— .
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20(°)

Fig. 3 XRD patterns of TiO, samples sintered at various tempera-
tures (all peaks were indexed to rutile or anatase phase)

of anatase to rutile phase transformation is reported to be
~915 °C [19]. In the present study, greatly reduced phase
transition temperature is attributed to nanosized starting
powders with high specific surface area. Similar results

@ Springer



6688

J Mater Sci (2010) 45:6685-6693

were obtained in a study by Eastman [20] that reported the
completion of anatase to rutile transformation of TiO,
nanosized powders between 650 and 800 °C.

Dielectric properties

Dielectric properties were measured on selected samples
sintered at 700, 800, 900, and 1000 °C (named as T7, TS,
T9, and TI10, respectively afterwards). The frequency
dependence of dielectric constant and loss tangent of these
samples measured at room temperature are shown in
Fig. 4. While the dielectric constant of sample T7
decreased from 133 at 1 Hz to 113 at 100 kHz, a more
stable frequency dependent dielectric constant was
observed in case of sample T8. In the frequency range from
1 Hz to 100 kHz, dielectric constant of sample T8
decreased slightly from 134 to 133. Relatively large vari-
ation in dielectric constant of sample T7 is attributed to
high d.c. conductivity that led to high apparent dielectric
constant and high loss tangent at low frequencies. Because
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Fig. 4 a Dielectric constant and b loss tangent of TiO, samples
sintered at various temperatures
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of the lower sintering density of sample T7, the intrinsic
dielectric constant measured at high frequency (100 kHz)
was ~ 15% lower than that of sample T8.

Unlike low temperature sintered samples (T7 and TS),
the dielectric constant of sample T9 and T10 was found to
have a strong dependence on the measuring frequencies. At
low frequencies (1 Hz—1 kHz), the dielectric constant of
T9 and T10 exceeded the intrinsic dielectric constant of
randomly orientated polycrystalline TiO, ceramics [21].
With increasing frequency, the dielectric constant gradu-
ally decreased and finally reached a plateau with K: ~ 133,
matching the dielectric constant of sample T8. High
dielectric constant at low frequencies may arise from a
polarization mechanism other than electronic and ionic
polarizations. As the external stimulus frequency increases,
this polarization mechanism gradually lag behind and
damp out, resulting in a decrease of the dielectric constant
as the frequency increases.

As shown in Fig. 4b, accompanied with this dielectric
constant anomaly, a pronounced loss tangent peak was
observed for samples sintered at higher temperatures (T9
and T10). It is attributed to the polarization mechanism that
contributes to both dielectric constant and dielectric loss.
According to the frequency range at which this relaxation
process took place, it is likely to be caused by the space
charge polarization.

The loss tangent measured from 25 to 200 °C is shown
in Fig. 5. For sample T7, the lowest loss was measured at
100 °C instead of 25 °C, which may have been caused by
the influence of humidity. With further increase of the
temperature, loss tangent increases due to higher electrical
conductivity. For sample T8 with high sintering density,
the loss tangent increases gradually with the increase of
temperature so that the measurement was not influenced by
humidity. Decreasing loss tangent with increasing fre-
quency indicates the dominance of conduction losses. In
the case of TiO, samples sintered at higher temperatures,
the loss peak found at room temperature still exists at high
temperatures and shifts towards higher frequencies with
increasing temperature. At the same time, the magnitude of
the loss peak increases with increasing temperature. This
observation shows that the relaxation process is thermally
stimulated and the enhanced magnitude of loss peak indi-
cates increased number of charge carriers involved in this
process.

By determining the position of characteristic frequency
(fp) of the loss peak, angular frequency (wp, w, = 27fy)
was calculated. The temperature dependence of angular
frequency was found to followed the Arrhenius law as
shown in Fig. 6,

—E.
wp = W exp (KB;> (2)
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Fig. 5 Loss tangent measured from 25 °C to 200 °C for TiO, samples sintered at a 700 °C; b 800 °C; ¢ 900 °C and d 1000 °C

where @y is the pre-exponential factor, E, is the activation
energy and kg is the Boltzmann constant. Activation
energies of 0.41 and 0.48 eV were obtained from sample
T9 and T10, respectively. These values are close to the
reported activation energy for electron hopping process
[22].
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Fig. 6 Temperature dependence of loss peak angular frequency for
TiO, ceramics sintered at 900 °C and 1000 °C

It is interesting that this relaxation process can only be
found in TiO, sintered at high temperatures. The presence
of space charge polarization indicates nonuniform resis-
tivity within the microstructure of the samples. Since no
secondary phase was identified by XRD and SEM, grain
boundaries are very likely to be the region where charge
pile-up takes place due to resistivity discontinuity. With the
increase of sintering temperature, the grain size becomes
larger whereas grain boundary density (defined as grain
boundary surface area per unit volume) decreases. There-
fore, TiO, ceramics sintered at higher temperatures with
larger grain size would have higher impurity concentration
at grain boundaries as aliovalent dopants/impurities tend to
segregate at the grain boundaries due to the elastic strain
energy and electrostatic driving force [23].

TiO, starting powders have ~0.1 wt% of impurity
concentration, with Fe, Mg, Ca, Al as main foreign ions
(Table 2). Since the ionic radius of these elements (Fe>"
0.74 A, Fe** 0.64 A, Mg?>" 0.66 A, Ca’>" 0.99 A, AT
0.51 A) is close to the ionic radius of Ti (Ti4+ 0.68 /OX),
substitution of Ti lattice can take place. Hence, segregation
of impurity ions at the grain boundaries is expected after
high temperature sintering. When the impurities ions sub-
stitute the normal titanium site, point defects of M/, or MY,
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(M represents Fe, Mg, Ca, Al) could lead to formation of
negatively charged grain boundary cores generating an
electron depletion layer in the nearby space charge region.
In the study of Y,03 doped TiO,, due to Y segregation to
the grain boundaries, negatively charge Y7, defects gave
rise to the space charge effect [24].

In order to explore this assumption, high temperature
impedance spectroscopy measurements were conducted
and presented as Cole—Cole plot (Fig. 7). For sample T8, a
single semi-circle was obtained, while a small peak at
lower frequencies was also observed. On the contrary, in
case of the samples T9 and T10, their impedance responses
clearly show two suppressed semi-circles. An equivalent
circuit consisting of two parallel capacitor (R)—constant
phase element (CPE)—connected in series can be used to
represent the electrical response of the dielectric (insert in
Fig. 7). The first high frequency R1-CPEl circuit was
attributed to the grain interior response, whereas the second
low frequency R2-CPE2 circuit was attributed to the grain
boundary response, determined by their capacitance values.
It is revealed that the resistance of grain interior dominates
in sample T8. With the increase of sintering temperature,
contribution of grain boundaries to the total resistance of
the dielectric increases. Values of grain interior resistivity
(pg), grain boundary resistivity (pgp), and their relative
ratio were calculated by the following equations [25]:

A
Pg = Rgz (3)
Rgbcgb
= 4
pgb Rgcg pg ( )

where A is the electrode area and L is the sample thickness;
Cy, Cop, and Ry, Ry, are the capacitance and resistance of
grain interior and grain boundary, respectively. Table 4
shows a summary of the grain interior and grain boundary
resistivity and their relative ratio. With the increase of
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Fig. 7 Cole—Cole plot of the samples T8, T9, and T10 measured at
550 °C in air
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Table 4 Fitting parameters of the impedance data measured at
550 °C

Samples p, (Qcm)  pg, (Qcm)  pg/p,  CPE1-P  CPE2-P
T8 3.96E5 9.86E6 249 097 0.73
T9 1.31E5 7.79E6 59.5 0.73 0.57
T10 8.21E4 4.35E7 530.3  0.68 043

sintering temperature, there is a substantial increase in the
ratio of grain boundary resistivity to grain interior resis-
tivity. Therefore, significantly enhanced resistivity differ-
ence between grain interior and grain boundary found in
TiO, ceramics sintered at higher temperature gave rise to
space charge polarization.

Constant phase element is used instead of ideal capacitor
when the center of the semi-circle is depressed below the
7/-axis [24]. The magnitude of depression is a measure of
the deviation from ideal capacitance behavior due to
chemical or geometrical inhomogeneity [26]. From
Table 4, it can be seen that the magnitude of inhomoge-
neity increases with the increase of sintering temperature.
The semi-circle corresponding to grain boundaries was
found to be more depressed than that of the grain interior,
which can be attributed to a gradually changing distribution
of impurity concentration among grain interiors and grain
boundaries. Similar observations were made in the study of
yttrium doped TiO, [24], so that the degree of nonunifor-
mity in the grain boundary region increases with the
increase of yttrium dopant concentration. This effect was
explained by the geometric misorientation associated with
grain boundaries as the misorientation parameters is to a
great extent determined by the amount of excess impurity
solutes at grain boundaries [27]. In the present study, since
all impurities were from the starting powders, the total
amount of impurities is assumed to be the same for all
samples. Therefore, gradually increased nonuniformity in
grain interior should be better explained by enhanced
chemical inhomogeneity as original homogenously dis-
tributed impurities starts to segregate to the grain bound-
aries as sinter temperature increases.

In summary, it is believed that as the sintering temper-
ature increases, more impurity ions segregated at the grain
boundary region leading to greater differences in resistivity
between grain interior and grain boundaries. As a result,
space charge polarization occurs in TiO, sintered at high
temperature, which accounts to a high apparent dielectric
constant and loss peak.

Arrhenius plot of d.c. conductivity of TiO, sintered at
various temperatures is shown in Fig. 8. Except for sample
T7, other TiO, samples sintered at lower temperatures
show lower conductivity. Activation energies calculated by
best linear fitting for samples T7, T8, T9, and T10 are 0.79,
0.76, 0.75, and 0.76 eV, respectively (data were taken from
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Fig. 8 Arrhenius plot of d.c. conductivity of TiO, samples sintered at
various temperatures

100 to 200 °C to exclude the influence of humidity). This
activation energy is much lower than half of the band gap
of TiO, (band gap of TiO,: 2.90-3.33 V [28]), suggesting
that in this temperature range, conductivity is controlled by
defects generated during sintering at high temperatures
and/or by intrinsic impurities present in the starting pow-
ders. An activation energy of ~1.23 eV was obtained in
the study of TiO, ceramics with an average grain size
~270 nm in the temperature range from 350 to 750 °C
[29]. Significantly lower activation energy observed in
present study is attributed to migration of charge carriers
and does not contribute to formation of new defects. Higher
conductivity measured on samples sintered at higher tem-
peratures is attributed to higher concentration of charge
carriers generated at the sintering temperatures, since TiO,
ceramics are prone to reduction at elevated temperatures
[30]. This process can be described by the following defect
reactions:

1
OX = V.O. + 26, + 502 (5)
200 + Tiri = Tif** + 3¢ + O, (6)

For sample T7, its particular high conductivity is due to the
presence of remaining open porosity that serves as fast
conduction paths [31].

The polarization—electric field (P—E) relationship of the
samples was measured at room temperature as shown in
Fig. 9. Samples T7 and T8 reveal characteristics of linear
dielectrics with a linear P-E relation. On the contrary,
P-F curves with a loop were obtained for samples T9 and
T10. This non-linear behavior is ascribed to contribution of
space charge polarization, since the crystal structure of
TiO, does not possess permanent dipoles. Judging from the
shape of P—E curves, sample T9 and T10 would not be

Fig. 9 Polarization versus electric field relationship of TiO, samples
sintered at various temperatures

desired for energy storage applications, as the encircled
area in the loop represents the energy loss as heat upon
discharge. The energy storage efficiency (defined as the
ratio of retractable energy upon discharge to total energy
stored when charging) of sample T9 and T10 are only
61.6% and 59.2%, respectively. Slim linear P-E curves
obtained from samples T7 and T8 represent improved
efficiencies with 90.6% and 92.1%, respectively. High
energy storage efficiency is of critical importance because
energy loss as heat increases the temperature of the
dielectrics leading to higher conductivity, while enhanced
conductivity in turn leads to higher loss and heat genera-
tion. Repeating of this cycle would eventually lead to
thermal breakdown of the dielectric when leakage current
reaches a critical level.

Dielectric breakdown strength is of prime importance in
the development of dielectric materials for high energy
density capacitor application. The relation between BDS
and energy density is self-evident for linear dielectrics as
shown in Eq. 1. More reliable BDS data can be obtained by
excluding of electrical field enhancement effects at the
electrode edges. However, field strength is enhanced by a
significant but unknown factor at the dielectric/electrode/
media triple point, leading to premature edge breakdown
[16]. In this study, the problem of edge breakdown was
successfully overcome by using of dimpled sample
geometry. BDS data shown here were based on measure-
ments with confirmed breakdown crater in the center of the
dimple where the thinnest section of the sample is.

Room temperature BDS of the samples sintered at various
temperatures is summarized in Fig. 10. Each data point is an
average of six or more samples. It can be seen that with the
increase of sintering temperature, BDS first increases from
640 kV/cm (T7) to a peak value of 1870 kV/cm (T8) and
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Fig. 10 Dielectric breakdown strength of TiO, samples as a function
of sintering temperature

decreases to 831 kV/cm (T10) with further increase of the
sintering temperature. This trend shows that BDS has a
reverse relation with d.c. conductivity, i.e., the lower is the
conductivity the higher is the BDS.

TiO, sintered at 700 °C has the lowest BDS mainly due
to its residual porosity. Detrimental effects of porosity on
the BDS of dielectric materials are well known [32].
Residual pores can intrigue partial gas discharges leading
to ionization breakdown. The presence of pores in the
dielectric can also lead to development of electrical field
induced local stresses that can exceed externally applied
electric field [33]. Beauchamp [34] found that the BDS of
MgO ceramics decreased almost by a factor of three when
the porosity increased to 12%.

At sintering temperature higher than 800 °C, all samples
achieved a relative density over 99%. Hence, the decrease
of BDS with further increase of sintering temperature
cannot be attributed to the effect of porosity. Instead, it
may be associated with the grain size effect. Tunkasiri and
Rujijanagul [35] found a relation of BDS o< G~ between
BDS and grain size (G) in BaTiO;. A similar relationship,
BDS o G~ %, was found in TiO, dielectrics with average
grain size ranging from 0.27 to 11 pm [36].

One possible explanation for higher BDS found in fine
grain ceramics is the reduction of the critical flaw size. As
demonstrated by Carabajar et al. [37], both mechanical
strength and dielectric strength of ceramic materials were
affected by critical flaw size. However, in this study, coarse
grained TiO, has slightly higher density than that of fine
grained sample, and no pores and microcracks were
observed by SEM. Hence, this explanation based on critical
flow size does not seem to be plausible for the present
study. It was noticed that the most resistive part in coarse
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grained TiO, (T9 and T10) is the grain boundary; whereas
the most resistive part in fine grained TiO, (T8) is the grain
interior. Therefore, when an electric field is applied sig-
nificant portion of the field is assumed to be held at the
grain boundaries in coarse grained TiO,, while the opposite
is expected to occur in fine grained TiO,. Since the grain
boundary is a thin layer with a thickness in the range of
several nanometers, a breakdown along the grain bound-
aries is expected at lower electrical fields. During BDS
tests, a leakage current was detected before the breakdown
in samples T9 and T10, that may be indicative for initiation
of voltage breakdown along the grain boundary parts. Since
the microstructure of the sample T8 is more uniform with a
fine grain size, it is assumed that the BDS is controlled by
the grain interior while breakdown along the grain
boundaries is avoided. Voltage breakdown of the sample
T8 always occurs before any detectable leakage current
(>1 pA) can be observed.

Previously reported BDS results of TiO, as thin films
[38] or bulk ceramics [39] are relatively low comparing
with the results in this study. However, McPherson et al.
[40] predicted that the BDS of TiO, could reach
~2500 kV/cm according to a thermochemical model.
Since this model is based on invariable physical parameters
of TiO, such as bond strength and crystal structure, this
value should be considered as the intrinsic BDS of TiO,.
Our experimental results indicate that dense and nano-
structured TiO, ceramics could possess BDS approaching
to the theoretical value.

Figure 11 shows melting and crack formation at the
location where breakdown occurred in sample T8. The
breakdown process can be described as an explosive and
sparking event, during which a sudden release of energy
results in melting of the bulk material and rapid solidifica-
tion. Breakdown crater with similar features were also
observed in BaTiO5 ceramics [35] and Al,O5 ceramics [41].

So far, it is not conclusive to determine the exact
breakdown mechanism whether it is intrinsic (electronic),
thermal, ionic, or electromechanical breakdown or a
combination of them for TiO, ceramics studied in this
work. Generally speaking, for ceramic materials the initial
stage of breakdown is dominated by an electronic process
whereas the later stages are controlled by thermal and
electromechanical processes [41]. For sample T7 due to the
residual porosity and high conductivity, ionization break-
down and or thermal breakdown mechanisms are more
likely to be predominant. For sample T8, the breakdown
mechanism may be electronic in nature. In case of samples
T9 and T10, their breakdown events are believed to be
controlled by premature breakdown of their grain bound-
aries as discussed in previous sections. Further studies are
needed to understand the nature of the BDS with respect to
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Fig. 11 a SEM micrographs showing a breakdown crater of a TiO,
sample sintered at 800 °C, and b an enlarged view of the section
indicated in a

the applied voltage, ramp rate, electrode materials, tem-
perature, sample thickness, and other parameters.

Summary

Nanostructured dense TiO, ceramics were prepared by
conventional pressureless sintering at 800 °C in oxygen
atmosphere. It was found that TiO, ceramics with low
sintering density or large grain size exhibit relatively high
electrical high conductivity and dielectric loss. Space
charge polarization was observed in TiO, ceramics sintered
at high temperatures as a result of impurity segregation at
grain boundaries. High BDS was achieved in TiO,
ceramics with low conductivity and homogenous micro-
structure of smaller grain size. According to Eq. 6, a
potential energy density ~ 15 Jlem® can be obtained for
nanostructured TiO, Hence, nanostructured TiO, ceramics
are promising dielectric materials for high energy density
capacitor and pulsed power applications.
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