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Abstract

CaCu;Ti,O,, (CCTO) ceramics with smaller grain size usually show a low dielectric constant by using the conventional
sintering method. In this work, the pure CCTO ceramics with smaller grain size prepared by the spark plasma sintering
method (SPS) present the giant dielectric constant (&) over a wide temperature range. The dense CCTO ceramics have been
rapidly fabricated by a sol—gel process and the SPS method at different sintering temperatures. The XRD patterns indicate a
single CCTO phase with cubic perovskite structure in SPS-CCTO ceramics. The SEM images demonstrate that the average
grain size of the SPS-CCTO ceramics increases from about 2.23(+1.56) pm to 4.68(+2.45) um with the increases of the
SPS sintering temperature from 800 to 900 °C. The obvious electrically heterogeneous characteristics in these SPS-CCTO
ceramics are affirmed by the complex impedance spectroscopy analysis. The highest dielectric constant of 1.58 x 10* at 10°
Hz is found in SPS-CCTO3 (900 °C) ceramics, and the temperature coefficients of the dielectric constant Ae" in SPS-CCTO1
(800 °C) and SPS-CCTO2 (850 °C) ceramics with the high ¢’ values are less than+ 15% (A&’ <+15%) over a temperature
range of — 30 to 80 °C; the high dielectric constant is due to the phenomenon of R, KR, based on the internal barrier layer
capacitance (IBLC) effect. The larger nonlinear coefficient of 9.07, as well as the enhanced breakdown field of 3257 V/cm
are achieved in SPS-CCTO1 ceramics, which is attributed to the increased grain boundary resistance and the Schottky bar-
rier at grain boundary regions. These results indicate that the SPS method is an effective way to control the grain size and
improve the electrical properties of the CCTO ceramics for energy storage application.

1 Introduction

Since the unusual cubic perovskite-related crystal struc-
ture and Pb-free dielectric materials, CaCu;Ti,0,, (CCTO)
ceramics, was reported by Subramanian et al. in 2000 [1],
this material has attracted considerable attention recently
and been much intensively investigated in detail due to
its extraordinarily giant dielectric constant about 10*-10°
at room temperature and excellent nonlinear current den-
sity—electric field (J-E) characteristics without any doping
[2-6]. Moreover, compared with the BaTiO;-based ceram-
ics, the dielectric constant of the CCTO ceramics exhibit a
good temperature stability over a wide range from 100 to
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600 K without any structural or ferroelectric transition, and
a weak frequency dependence in a range of 10-10° Hz [7,
8]. Owing to its remarkable electrical properties, the CCTO
ceramics is very promising materials for the practical appli-
cation in high-k capacitors, magnetic resonance imaging,
microelectronics communication, microwave and energy
storage devices [9-12].

For the giant dielectric behavior of the CCTO ceram-
ics, despite many models from the intrinsic and extrinsic
mechanism have proposed by many researchers, there is still
doubt on its origin. So far, the internal barrier layer capacitor
(IBLC) model, the extrinsic in nature, is widely accepted
as the origin of the giant dielectric constant for CCTO
ceramics. According to the IBLC model, there are many
bulk grains with n-type semi-conductive behavior and grain
boundaries with high resistance in CCTO ceramics, and
the IBLC effect from the extrinsic polarization at the grain
boundaries can responsible for the giant dielectric response
[10, 13]. In addition, because of the charge trapping at the
acceptor states, the Schottky barrier layers are created at
interface between the n-type semiconducting grains, which
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also means that the back-to-back potential barriers formed
by the band bending at the grain boundary regions [14]. And
the Schottky potential barrier layers are responsible for the
nonlinear J-E characteristics of the CCTO ceramics.

As known to all, the microstructure and electrostatic
potential at grain boundary of the CCTO ceramics have a
crucial effect on the electrical properties. Thus, the electrical
performances can be enhanced effectively by the improved
grain boundary response. In order to get the excellent elec-
trical properties of the CCTO ceramics, many researchers
have reported that the microstructure of ceramics is usually
changed by using different fabrication methods (solid-state
reaction, sol—gel et al.), and a conventional sintering (CS)
process through optimizing the process parameters (the
temperature and time of calcining and sintering) as well
as changing the sintering atmosphere [15-18]. Moreover,
a large number of studies show that the electrical perfor-
mance of the CCTO ceramics have also improved by doping
a variety of single elements and different pairs of elements
[19], and mixing the other ceramics such as BaTiO; [20,
21], (Bay ¢St 4)TiO5 [22], MgTiO4 [23, 24], CaTiO4 [23,
25], SrTiO; [23], TiO, [26]. However, for the traditional
preparation method of the CCTO ceramics, the sintering
temperature is higher and the sintering time is longer. The
spark plasma sintering (SPS), as an electric field-assisted
sintering technique (FAST) with rapid heating and short
holding time in vacuum, can overcome the downsides of
the conventional sintering method, which is a very rapid and
efficient way to prepare electronic ceramics [27, 28]. At the
same time, the mechanical strength of the SPS method for
electronic ceramics can achieve the maximal values without
adding the binder components which may contaminate the
final products [29]. And the grain boundary layers can be
strengthened by such method, which is beneficial to both the
dielectric constant and nonlinear J—FE characteristics. Ahmad
et al. have utilized the mechanochemical synthesis and spark
plasma sintering method to obtain the CCTO ceramics with
two type-sized of micrometer (2-3 pm) and nanometer
(80-200 nm), and the electrical and dielectric properties
were studied by complex impedance spectroscopy and all the
CCTO ceramics exhibited the giant dielectric constant [30,
31]. According to the study by Lin et al. the CCTO ceramics
with different grain sizes (2-3 pm and 100-200 nm) were
prepared by the solid-state reaction and SPS method, and
their results indicate that the nonlinear J—FE characteristics
can be effectively tuned by facile sintering process control
[32]. As mentioned above, the SPS method can obtain the
smaller grain size than the conventional sintering process
for CCTO ceramics, besides the electrically heterogene-
ous characteristics of the grain and grain boundary of the
CCTO ceramics can be different during the short sintering
period. Moreover, the temperature coefficient of the dielec-
tric constant Ag’ in CCTO ceramics prepared by the SPS
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method also should be considered for capacitor application.
Therefore, it is an important and interesting work to research
systematically the dielectric properties and its temperature
stability, nonlinear J—FE characteristics, complex impendence
spectrum of the pure CCTO ceramics prepared by the SPS
method for energy storage application.

In this study, we have successfully fabricated the pure
phase CCTO ceramics with smaller grain size by a sol—gel
and the spark plasma sintering techniques. The phase struc-
ture, microstructure, dielectric properties, temperature sta-
bility and nonlinear J-FE characteristics of the SPS-CCTO
ceramics were investigated in detail. Furthermore, from the
grain boundary resistance and Schottky barrier height, the
giant dielectric response mechanism and improved nonlin-
ear J-F characteristics were also analyzed by the complex
impedance spectroscopy.

2 Experimental procedures
2.1 Materials and method

The CCTO ceramics were prepared by the spark plasma sin-
tering method. The CCTO precursor powders were synthe-
sized by a sol-gel process, and the highly pure raw materials,
Ca(NO;),-4H,0 (99%, Alfa Aesar), Cu(NO;),-3H,0 (99%,
Alfa Aesar), Ti(C;HgO),, (99%, Alfa Aesar), were weight
in precision according to the stoichiometric composition.
Firstly, Ca(NO;),-4H,0 and Cu(NO;),-3H,0 were dissolved
in anhydrous ethanol to form the homogeneous solution A,
and citric acid was added into the solution A under magnetic
stirring at room temperature. Meanwhile, Ti(C;HqO), was
dissolved in the anhydrous ethanol with magnetic stirring
at room temperature to form the solution B. Secondly, the
solution A was added into the solution B under continu-
ous magnetic stirring at room temperature to obtain a clean
and transparent sol solution. This sol solution was heated
up to 90 °C to form a viscous blue gel, and then the gels
were crushed and further heated to 120 °C for 12 h in the
drying oven to obtain the fluffy precursor powders. Finally,
the precursor powders were ground and calcined at 850 °C
for 3 h to obtain the CCTO nanometer powders. Then, the
CCTO powders were loaded into a cylindrical graphite
die with a 12 mm inner diameter and sintered at various
temperatures (heating rate: 100 °C/min) with holding time
for 3 min under an axial pressure of 30 MPa provided by a
SPS furnace (Ed-PASIII, Elenix Ltd, Japan), and followed
by rapid cooling. Graphitic paper was wrapped around the
CCTO nanometer powders for easy removal of the as-sin-
tered samples. The SPS sintered CCTO ceramics with three
different temperatures of 800 °C, 850 °C and 900 °C were
labelled as SPS-CCTO1, SPS-CCTO2 and SPS-CCTO3,
respectively. Prior to the characterization of the structure and
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electrical properties, all samples were polished and treated
with ultrasonic conditioning to remove the graphitic papers
of their surface. And then all samples were thermally etched
at 950 °C for 30 min in air atmosphere to clearly observe
their grain and grain boundary structure.

2.2 Characterization methods

The phase structures of the CCTO powders and ceramics
were identified by the X-ray diffraction (XRD, X Pert dif-
fractometer, D8 Advance, Germany) with Cu Ko radiation
(A=1.5406 10%). The XRD data was recorded over the 20
range of 10°-90° at room temperature. Based on the XRD
results, the lattice parameters were calculated to determine
the changes in crystal structure of the CCTO ceramics. The
densities of the samples were measured by the Archimedes
method. Microstructures of the CCTO powders and ceram-
ics were observed by a scanning electron microscope (SEM,
Hitachi S-2700). The particle size of the CCTO powders
and grain size of the CCTO ceramics were characterized by
using the Nano Measure 1.2 Software from the SEM images.
To measure the dielectric and nonlinear electrical proper-
ties, the CCTO ceramics surfaces were coated by the silver
paste and then they were sintered at 800 °C for 30 min. The
nonlinear DC current density—electric field intensity (J-E
curves) characteristics were measured at room temperature
by the high voltage measurement device (HP 34401 A mul-
timeter and WJ10001D precision linear high-voltage DC
power). The frequency dependence of the dielectric proper-
ties and impedance of the CCTO ceramics were measured by
the broadband dielectric spectrometer (Novolcontrol Con-
cept 80, Germany) in a frequency range from 10~! Hz to 10’
Hz at a temperature range of —80 °C to 200 °C.
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3 Results and discussion
3.1 Phase structure and composition

The XRD diffraction patterns of the calcined CCTO pow-
ders and SPS sintered ceramics are shown in Fig. la. All
the primary diffraction peaks of the CCTO powders and
ceramics are in keeping with the peaks of body centered
cubic perovskite-related structure of the space group Im3
according to the standard PDF database of the CCTO
(JCPDF File No.75-2188), indicating that the CCTO
phase has been formed in these samples. And the second
phases of CuO and TiO, are detected in XRD pattern of
the CCTO powders. Apparently, the impurity phase of
CuO and TiO, have disappeared after the SPS sintering,
and all ceramics show a cubic structure of the pure CCTO
phase. Figure 1b shows the zoomed diffraction (220) peaks
for the SPS-CCTO ceramics. It is found that the 220 peaks
of the SPS-CCTO2 and SPS-CCTO3 ceramics all shift
toward a lower angle compared to the SPS-CCTOI1 ceram-
ics, indicating an increase in lattice constants. This may be
due to the change of the SPS sintering temperature. The
lattice constants of the SPS-CCTO ceramics are given in
Table 1, and these parameters are comparable to the value
of 7.3910 A reported in previous literature [1].

Table 1 Lattice constant and relative density of SPS-CCTO ceramics

Samples SPS-CCTO!  SPS-CCTO2  SPS-CCTO3
Lattice constant (A)  7.3837 7.3860 7.3856
Relative density (%)  95.61 97.55 95.27
(b) =
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Fig.1 XRD patterns (a), the zoomed XRD patterns of the peak (220) (b) of the calcined CCTO powders and SPS sintered CCTO ceramics

(SPS-CCTO) with different SPS sintering temperatures
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3.2 Microstructure characterization

The SEM images of the CCTO powders and SPS sintered
ceramics are shown in Fig. 2. The mean particle size of the
calcined CCTO powders is about 220.9(+ 66.7) nm. All
SPS-CCTO ceramics were polished and thermally etched
to observe the internal evolution of the microstructure,
and these SPS-CCTO ceramics exhibit an obvious grains
and grain boundaries structure. The relative densities of
the SPS-CCTO ceramics are summarized in Table 1. And
the relative densities of all SPS-CCTO ceramics are more
than 95.27%, which illustrate that the dense CCTO ceram-
ics are successfully prepared by the SPS method in this
work. Moreover, the CCTO ceramics with different SPS
sintering temperature present the different grain sizes and
its distributions, as shown in Fig. 3. It can be found that
with the increase of the SPS sintering temperature from
800 to 900 °C, the average grain size of the SPS-CCTO

ceramics increase from 2.23(+1.56) to 4.68(+2.45) pm,
which is smaller than the CCTO ceramics sintered by a
conventional sintering process [33]. Generally, the per-
ovskite phase is synthesized at the very high temperatures,
and the grains have grown when the crystalline phase is
fully formed. However, the plasma can be generated by the
instantaneous discharge during the SPS sintering process,
which enables each particle to generate uniform heat in the
sintered body and enhance the activation energy at the sur-
face of the particles. Therefore, the SPS sintered body can
be densified in a relatively short time, and thus inhibiting
the grains growth and obtaining the CCTO ceramics with
smaller grain size [31, 32]. Meanwhile, the grain sizes of
the SPS-CCTO ceramics all follow the Gaussian distribu-
tion, and the grain size distribution ranges become wider
with the increase of the SPS sintering temperature. There-
fore, the SPS sintering temperature play an important role
to the grain size of the CCTO ceramics.

Fig.2 SEM images of the calcined CCTO powders (a) and CCTO ceramics prepared by the SPS method: SPS-CCTO1 (b), SPS-CCTO2 (c),

SPS-CCTO3 (d)
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Fig.3 The grain sizes and its distribution of the CCTO ceramics prepared by the SPS method: SPS-CCTOL1 (a), SPS-CCTO2 (b), SPS-CCTO3
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3.3 Dielectric properties

The frequency dependence of the relative dielectric constant
(¢") and dielectric loss (tand) of the SPS-CCTO ceramics
at room temperature is given in Fig. 4. These SPS-CCTO
ceramics show the giant dielectric constant of 10*~10° in
this work, which is higher than the CCTO ceramics prepared
by the conventional sintering process under the same grade
of the average grain sizes compared to our previous work
[34]. It can be found from Fig. 4a that the €' values of the
SPS-CCTO ceramics all decrease with the increase of fre-
quency. The high €’ values of the SPS-CCTO ceramics are
about 4.81 x 10°-2.86 x 10> at low frequency (107110 Hz).
And the space charge polarization and electrode effect are
suggested as a possible reason for the increased €' values at
low frequency [35]. At the intermediate frequency of 10-10°
Hz, it is noticed that the €’ values of all SPS-CCTO ceramics
increase with the SPS sintering temperature increasing. And
the SPS-CCTO3 ceramics show the largest €’ value about
1.58 x 10* at a frequency of 10° Hz, which are comparable to
the value of 2.14 x 10* for the SPS sintered CCTO ceramics
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according to the previous reports [31]. This giant dielectric
constant may be attributed to the electrically heterogeneous
nature of the CCTO ceramics from the IBLC effects, such
as the presence of the semiconducting grains and insulat-
ing grain boundaries. Furthermore, the effective dielectric
constant (e.4) generally depends on the microstructure of the
ceramic material and can be expressed as [31, 36]:

o = Eqb(le/1) (1)

where &, is the dielectric constant of the grain boundary,
t, and ty, are the average grain size and the average thick-
ness of the grain boundary layer, respectively. Based on the
above equation, the effective dielectric constant is associ-
ated with the average grain size and the average thickness
of the grain boundary layer, and the increase of the &’ value
is major attributed to the increase of the average grain size.
Therefore, the SPS-CCTO3 ceramics with larger aver-
age grain size exhibit the higher dielectric constant. And
we can conclude that the larger grain size is beneficial to
the higher dielectric constant, which is consistent with the
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Fig.4 The frequency dependence of the dielectric constant €' (a) and dielectric loss tand (b) at room temperature for SPS-CCTO ceramics
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previous literature [37]. On the other hand, each dielectric
constant curves show a stable plateau in a broad frequency
range (102—106 Hz). Nevertheless, the €’ values of all SPS-
CCTO ceramics disply a sharply decreasing tendency at high
frequency (10°-107 Hz). It is considered that this may be
related to the intrinsic grain relaxation. As shown in Fig. 4b,
as the frequency increasing, the dielectric loss of all SPS-
CCTO ceramics firstly decrease and followed a increase. It
is possible that the electrode interface polarization or the dc
conduction effect at low frequency and the Debye relaxation
at high frequency contribute to the dielectric loss, respec-
tively [13, 35]. Moreover, the SPS-CCTO1 ceramics exhibit
a lower dielectric loss of 0.119 at 10° Hz, which is related
to the more insulating grain boundary layers induced by the
smaller average grain size.

The temperature depedence of the dielectric constant and
dielectric loss of the SPS-CCTO ceramics at a frequency
of 10° Hz is shown in Fig. 5a, b. It is clearly observed
from Fig. 5a that the dielectric constant of the SPS-CCTO
ceramics increase slowly with the increase of temperature
over the range from — 80 to 150 °C. And then the dielec-
tric constants increase obviously when the test tempera-
ture exceed 150 °C, which may be attributed to the space
charge polarization when the charge carrier accumulates at
the interface between the samples and electrode [38, 39].
As demonstrated in Fig. 5b, the dielectric loss of the SPS-
CCTO ceramics increase continually with the increase of
test temperature. In general, the dielectric responses of the
SPS-CCTO ceramics at high temperature is related to the
dc conduction [35]. For the practical application in elec-
tronic devices, the temperature coefficient of the dielectric
constant A¢' is one of the important parameters besides the
giant dielectric constant and low dielectric loss. Especially,
the relevant standards specification of A&’ should be less
than +15% (Ae' < +15%) for EIA code X5R, X7R, X8R and
XO9R capacitors are defined at the temperature ranges of — 55
to 85 °C, —551t0 125 °C, — 55 to 150 °C and — 55 to 200 °C,
respectively. The Ae’ can be evaluated at a frequency of 10°
Hz by the following equation [40]:

e —¢€
Tel 0 (%) @
30

Ag’ = 100 x

where &', and Ego are the values of ¢ at a temperature of
T and 30 °C, respectively. The Ae’ values at 10° Hz as a
function of temperature for SPS-CCTO ceramics are shown
in Fig. 5c. It is noteworthy that the A¢’ values of the SPS-
CCTO1 and SPS-CCTO?2 ceramics are lower than 15% over
a temperature range of —30 to 80 °C, which indicates that
these ceramics possess a better temperature stability than the
SPS-CCTO3 ceramics.

3.4 Nonlinear current density-electric field (J-E)
characteristics

The nonlinear current density—electric field (J-E) charac-
teristics of the SPS-CCTO ceramics with different average
grain sizes at room temperature are shown in Fig. 6. It can
be found from Fig. 6a that all SPS-CCTO ceramics present
a clearly nonlinear relationship between the current den-
sity and electric field. The breakdown field E, value was
obtained when the current density is J = 1 mA/cm?. The
nonlinear coefficient (a) was calculated by the formula as
follows [41]:

log(/,/ J})
o= —==2 17
log(E,/ E))

where E| and E, are the electric fields corresponding to
J, = ImA/cm? and J, = 10 mA/cm?, respectively. As shown
in Fig. 6b, the breakdown field E,, values of the SPS-CCTOI,
SPS-CCTO2 and SPS-CCTO3 ceramics are about 3256.59,
2418.70 and 621.88 V/cm, respectively. Apparently, the
SPS-CCTOL ceramics exhibit the highest breakdown field,
which may be related to the more grain boundaries resulted
from the smaller average grain size. On the one hand, the
breakdown path of the SPS-CCTO ceramics with smaller
grain size will pass across more grain boundaries and con-
sume more energy in the dielectric breakdown process [42].
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Fig.5 The temperature dependence of the dielectric constant €’ (a), dielectric loss tand (b) and the temperature coefficient of the dielectric con-
stant Ae’ (c) at a frequency of 10° Hz over a temperature range of — 80 to 200 °C for SPS-CCTO ceramics
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Fig.6 Nonlinear J-E characteristics (a), the breakdown field strength
E, and nonlinear coefficient o (b) and the energy storage density (c)
of the SPS-CCTOL1 (the average grain size of 2.23 pm), SPS-CCTO2

On the other hand, the dependence of the breakdown voltage
on the grain size implies that internal interfaces such as grain
boundary layers act as electrical potential barriers [3]. The
breakdown voltage (V) can be determined in light of the
following equation [43]:

V.= N, )
where N is the average number of the barrier, v, is the barrier
voltage at the grain boundary. It can be seen that the break-
down voltage is roughly proportional to the average barrier
number in series. As we all know, the average number of the
barrier is inversely proportional to the average grain size.
So, the breakdown voltage increases significantly with the
decrease of the average grain size for CCTO ceramics, and it
is easily understood that the SPS-CCTO1 ceramics with the
smaller average grain size possesses the higher breakdown
field. A similar phenomenon of the grain size effect on the
breakdown field is found in the previous literature and our
reported work [34, 37]. In addition, the nonlinear coefficient
values o of the SPS-CCTO1, SPS-CCTO2 and SPS-CCTO3
ceramics have been obtained in the current density range of
1-10 mA/cm?, which are 9.07, 6.44 and 2.80, respectively.
It is noteworthy that the largest o value of 9.07 is relatively
higher than the previously reported pure and doped CCTO
ceramics [44-47]. Consequently, we claim that the changes
of the grain size and grain boundary are crucial for the non-
linear J—E characteristics of the CCTO ceramics, and this
nonlinear behavior can be improved through optimizing the
SPS fabrication process parameters, such as the sintering
temperature, holding time, heating and cooling rate.

For energy storage devices, the high dielectric constant,
breakdown field, energy storage density, frequency and tem-
perature dependence are important parameters [48]. In particu-
lar, the breakdown field (E,) plays a crucial role to the energy
storage density of the dielectrics according to the following
formula [49]:

1
U= EsoerEf, 5)

Average grain size (um)

Average grain size (um)

(the average grain size of 3.66 pm) and SPS-CCTO3 (the average
grain size of 4.68 pm) ceramics

where ¢, is the vacuum permittivity (8.85 X 1072 F/m), and
€, 1s the relative permittivity. Based on the results of the die-
lectric constant and breakdown field, the energy storage den-
sities at room temperature of the SPS-CCTO ceramics with
different average grain sizes were calculated, as shown in
Fig. 6¢c. The ¢, value of the maximum energy storage density
is obtained from the &' value at a frequency of 10~ Hz. The
Fig. 6¢ suggests that the highest energy storage density of
53.50 kJ/m? with the highest breakdown field of 3256.59 V/
cm is found in SPS-CCTO1 ceramics, which is over 10 times
higher than the SPS-CCTO3 ceramics (about 4.89 kJ/m? at
621.88 V/cm), and also higher than the reported literature
[50]. In addition, we can notice that the variation tendency
of the energy storage density is consistent with the break-
down field of the SPS-CCTO ceramics. Apparently, the pro-
motion of the electrical properties can effectively enhance
the energy storage density of the CCTO ceramics.

3.5 Complex impedance spectroscopy analysis

The complex impedance spectroscopy was performed to fur-
ther investigate the effect of the fabrication parameters and
microstructure changes on the electrically heterogeneous
grain/grain boundary characteristics of the SPS-CCTO ceram-
ics. According to the IBLC model, an equivalent circuit with
two parallel resistance and capacitance (RC) elements in series
can explain the electrical heterogeneity of the semiconducting
grains and insulating grain boundaries. The complex imped-
ance Z" can be calculated as the following formula [51]:

gb Rg

* 1 +iwR,C, ©)

R
zr=7-iz" = -
1 +iwR,,C,,

’ Rg Rgb

= +
L+ (@R,Co? 1+ (@Ry,Cyp)?

(N
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1"

where Z' is the real part and Z" is the imaginary part of com-
plex impedance A Rg and Cg, in one RC element, represent
the resistance and capacitance of the semiconducting grains,
while R, and Cy, are the resistance and capacitance of the
insulating grain boundaries in another RC element. The
impedance measurement data were fitted based on the corre-
sponding equivalent circuits by using the software ZView2,
and then the values of R, and Ry, can be obtained at high
and low frequencies, respectively. The Cole—Cole imped-
ance plots of the SPS-CCTO ceramics with different aver-
age grain sizes at room temperature are shown in Fig. 7a—c.
The R, and R, values dependence on average grain sizes
of the SPS-CCTO ceramics are given in Fig. 7d, e. It can be
seen that the R, values of the SPS-CCTO ceramics are about
6.58-8.84 Q, thus confirming the semiconducting nature of
the grains. And these R, values are far smaller than the Ry,
values approximately 1.20x 10°-1.39x 10° ©, indicating the
electrically heterogeneous characteristics of the semicon-
ducting grain and insulating grain boundary. The frequency
dependence of the imaginary part Z" of complex impedance
Z" at room temperature for SPS-CCTO ceramics is presented
in Fig. 7f. The peak values of Z" are proportional to the
associated resistance. As shown in Fig. 7f, the SPS-CCTO1
ceramics exhibit the highest peak values of Z", and the Z"

1.5x10° 1.2x10°

peak shifts to the higher frequency than the SPS-CCTO2
and SPS-CCTO3 ceramics. Furthermore, the grain boundary
responses with the Z" peak values at low frequency are much
larger than the grain responses at high frequency, which is
R, KRy, Since the phenomenon of R, KRy, the obvious
electrical heterogeneity exists in SPS-CCTO ceramics. In
order to compare the grain size effect on electrically hetero-
geneous and dielectric properties, the comparison of the €',
tand, R, and R, values of the SPS-CCTO ceramics in this
work with the CCTO ceramics prepared by the conventional
sintering (CS) method or SPS technique in other researches
and our reported work are summarized in Table 2. It can be
seen that the electrically heterogeneous characteristics of
the SPS-CCTO ceramics in this work is comparable with
the CCTO ceramics prepared by the CS process and SPS
method under the same grade of the grain sizes [31, 34,
40], while the Rg value is lower, which may be responsible
for the giant dielectric behavior in SPS-CCTO ceramics. In
addition, the Rg and Rgb values decrease with the increase
of the average grain size corresponding to the SPS-CCTOl1,
SPS-CCTO2, SPS-CCTO3 ceramics, respectively. This
indicated that the grain sizes under the SPS sintering tem-
perature have an important influence on the resistance of
the grain and grain boundary for CCTO ceramics. And the
SPS-CCTOL1 ceramics with the smaller grain size possesses
the higher R, value, which may be attributed to the more
grain boundary layers. According to the IBLC model, with
the decrease of the average grain size, the number of the

(a) = SPS-CCTOI (b) = SPS-CCTO2 (c) SPS-CCTO3
Fitting line Fitting line Lox10° Fitting line
9.0x10° X
6 .
__ Lox10 _ _ il
2 5 ) 59.0x10
N = 6.0x10° =
N 77.7777.\\ N m o= — :N 4
D 5 0n10° > ~ ) * = Y 6.0x10° - e
.0x r B
/ \\ 3.0x10° \\v\' \
p . 3.0x10° F
o
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0 1 00 1 ul A A A ul il A
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Fig.7 The impedance complex plane plots at room temperature (a—
¢), the grain resistance R, (d), grain boundary R, (e) and frequency
dependence of Z"” at room temperature (f) of the SPS-CCTO1 (the
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Table 2 Comparison of the &, Samples Sintering  Grain size €' tand R, (Q) R, (Q) Ref.

tan, R, and Ry, values of the process & €

SPS-CCTO ceramics prepared

by the SPS method in this CCTO1-8 CS 2.89(+0.89) pm 9870 0.132 56 - [40]

work with the CCTO ceramics - opiyy cs 2.03(+0.66)pm 797 0102 5639  2.98x107  [34]

prepared by the conventional

sintering (CS) method or SPS CCTO2 CS 2.96(+£0.84) pm 1341 0.104  43.17 1.80x 107 [34]

technique in other researches CCTO3 CS 3.73(x1.10) pm 2358 0.103  42.05 1.42%x107  [34]

and our reported work SPS-800 SPS ~80 nm 83x10° - 110 2.00x10°  [31]
SPS-900 SPS 100-150 nm 2.4x10* 60 3.06x10*  [31]
SPS-975 SPS 150-200 nm 32x100 - 30 3.00x10°  [31]
SPS-150 SPS 2-3 pm 2.14x10* - 61 1.35x10*  [31]
SPS-CCTO1  SPS 2.23(x1.56) pm  7.68x 10 0.119 8.84 1.39x10°  This work
SPS-CCTO2  SPS 3.66(+2.24)pm  1.07x 10 0.141  7.74 1.12x10°  This work
SPS-CCTO3  SPS 4.68(x2.45 pm  1.58x10* 0490 6.58 1.20x10°  This work

insulting grain boundary layers increasing, leading to the
higher grain boundary resistance of the CCTO ceramics.

Generally, the electrical response from the grain bound-
ary is owed to the larger resistance and capacitance than that
of the grain [52]. Due to the grain boundary response from
the IBLC model, the dielectric loss of the CCTO ceramics
is mainly related to the Ry, value at low frequency [53]. It
is noticed that the change trend of the Ry, values is consist-
ent with the dielectric loss at low frequency of the SPS-
CCTO ceramics, as shown in Fig. 4b. Whereas, the increase
of the dielectric loss at high frequency is attributed to the
high capacitance C(¢) of the CCTO ceramics. Moreover,
the impedance spectroscopy can also explain the nonlin-
ear J-E properties of the CCTO ceramics. The decreases of
the grain size results in the Rgb value increasing, which can
make contributions to the highest breakdown field of the
CCTO ceramics with the largest Ry, value.

The electronic structure at grain boundary has an effect
on dielectric and nonlinear properties of the SPS-CCTO
ceramics. In particular, the formation of the Schottky barrier
at grain boundary is associated with the nonlinear behavior
of the CCTO ceramics. It is well known that the electrons
transport under electric field follows the thermionic emission

-0.6

model, which leads to the nonlinear J—E characteristics of
the CCTO ceramics [54]. Moreover, the activation energy
is associated with the potential energy barrier height, which
restricts the motion of the charge carrier [55]. The activa-
tion energy of the grain (E,) and grain boundary (E,,) can
be calculated by using the Arrhenius equation, as following:

-E, .,
) +Ino,

38
Ino, ,, = < o7
where 6, and o, are the electrical conductivity of the grain
and grain boundary, expressed as 6,(0,,) = 1/R,(R,), o
is the pre-exponential factor, k is Boltzmann constant and
T is the absolute temperature. The ln(Gg/ng) values show
a good linear relationship with 1000/T for the SPS-CCTO
ceramics in the fitted plots, as shown in Fig. 8a, b. The acti-
vation energy values of the grain and grain boundary of the
CCTO ceramics can be obtained from the slopes of the fitted
straight lines, as given in Fig. 8c. It can be seen in Fig. 8c
that the Eg values are about 0.057, 0.062 and 0.067 eV, while
the Egb values are found to be 0.682, 0.610 and 0.555 eV
for SPS-CCTO1, SPS-CCTO2 and SPS-CCTO3 ceramics,
respectively. And the E, values are lower than the E, values
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Fig.8 Arrhenius plots of the lno'g (a) and lncgb (b) versus 1000/T; the activation energy of the grain (E,) and grain boundary (Egp) () for SPS-

CCTO ceramics
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of the SPS-CCTO ceramics, which is agreement with the
previous reports [33]. However, the E,, value of the SPS-
CCTOl ceramics is larger than the SPS-CCTO?2 and SPS-
CCTO3 ceramics, which is well corresponding to the higher
grain boundary resistance and enhanced breakdown field.
This indicates that the more grain boundary layers induced
by the smaller grain size can change the electrically hetero-
geneous characteristics and improve the electrical properties
of the SPS sintered CCTO ceramics. Furthermore, the higher
E,, value may imply that the motion of the charge carriers
needs to overcome the higher Schottky barrier layers, which
can contribute to the enhanced breakdown field and nonlin-
ear coefficient.

4 Conclusion

In summary, the CCTO nanometer powders were success-
fully prepared by a sol-gel method, and the dense CCTO
ceramics were rapidly fabricated via the SPS process
with different sintering temperatures. The XRD analysis
confirmed that all the SPS sintered ceramics showed the
perovskite-type cubic structure of the pure CCTO phase.
From the SEM image results, with the increase of the SPS
temperature from 800 to 900 °C, the average grain sizes
of the SPS-CCTO ceramics increase slightly from about
2.23(+1.56) pm to 4.68(+2.45) pm. The giant dielectric
constants were obtained in SPS-CCTO ceramics, and the
SPS-CCTO3 (900 °C) ceramics exhibit the highest dielec-
tric constant about 1.58 x 10* at a frequency of 10° Hz.
Meanwhile, the temperature coefficients of the dielectric
constant in SPS-CCTO1 and SPS-CCTO?2 ceramics are less
than+ 15% at a temperature range of —30 to 80 °C. The
giant dielectric response of the CCTO ceramics is attributed
to the electrical heterogeneity according to the IBLC model,
which can be supported by the R, KR, phenomenon from
the complex impedance spectrum. In addition, it is found
that all the SPS-CCTO ceramics demonstrate the obvious
nonlinear behavior, and the SPS-CCTO1 (800 °C) ceramics
present the higher nonlinear coefficient of 9.07 as well as
the higher breakdown field of 3256.59 V/cm than the oth-
ers. The improved breakdown field through can be attributed
to the increased grain boundary resistance, as well as the
formed Schottky barrier at grain boundary regions, which
is confirmed by the activation energy of the grain boundary.
Therefore, using the SPS process is an effective and rapid
method to prepare the CCTO ceramics with excellent electri-
cal properties for energy storage application.
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