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ABSTRACT Nanocrystalline CaCu3Ti4O12 powders with par-
ticle sizes of 50–90 nm were synthesized by a simple method
using Ca(NO3)2 ·4H2O, Cu(NO3)2 ·4H2O, titanium(diiso-
proproxide) bis(2,4-pentanedionate) and freshly extracted egg
white (ovalbumin) in aqueous medium. The synthesized pre-
cursor was characterized by TG-DTA to determine the thermal
decomposition and crystallization temperature which was found
to be at above 400 ◦C. The precursor was calcined at 700
and 800 ◦C in air for 8 h to obtain nanocrystalline powders of
CaCu3Ti4O12. The calcined CaCu3Ti4O12 powders were char-
acterized by XRD, FTIR, SEM and TEM. Sintering of the
powders was conducted in air at 1100 ◦C for 16 h. The XRD re-
sults indicated that all sintered samples have a typical perovskite
CaCu3Ti4O12 structure and a small amount of CuO, although
the sintered sample of the 700 ◦C calcined powders contained
some amount of CaTiO3. SEM micrographs showed the aver-
age grain sizes of 12.0±7.8 and 15.5±8.9 µm for the sintered
CaCu3Ti4O12 ceramics prepared using the CaCu3Ti4O12 pow-
ders calcined at 700 and 800 ◦C, respectively. The sintered
samples exhibit a giant dielectric constant, ε′ of ∼ 1.5–5×104.
The dielectric behavior of both samples exhibits Debye-like re-
laxation, and can be explained based on a Maxwell–Wagner
model.

PACS 77.22.Gm; 81.05.Je; 81.07.Wx; 81.20.Ev

1 Introduction

Materials with high dielectric constant, good ther-
mal stability and Ba/Pb-free are widely used in technological
applications such as capacitors and memory devices. Re-
cently, there has been a great interest in synthesis and charac-
terization of a perovskite-type compound, CaCu3Ti4O12, (ab-
breviated as CCTO) [1–15]. This non-ferroelectric material
exhibits giant dielectric constant of ε′ ∼ 104 (for polycrys-
talline ceramics) [1, 2] and ε′ ∼ 105 (for single crystals) [3] in
the kilohertz region over the temperature range from −173 to
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327 ◦C. This material does not undergo any structural change
over the same temperature range [1, 2] although its dielectric
constant abruptly decreases to less than 100 below −173 ◦C
and shows a Debye-like relaxation [13]. The characteristic re-
laxation frequency follows approximately the Arrhenius law.
In addition to its interesting dielectric property, CCTO has
remarkably strong linear current–voltage characteristics with-
out the addition of dopants [16]. These excellent properties
render this material particularly attractive for a wide range of
applications.

So far, several models of the dielectric behavior of CCTO
material have been proposed to be due to either intrinsic or
extrinsic effect. Since the giant dielectric response of this
material was found to be very sensitive to the microstruc-
ture (such as grain size) and processing conditions (such as
sintering temperature and time, cooling rate, and partial pres-
sure) [11–14, 17, 18], more investigations tend to believe that
the high dielectric constant originates from the extrinsic ef-
fect, such as internal barrier layer capacitor (IBLC) [11, 17],
contact-electrode effect [19, 20], and special inhomogen-
ity of local dielectric response [21]. Although still unclear,
the IBLC explanation of extrinsic mechanism is widely
accepted [22–27].

CCTO powder was generally prepared by a standard
solid-state reaction method [1–3]. This method requires te-
dious work and a high temperature in the powder preparation
process. Moreover, it suffers from the disadvantages of in-
homogeneity. In contrast, synthesis from a solution affords
the reaction with a homogeneous mixing of the metal ions at
the atomic scale, shorter reaction time, and at lower tempera-
ture in the powder preparation process [28].

However, it has been only a few reports on the solution
methods to synthesize CCTO powders [8, 10, 13]. Therefore,
alternative simple solution routes by utilization of cheap,
nontoxic and environmentally benign precursors for prep-
aration of CCTO powders are still a challenge. Egg white
proteins are well known for their gelling, foaming and emul-
sifying characteristics, in addition to their high nutrition qual-
ity [29–31]. Due to its solubility in water and its ability to
associate with metal ions in solution, egg white has been
used as a binder cum gel forming material in shape form-



88 Applied Physics A – Materials Science & Processing

ing of bulk and porous ceramics [32–34]. Egg white has
been used as a matrix for entrapment of aluminum ions gen-
erating gel precursor which resulted in α-alumina particles
with crystalline sizes of 15–80 nm after heat treatment as low
as 330 ◦C [35]. Most recently, our group has reported the
use of egg white solution for the preparations of plate-like
clusters of CeO2 nanocrystalline particles 6–30 nm in diam-
eter [36] and nanoparticles of NiFe2O4 with particle sizes of
60–600 nm [37]. This method is simple, cost effective and en-
vironmental friendly, which is a promising synthesis route for
preparation of fine ceramic particles.

In this study, we report the synthesis and giant dielec-
tric properties of CCTO prepared by the simple egg white
solution route using Ca(NO3)2 ·4H2O, Cu(NO3)2 ·4H2O, ti-
tanium(diisoproproxide) bis(2,4-pentanedionate) and freshly
extracted egg white (ovalbumin) in aqueous medium. The
synthesized fine CCTO powders were characterized by ther-
mogravimetric and differential thermal analysis (TG-DTA),
X-ray diffraction (XRD), Fourier-transform infared (FT-IR)
spectroscopy, scanning electron microscopy (SEM) and trans-
mission electron microscopy (TEM). The effects of par-
ticle size of the synthesized powders on microstructure and
giant dielectric behavior of the sintered CCTO were also
investigated.

2 Experimental procedure

The nanocrystalline CCTO powders were pre-
pared by a simple egg white solution route. The procedures
used to synthesize the CCTO powders were similar to those
for the NiFe2O4 nanoparticles reported previously [37]. In
a typical procedure, 60 ml of egg white was first mixed
with 40 ml de-ionized water (3 : 2 ratio) under vigorous stir
at room temperature (27 ◦C) until homogeneous solution
was obtained. Subsequently, Ca(NO3)2 ·4H2O (99.9% pu-
rity, Kento, Japan), Cu(NO3)2 ·4H2O (99.5% purity, Carlo
Erba Reacgenti, Italy), and 75 wt. % titanium(diisopropoxide)
bis(2,4-pentanedionate) in 2-propanol (99%, Acros organics,
USA) in a mole ratio corresponding to the nominal compo-
sition of CaCu3Ti4O12. These chemicals were added to the
egg white solution under vigorous stir at room temperature
for 2 h to obtain a well-dissolved solution. At this step, the
extracted egg white was acted as a matrix for entrapment
of Ca, Cu, and Ti ions generating gel precursor [35–37].
Throughout the whole process described above, no pH ad-
justment was made. Then, the mixed solution was evapo-
rated by heating on a hot plate at 100 ◦C under vigorous stir
for several hours until dried precursor was obtained. The
dried precursor was crushed into powder using mortar and
pestle.

In order to determine the temperature of possible decom-
position and crystallization of the nanoparticles, the dried
precursor was subjected to thermogravimetric-differential
thermal analysis (TG-DTA) (Pyris Diamond TG-DTA, Per-
kin–Elmer Instrument, USA). The crystallization seemed to
occur at temperature above 400 ◦C (Fig. 1). The dried pre-
cursor then was calcined in box-furnace at 700 and 800 ◦C
for 8 h in air. The calcined powder precursors were re-
ground and passed through 106 µm sieve (Test sieve, En-
decotts Limited, England) to break up large agglomerates.

FIGURE 1 The TG/DTA curves of the thermal decomposition of
CaCu3Ti4O12 precursor at a heating rate of 15 ◦C/min in static air

The prepared CCTO powers were characterized by X-ray
diffraction (PW3040 Philips X-ray diffractometer with Cu Kα

radiation (λ = 0.15406 nm), The Netherlands), Fourier trans-
form infrared spectrometer (Spectrum One FT-IR Spectrom-
eter, Perkin–Elmer Instruments, USA), scanning electron
microscopy (LEO SEM VP1450, UK) and transmission elec-
tron microscopy (TEM, Hitachi H8100 200 kV).

The prepared powders were pressed uniaxially in a 16 mm
die with an applied pressure of 100 MPa. The compacts were
pressureless-sintered at 1100 ◦C for 16 h in air in a box fur-
nace with heating and cooling rates of 5 ◦C/min. The sin-
tered disc samples of ∼ 14 mm in diameter with a thickness
of ∼ 2 mm were obtained. The average grain size of each
sintered CCTO ceramic was measured using a standard line
intercept technique from SEM micrographs of sintered CCTO
surfaces and counting at least 200 intercepts for each mi-
crograph. Throughout this article, we assigned symbols of
CCTO_EW700 and CCTO_EW800 for the sintered CCTO
samples fabricated using the CCTO powders calcined at 700
and 800 ◦C, respectively.

The capacitance, C, and loss tangent, tan δ, were carried
out as a function of frequency (100 Hz–10 MHz) and tem-
perature (−50 to +190 ◦C), using a Hewlett Packard 4194A
Impedance Gain Phase Analyzer at an oscillation voltage of
1 V. Each measured temperature was kept constant with an ac-
curacy of ±1 ◦C. Silver paint was coated on both surface of
the samples and dried over night. The complex permittivity,
ε∗, was calculated as follows:

ε∗ = ε′ − iε′′ , (1)

where

ε′ = Cd

ε0 A
, (2)

ε′′ = ε′ tan δ , (3)

where ε0 is the permittivity in free space, A is the sample area
and d is the sample thickness. The values of ac conductivity,
σac, were derived from [38]:

σac = ωε0ε
′′ . (4)
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3 Results and discussion

The simultaneous TG-DTA curves of the gel pre-
cursor in flowing air are shown in Fig. 1. The TG curve in
Fig. 1 shows a minor weight loss step between ∼ 30 ◦C and
300 ◦C. A slight weight loss was observed between 300 and
400 ◦C, and almost no weight loss was observed at above
500 ◦C. The first weight loss (30–300 ◦C) is related to the
losses of moisture, trapped solvent (water and carbon diox-
ide), alkoxide, and nitrates. A slightly weight loss was ob-
served between 300 and 400 ◦C, relating to the losses of or-
ganic species associated in the precursor (the remaining or-
ganic mass in ovalbumin), or the residual carbon. Almost no
weight loss could be observed at above 400 ◦C, suggesting the
formation of crystalline CCTO as a decomposed product. This
is confirmed by the XRD results as shown in Fig. 2. On the
DTA curve (Fig. 1) three endothermic peaks were observed at
∼ 57, 103, and 219 ◦C, respectively. The one exothermic was
observed at 304 ◦C. The three endothermic peak confirms the
combustion of water, whereas the one exothermic peak con-
firms that the thermal events was associated with the burnout
of organic species involved in the precursor powders of the re-
sidual carbon or due to direct crystallization of CCTO from
the amorphous component. No further weight loss and no
thermal effect were observed above 400 ◦C, indicating that no
decomposition occurs above this temperature. Note that this
precursor was calcined in air at 700 and 800 ◦C for 8 h.

Figure 2 shows XRD patterns of (a) dried precursor and
CCTO powders after calcination in air at (b) 700 ◦C and (c)
800 ◦C for 8 h. The main peaks of all calcined CCTO powders
are comparable to those of the standard powder XRD pattern
of CCTO in the JCPDS card No. 75-2188. In addition, the fol-
lowing phases of CaTiO3 (JCPDS card No. 82-0228), CuO
(JCPDS card No. 80-0076) and Anateses-TiO2 (JCPDS card
No. 78-2486) are also observed. It is suggested by Guilleemet-
Fritsch et al. [39] that the pure CCTO phase is obtained only
when the ratio of calcium, copper and titanium are close to
the stoichiometric ones. The CaTiO3 phase appears if an ex-

FIGURE 2 XRD patterns of (a) dried precursor and CaCu3Ti4O12
nanopowders calcined in air for 8 h at (b) 700 ◦C, and (c) 800 ◦C.
(* – CaTiO3, + – CuO, A – Anatase-TiO2)

cess of titanium is present, and at the same time when the
copper content slightly decreases. It is also suggested that
the excess of titanium leads to the precipitation of CaTiO3,
even if there is no excess of calcium [39]. Since both calcium
and titanium form a second phase, copper is then in excess,
with respect with the stoichiometry of CCTO. Hence, the pre-
cipitation of the copper oxide (CuO) is observed, beside the
CCTO and CaTiO3 phase. From the line broadening of the
main peaks, the crystallite size (D) was estimated using the
Scherrer formula [40]:

D = Kλ/(β cos θ) , (5)

where λ is the wavelength of the X-ray radiation, K is a con-
stant taken as 0.89, θ is the diffraction angle. β is the full width
at haft maximum (FWHM) and is given by β = (β2

o −β2
i )

1/2,
where βo and βi are the widths from the observed X-ray peak
and the width due to instrumental effects, respectively. The
particle sizes are found to be 66.7 ±27.5 and 86.2±35.2 nm
for the powders calcined at 700 and 800 ◦C, respectively. The
values of lattice parameter a calculated from the XRD spectra
were obtained to be 7.374 ±0.002 and 7.390±0.0005 Å for
the CCTO powders calcined at 700 and 800 ◦C, respectively.
The particle sizes and lattice parameters are also summarized
in Table 1.

Figure 3 shows FT-IR spectra of the dried precursor
and CCTO powders after calcination in air at 700 ◦C and
800 ◦C for 8 h. The calcined CCTO powders show the main

Material Particle size Particle size Lattice
from XRD from TEM parameter a

(nm) (nm) (Å)

ASTM (75-2188) – – 7.391±0.001
700 ◦C powders 66.7±27.5 56.7±7.9 7.374±0.002
800 ◦C powders 86.2±35.2 84.9±15.3 7.390±0.0005

TABLE 1 Summary of particle size analysis obtained from XRD and
TEM; and lattice parameter (from XRD) of CCTO powders compared to the
ASTM value

FIGURE 3 FT-IR patterns of (a) dried precursor and CaCu3Ti4O12
nanopowders calcined in air for 8 h at (b) 700 ◦C, and (c) 800 ◦C
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FIGURE 4 SEM micrographs of
the CCTO powders and sintered
CCTO materials. (a,b) are the pow-
ders calcined for 8 h in air at 700 ◦C
and 800 ◦C, respectively. (c, d) are
the microstructure of the sintering
CCTO_EW700, and CCTO_EW800,
respectively

absorption bands at 561, 516, and 437 cm−1. These bands
are assigned to the absorption regions for Ti ion, which
are associated to νTi−O of 653–550 cm−1 and (Ti−O−Ti of
495–436 cm−1) [4, 41].

Morphology of the calcined CCTO powders and micro-
structure of the sintered CCTO ceramic samples revealed by
SEM are shown in Fig. 4. Figure 4a and b show CCTO par-
ticles with sizes of about 60 nm, and 100 nm for the 700 ◦C
and 800 ◦C calcined samples, respectively. These values were
larger than those obtained from X-ray line broadening calcu-
lation. Some agglomerates were observed in all of the cal-
cined powders. The particle size of the powder increased
with increasing calcination temperature. After sintering at
1100 ◦C for 16 h, the bulk CCTO ceramics with different
microstructure were obtained. The CCTO_EW700 (Fig. 4c)
and CCTO_EW800 (Fig. 4d) showed mean grain sizes of
12.0±7.8 µm and 15.5±8.9 µm, respectively.

Figure 5 shows TEM images and the corresponding se-
lected area electron diffraction (SAED) patterns of the cal-
cined CCTO powders. It is clearly seen from the TEM bright-
field images that both powder samples consist of nanocrys-
talline CCTO particles, whose size increases with increasing
calcination temperature. The 700 ◦C calcined sample contains
nanoparticles of 56.7 ± 7.9 nm in size whereas the 800 ◦C
calcined sample contains nanoparticles of 84.9 ± 15.3 nm.
The observed particle sizes are in good agreement with re-
sults determined from X-ray line broadening (see summary
in Table 1). Electron diffraction of particles with higher cal-
cination temperature contains more intense spots as shown
in the 800 ◦C calcined powders, indicating the larger particle
size of highly crystalline compared to the 700 ◦C calcined
samples. The interplanar spacings (dhkl) measured from the

selected-area electron diffraction patterns are in good agree-
ment with the values obtained from the standard data JCPDS:
75-2188 (for CCTO) and 89-0056 (for CaTiO3) as summa-
rized in Table 2.

Figure 6 shows XRD patterns of the CCTO ceramics sin-
tered in air at 1100 ◦C for 16 h, confirming a main phase of
CCTO and a small amount of CuO in both the CCTO_EW700
and CCTO_EW800 although a small amount of CaTiO3 was
present in the CCTO_EW700 sample. The presence of addi-
tional CaTiO3 in the sintered CCTO_EW700 is possibly due
to the presence of excess titanium on the powders, calcined at
700 ◦C. Guilleemet-Fritsch et al. [39] suggested that the tita-
nium content mostly controls the phase composition (single
or second phase material) of the CCTO materials. Therefore,
we think that the excess of titanium leads to the precipita-
tion of CaTiO3 in our CCTO_EW700 sample. In the case of
CCTO_EW800, however, the CaTiO3 phase is not observed.
This implies that 800 ◦C− calcined powders have no excess
of titanium. For the presence of the CuO phase in both the
samples of CCTO_EW700 and CCTO_EW800, it is possible
that the Cu rich phase derives from the diffusion of Cu to
the defects present, after which gross excess causes the crys-
tallization of the separate CuO phase [42]. The CuO phase
within the ceramics implies that excess copper is in the form
of a copper rich phase at the grain boundaries [43]. The values
of lattice parameter a calculated from the XRD spectra were
7.388 ± 0.001 and 7.393± 0.001 Å for the CCTO_EW700
and CCTO_EW800, respectively (see summary in Table 3).

Figure 7a and b show the real and imaginary parts of
dielectric dispersion for the samples of CCTO_EW700 and
CCTO_EW800 at various temperatures between −50 and
−10 ◦C. It is clearly seen from Fig. 7a.1 and 7b.1 that both
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FIGURE 5 Bright field TEM im-
ages with corresponding selected-
area electron diffraction (SAED)
pattern of CaCu3Ti4O12 powders
calcined in air for 8 h at different tem-
peratures: (a) 700 ◦C and (b) 800 ◦C
(CTO-CaTiO3)

samples have very high dielectric constant, ε′, of ∼ 2.5 ×104

(at 1 kHz) for CCTO_EW700 and ∼ 1.5 ×104 (at 1 kHz) for
CCTO_EW800. ε′ has little frequency dependence at low fre-
quency (below 100 kHz). Figure 8 compares the temperature
dependence of the dielectric constant with the loss tangent
at a frequency in the range of 100 Hz–1 MHz for the sam-
ples of CCTO_EW700 and CCTO_EW800. It is seen that
the samples exhibits a giant dielectric constant, ε′, ∼ 5 ×104

(at 1 kHz) for CCTO_EW700 (Fig. 7c.1) and ∼ 4 ×104 (at
1 kHz) for CCTO_EW800 (Fig. 7d.1) at 150–190 ◦C with
weak frequency dependence above 1 kHz. The values of tan δ

of both samples (Fig. 7c.2 for CCTO_EW700 and Fig. 7d.2
for CCTO_EW800) are high and are in the range of ∼ 0.2–30
at temperatures between −50 and 190 ◦C. These tan δ values

Ring Measured interplanar spacing Standard data
of CCTO samples dhkl (Å) (JCPDS: 75-2188)

700 ◦C powder 800 ◦C powder dhkl (Å) hkl

R1 2.9719 2.9382 3.0173 211
R2 2.5856 2.5456 2.6131 220
R3 2.1021 2.1912 2.1336 222
R4 1.8468 1.8469 1.8477 400
R5 1.6789 1.6574 1.6526 024

TABLE 2 Measured interplanar spacings (dhkl) obtained from selected-
area electron diffraction patterns of CCTO samples calcined at 700, and
800 ◦C for 8 h shown in Fig. 5. Corresponding values from the standard data
JCPDS: 75-2188 are also provided for a comparison

increase with increasing temperature. The high ε′ at low fre-
quency may imply that there have grain boundary contribu-
tions in these sintered CCTO ceramics [44]. The values are
similar to the those reported by Jin et al. [10] and Liu et
al. [13] who reported values of ε′ ∼ 104 (at 1 kHz) for CCTO
samples prepared from a solution route; and by Ramirez

FIGURE 6 XRD patterns of (a) 700 ◦C; and (b) 800 ◦C, respectively. All
sintering was done in air at 1100 ◦C for 16 h. The indexed planes indicated in
all pattern are for CCTO main structure. (* – CaTiO3 and + – CuO)
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FIGURE 7 The frequency depen-
dence of the complex permittiv-
ity, ε∗, at low temperature be-
tween −50 ◦C and −10 ◦C for
CCTO_EW700 (a.1 and a.2) and
CCTO_EW800 (b.1 and b.2), re-
spectively. (a.1) and (b.1) display
the real part ε′; (a.2) and (b.2) dis-
play the imaginary part ε′′. The
(c.1)-(d.1) and (c.2)-(d.2) show the
temperature dependence of the di-
electric constant, ε′, and tan δ at fre-
quency between 100 Hz and 1 MHz
for CCTO_EW700 (c.1 and c.2) and
CCTO_EW800 (d.1-d.2), respec-
tively

Material Grain size Lattice parameter Activation energy Activation energy
(µm) a (Å) of grains (eV) of grain boundaries (eV)

ASTM (75-2188) – 7.391±0.001 – –
CCTO-EW700 12.0±7.8 7.388±0.001 0.175 0.680
CCTO-EW800 15.5±8.9 7.393±0.001 0.210 0.650

TABLE 3 Summary of grain size
(from SEM), lattice parameter (from
XRD), activation energy of grains
(obtained from the curve fitting using
(6)), and activation energy of grain
boundaries (obtained from the curve
fitting using (9)

et al. [1], and Bender and Pan [12], whose samples prepared
from a solid state reaction method. These values, however, are
much higher than ∼ 3 ×103 of the polymeric citrate precursor
routed CCTO ceramics reported by Jha et al. [8].

The imaginary parts of dielectric dispersion, ε′′ are shown
in Fig. 7a.2 and b.2 for the samples of CCTO_EW700 and
CCTO_EW800, respectively. By considering these results,
we cannot apply the empirical Cole–Cole relation to fit these
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FIGURE 8 Arrhenius plot of the relaxation time for the sintered CCTO
ceramics

data because the samples contain numerous grain boundaries
or grain boundaries relaxation which was affected by low
frequency [44]. However, we can apply the Debye-like relax-
ation model to these data since there are the relaxations con-
tributed from the grains. The ε′′ shows a clear Debye-like re-
laxation peak shifting from a constant value at low frequency
to a small saturated value at higher frequency. The electrical
response from the grains has a very high response frequency
because of their small resistance and capacitance [13]. We can
determine the dielectric relaxation time, τ , by following the
Arrhenius law of

τ = τ0 exp (Eτ/kBT ) , (6)

where τ0 is the pre-exponential factor, Eτ is the activation en-
ergy for the relaxation, kB is the Boltzmann constant, and T
is the absolute temperature. The activation energy of an elec-
trical response, at different temperature can be derived from
the response time (τ = 1/2π f , where f is the response fre-
quency at which the imaginary part of the complex impedance
has a maximum). From the fitting shown in Fig. 8, we obtain
the activation energy of the dielectric relaxation to be 0.175 eV
for CCTO_EW700 and 0.210 eV for CCTO_EW800.

The ac conductivity, σac, in most of the materials due to
localized states may be described by [45]

σac = σdc + A f n , (7)

where σdc is direct current conductivity. A, and n (0 < n < 1)

are two temperature-dependent adjusting constants. From (7),
the term of σdc presents the frequency independent part of the
conductivity whereas the term of A f n is the frequency depen-
dent part of the conductivity. However, our results did not fit
well with (7) but the data can be fitted to equation

σac = σgb +a f t +α f 2 , (8)

where σgb is the dc gain boundary conductivity, a, t and α

are three adjustable constants [45]. In (8), the σgb +a f t term
describes the grain boundary conductivity relaxation [45].

The α f 2 term describes the transition between the two afore-
mentioned relaxation behaviors [45, 46]. Figure 9 shows
the log–log plot of ac conductivity versus frequency of the
CCTO ceramics at five different temperatures. The solid lines
in Fig. 9a and b are the fitted results of (8) with t = 0.53.
For the CCTO_EW700, when the temperature increases
from 150 ◦C to 190 ◦C, σgb and a increase from 3 ×10−6

to 1.5 ×10−5 S/cm and 9 ×10−8–2.2 ×10−7 S/cm, respec-
tively. For the CCTO_EW800, when the temperature in-
creases from 150 ◦C to 190 ◦C, the values of σgb increases
from 2 ×10−6–9.5 ×10−6 S/cm, whereas the values of a rise
from 7 ×10−8 to 2.2 ×10−7 S/cm. From the fitted results, we
can obtain the dc gain boundary conductivity for the CCTO
ceramics at different temperatures, and then we can fit σgb also
by following the Arrhenius law of

σgb = σ0
gb exp (−Ea/kBT ) , (9)

where σ0
gb is the pre-exponential factor, Ea is the activation

energy. From the fitting (Fig. 10), we obtain the activation
energies of the dielectric relaxation for CCTO_EW700 and
CCTO_EW800 to be 0.680 eV and 0.650 eV, respectively.
These two values are comparable to the reported values of
0.60 eV [11] and 0.658–0.678 eV [18] for the grain bound-

FIGURE 9 The frequency dependence of the ac conductivity, σac, at high
temperature ranging between 150 ◦C and 190 ◦C for (a) CCTO_EW700, and
(b) CCTO_EW800, respectively. The solid lines are the fits according to (8)
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FIGURE 10 Arrhenius plot of ac conductivity, σac, for the sintered CCTO
ceramics

aries of CCTO ceramics. As mentioned previously, we have
shown that the all CCTO ceramics are electrically inhomo-
geneous. It consists of semi-conducting grains and insulating
grain boundaries, which can be described by the hypothesis of
the existence of internal barrier layers between the grains.

Since the dielectric response in both CCTO_EW700 and
CCTO_EW800 shows the Debye-like relaxation which is
approximately equal to the pure Debye functional form of
a Maxwell–Wagner relaxation, the giant dielectric behavior
of both samples can be explained by using Maxwell–Wagner
relaxation model. The Maxwell–Wagner relaxation can be de-
scribed by an equivalent circuit consisting of a series array of
two sub-circuits, one representing grain effects and one grain
boundaries [11, 13]. In each sub-circuit, the resistor and ca-
pacitor are in parallel. From this equivalent circuit, the static
permittivity (ε′

s) and dielectric relaxation time (τ) can be cal-
culated as

ε′
s =

(
R2

gCg + R2
gbCgb

)/[
C0

(
Rg + Rgb

)2
]

(10)

and

τ = [
Rg Rgb

(
Cg +Cgb

)]
/
(
Rg + Rgb

)
, (11)

where Rg, Rgb and Cg, Cgb are the resistance and capacitance
of grains and grain boundaries, respectively [47]. Since Rgb �
Rg, and Cgb is also much larger than Cg [11, 13], the effective
dielectric permittivity (ε′

s) of the sample at frequencies much
lower than the relaxation frequency 1/2πτ can, therefore, be
approximately from (10),

ε′
s = Cgb/C0 . (12)

Thus, ε′
s is determined by the ratio between grain boundary

capacitance, Cgb, and empty cell capacitance, C0. Hence ε′
s is

constant when Cgb is temperature and frequency independent.
The implication is in good agreement with our experimental
results. We observed that dielectric constant is little dependent
on the frequency and only weakly dependent on the tempera-
ture. And we can approximate τ from (11) using

τ ≈ RgCgb = τg(Cgb/Cg) , (13)

where τg = RgCg is the response time of the grains [13]. It
has been reported that Cg and Cgb are independent of tempera-
ture [11, 13], thus, we can deduce τg that follows the Arrhe-
nius law, (6). Let τg = τ0

g exp(Eg/kBT ) (τ0
g is pre-exponential

factor and Eg is the activation energy of the grain conduction
process), then we modify (13) to

τ ≈ Cgb

Cg
τ0

g exp
(
Eg/kBT

)
. (14)

Equation (14) shows that the activation energy of the di-
electric process approximately equals that of the grain con-
duction process. On the basis of this analysis, we can con-
clude that the activation energy for the response of the grains
in CCTO_EW700, and CCTO_EW800 to be 0.175 eV and
0.210 eV, which are lager than the value (0.08 eV) reported by
Sinclair et at. using solid-state reaction [11].

From all the activation energy values, we have that
the grain boundaries of all CCTO ceramics have a much
larger activation energy (0.680 eV for CCTO_EW700 and
0.650 eV for CCTO_EW800) than that of the grains (0.175 eV
for CCTO_EW700 and 0.210 eV for CCTO_EW800). This
indicates that the all CCTO ceramics have a high en-
ergy barrier for the charge carriers to overcome. Therefore,
the grain boundaries exhibit insulating properties. In con-
trast, the smaller activation energy of grains displays semi-
conducting properties similar to occur in other titanate-based
materials [48].

At this time, the origin of semi-conducting grains and in-
sulating grain boundaries has not been clearly established. Liu
et al. [13] have proposed that the grains made by different
method could have very different electrical property. There-
fore, the larger activation energy of grains in CCTO_EW700
and CCTO_EW800 compared to that of a sample made by
solid-state reaction implies that there are fewer oxygen vacan-
cies in the grains of CCTO_EW700 and CCTO_EW800. This
is reasonable because CCTO_EW700 and CCTO_EW800
were sintered from powders, which were calcined at low
temperature (700 and 800 ◦C) compared to the temperature
needed for the solid-state processing. However, it is prema-
ture to associate the increase in grain activation energy of all
CCTO ceramics with its large dielectric constant.

4 Conclusions

CCTO nano-powders have been synthesized by
simple egg white solution route. The synthesized powders
were characterized by TG-DTA, XRD, FTIR, SEM, and
TEM. The powders calcined at 700 and 800 ◦C were used
to prepared bulk CCTO ceramics, which were sinterred at
1100 ◦C for 16 h. The dielectric behaviour of CCTO ce-
ramics were obtained to similar to that of CCTO made by
solid state reaction, i.e., there are a Debye-like relaxation in
the samples and their giant dielectric constant are little de-
pendent of frequency and temperature below the relaxation
frequency. The dielectric properties of these CCTO ceramics
are attributed to the Maxwell–Wagner polarization mech-
anism. This work demonstrates that a simple solution route
using water-soluble egg white proteins can be used for prep-
aration of giant dielectric CCTO ceramics. We believe that



MASINGBOON et al. Nanocrystalline CaCu3Ti4O12 powders prepared by egg white solution route 95

the current simple, cost effective and environmental friendly
synthesis method using water-soluble egg white proteins can
be extended to prepare fine particles of other interesting
materials.

ACKNOWLEDGEMENTS The authors would like to thank the
Department of Chemistry, Khon Kaen University for providing TG-DTA,
the Faculty of Science Electron Microscopy Unit, Khon Kaen University
for providing SEM facilities and the Department of Materials Science and
Engineering, the University of Arizona for providing TEM. C. Masingboon
would like to thank the University Staff Development Program, Kasetsart
University Chalermphrakiat Sakon Nakhon Province Campus, Thailand for
financial support of his PhD study. This work is financially supported by the
Thailand Research Fund (TRF).

REFERENCES

1 A.P. Ramirez, M.A. Subramanian, M. Gardel, G. Blumberg, D. Li,
T. Vogt, S.M. Shapiro, Solid State Commun. 115, 217 (2000)

2 M.A. Subramanian, L. Dong, N. Duan, B.A. Reisner, A.W. Sleight,
J. Solid State Chem. 151, 323 (2000)

3 C.C. Homes, T. Vogt, S.M. Shapiro, S. Wakimoto, A.P. Ramirez, Science
293, 73 (2001)

4 A.F.L. Almeida, R.S. de Oliveira, J.C. Góes, J.M. Sasaki, A.G. Souza
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