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Abstract
In this work, calcium carbonate  (CaCO3), copper oxide (CuO) and titanium oxide  (TiO2) were used as precursors to synthesize 
nano-sized calcium copper titanate  CaCu3Ti4O12 (CCTO) powder using environmental friendly and modified sonochemical-
assisted process. The precursor mixtures were sonicated at 80 °C for 4 h to get a fully precipitated and homogenous product. 
A pure phase of CCTO powder was obtained at 900 °C. Various techniques were employed to study the phase formation and 
structural aspects of the calcined CCTO such as XRD, FTIR, HRTEM, TGA and dielectric spectroscopy. The XRD results 
confirm the formation single phase with cubic structure of the CCTO phase. The absorption bands in FTIR at 400–700 cm−1, 
which arise from the mixed vibrations of  CuO4 and  TiO6 groups, are prevailing in the CCTO structure. Moreover, the HR-
TEM micrographs reveal a highly oriented single cubic crystal structure of particle size ~ 4.78 nm. In addition, the dielectric 
study discloses that the dielectric constant ε′ increased with increasing the calcination temperature up to 900 °C escorted by a 
decrease of loss factor (tanδ). This can be attributed to the formation of pure CCTO phase and the highly dense microstructure 
at high temperatures. Giant dielectric constant ε′ up to  (106–105) exhibited at low frequency (1–1000 Hz). It is deduced that 
the optimum calcination temperature of the prepared CCTO must not exceed the temperature range (800–900 °C). Further-
more, the prepared CCTO nanopowder is a promising material for energy storage applications.

1 Introduction

Ceramic capacitors characterized by a high speed (charge/
discharge) rate and good engineering properties are prom-
ising candidates compared to other energy storage devices. 
The current challenge is to find ceramic capacitors with out-
standing storage and good physical properties over a wide 
temperature range. Perovskite groups of the type (ABO3) 
such as Barium titanate  BaTiO3 and Lead titanate  (PbTiO3) 
exhibited a good dielectric property valuable for capacitor 

and energy storage applications [1, 2]. But unfortunately, 
they are non-environment friendly materials [3, 4]. So, seek-
ing for ecofriendly perovskite with stable properties is vital 
to these applications.

Since 2000 calcium copper titanate perovskite with the 
formula  CaCu3Ti4O12 (CCTO) has found widespread appli-
cations in capacitors, antennas, microwave devices, filters, 
and sensors. Long ago CCTO has gained a good reputation 
as a giant dielectric constant material (ε’ ~ 104–5) that is prac-
tically stable over a broad temperature range (100–600 K) 
with good thermal stability [5]. Nearly all studies have 
attributed the giant ε’ value to the Maxwell–Wagner effects 
at the interface of grains and grain boundaries and electrode 
polarization effects [6–9].

It is well-known that the electric properties can be 
remarkably enhanced when ceramic material has a uniform 
microstructure [10]. For many technological applications 
as capacitors, resonators and power storage, extremely high 
dielectric constants and low loss tangents are required. The 
giant dielectric constants permit miniaturization of the 
embedded components. This makes it easy for the manu-
facturers to reduce the size of electronic devices [11].
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Broad innovative work has been done to synthesize 
 CaCu3Ti4O12. Despite high cost for synthesizing CCTO, 
some routes faced difficulties to meet the required applica-
tions. Several processing routes were adopted for synthe-
sizing CCTO such as solid-state reaction, wet chemistry, 
sol–gel, solution combustion synthesis, sonochemical, co-
precipitation and microwave-assisted routes [12–18]. The 
solid-state reaction is a conventional route for synthesizing 
CCTO from  CaCO3, CuO, and  TiO2 at high temperatures. 
But this method is accompanied by some drawbacks like 
heterogeneity of resultant CCTO and long reaction time. 
Additional drawbacks are the presence of secondary phases 
emerged at some stages in the synthesis as a result of limited 
atomic diffusion through micro-grains [19, 20]. However, 
some other routes managed to synthesis a homogeneous 
and high-quality CaCu3Ti4O12 powder. But they are envi-
ronmental hazards or contaminated [13, 17].

Late, sonochemical route proved to be a simple and 
green approach for nanoparticles’ synthesis [21–23]. On 
the whole, this method proceeds in three stages including 
formation, development and finishes with implosive break-
down of bubbles. An earlier sonochemical-assisted method 
for synthesizing  CaCu3Ti4O12 (CCTO) was developed by 
Wongpisutpaisan et al. [16]. In this method, copper nitrate 
trihydrate (Cu(NO3)2.3H2O) and titanium (IV) isopropox-
ide  (Ti[C12H28O4) were used as preliminary materials, then 
mixed with calcium nitrate trihydrate (Ca(NO3)2·0.4H2O) 
after drying at 200 °C. Three different Ca:Cu3Ti4 composi-
tions (0.75:1, 1:1, 1.25:1) were used to prepare CCTO. The 
composition 1:1 reveals a giant dielectric constant  (104) at 
low frequency and crystallite size ~ 75 nm.

This work aims to prepare a pure phase of  CaCu3Ti4O12 
(CCTO) nanoparticles at a relatively low temperature using 
environmentally clean and modified sonochemical synthe-
sis.  CaCO3, CuO and  TiO2 are used as precursors. In addi-
tion, XRD, FTIR, TGA, HR-TEM and dielectric properties 
of CCTO ceramic synthesized by modified sonochemical-
assisted process are reported and discussed in detail.

2  Experimental methodology

2.1  Synthesis of nano‑sized CCTO

Ultrasonically assisted hydrothermal method has been uti-
lized as a clean and cost-effective approach for the synthesis 
of  CaCu3Ti4O12 (CCTO) nanopowder with improved chemi-
cal and microstructural homogeneity. This approach is envi-
ronmentally friendly as we have only used raw materials 
(carbonates and oxides) in addition to distilled water and no 
additional chemicals or solvent have been used.

The raw materials used in the experiment were calcium 
carbonate  (CaCO3) from [May&Baker (M&B) Degenham 

Englend] (99%), copper oxide (CuO) from [May&Baker 
(M&B) Degenham Englend] (98%) and titanium oxide 
 (TiO2) from Aldrich (USA) (99.99%), respectively. Synthe-
sis of CCTO nanopowder is carried out according to Eq. (1)

First, appropriate amounts of the precursors (i.e., 1:3:4 
stoichiometric ratios of Ca:Cu:Ti ions) according to Eq. 1 
were well mixed and partially dissolved into distilled water 
for 10 min with the help of a magnetic stirrer. Then, the 
mixture was transferred to ultrasonic bath (Model XN-DTC-
27J) adjusted at 80 °C and being sonicated for 4 h. Unlike 
sonochemical-assisted process [16], the relatively long-time 
(4 h) procedures are done to complete chemical reactions for 
achieving a homogenous endproduct. After that, the mixture 
was filtered and the formed precipitate powder was washed 
in de-ionized water, and dried at 120 °C for 5 h in an electri-
cal oven. Eventually, to produce CCTO nanoparticles in the 
ultimate form and attain a full crystallization growth, the 
desiccated powder was calcined at specified temperatures 
600, 700, 800, 900 and 1000 °C for 2 h and then the calcined 
product was milled using a ball milling to the nano-sized 
form. The steps of synthesis process of CCTO are schemati-
cally illustrated in Fig. 1.

2.2  Techniques

X-ray diffraction patterns of CCTO were studied by Empy-
rean Panalytical X-ray diffractometer equipped with  CuKα 
radiation (1.5406 Å) using a step scanning mode, with inter-
vals of 0.02° of 2θ for angular range 3 to 100° and step time 
20 s/step. The particle size and electron diffraction patterns 
of CCTO were examined with high-resolution transmission 
electron microscope JEOL JX 1230 (HRTEM) and obtained 
electron diffraction patterns (EDP). Microstructural and 
characterization of ceramic samples were investigated by 
employing a scanning electron microscope (SEM), model 
JEOL-JSM-6510 LV with energy dispersive spectroscopy 
(EDS) unit. Infrared spectra of CCTO samples calcined at 
different temperatures were recorded on a JASCO FTIR 300 
E Fourier transform infrared (FTIR) spectrometer with a 
resolution of 2 cm–1. Thermogravimetric analysis TGA was 
performed using PerkinElmer Thermogravimetric Analyzer 
(Waltham, MA) USA. Aluminum pans were used, with ini-
tial sample mass of about 8–10 mg. The samples were heated 
from 25 to 1200 °C at a heating rate of 10 °C/min under 
nitrogen atmosphere.

Dielectric measurements, the samples were pressed and 
sandwiched between two cupper electrodes. Electrical prop-
erties have been investigated using a computer-controlled 
impedance analyzer (Schlumberger Solartron 1260). The 
permittivity ε’, loss factor tanδ and ac-resistance Rac were 

(1)
CaCO3 + 3CuO + 4TiO2 → CaCu3Ti4O12 + CO2 ↑ .
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measured at room temperature ~ 30 °C in a broad frequency 
range (0.1 Hz–1 MHz). The measurement was automated by 
interfacing the impedance analyzer with a personal computer 
through a GPIB cable IEE488. A commercial interfacing and 
automation software (Lab VIEW) was used for acquisition 
of data. The error in ε’ and tanδ amounts to ± 1% and ± 3%, 
respectively. The temperature of the samples was controlled 
by a temperature regulator with Pt 100 sensor. The error in 
temperature measurements amounts ± 0.5 °C. To avoid mois-
ture, the samples were stored in desiccators in the presence 
of silica gel. Thereafter, the sample was transferred to the 
measuring cell and left with  P2O5 until the measurements 
were carried out. The reproducibility of the measurement 
was tested by re-measuring ε′ and tanδ after performing the 
experiment once again.

3  Results

CCTO precursor powder was calcined at different tempera-
tures (600, 700, 800,900 and 1000 °C) for 2 h. The output 
calcined powder was used to determine the weight loss of 
the prepared sample as shown in Fig. 2.

Figure  3 presents the TGA curves of the prepared 
CCTO precursor. It is measured between 100 and 1200 °C 
in air with a heating rate of 10 °C/min.

Fig. 1  A flow chart showing the various stages followed for the prep-
aration of CCTO

Fig. 2  TGA curves of the thermal decomposition of CCTO heated in 
air with a heating rate of 10 °C per minute

Fig. 3  The change in weight (%) as a function of calcined tempera-
tures of CCTO for 2 h in oven
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Figure 4 demonstrates the main diffraction peaks of as-
prepared and all calcined CCTO powders at different tem-
peratures, which indicate progressive crystallization with 
increasing temperature, are comparable to those of the stand-
ard powder XRD pattern.

Figures 5 and 6 show scanning electron micrographs 
(SEM) and EDX spectrum of the surface of CCTO, respec-
tively. All micrographs have the same magnification 
(× 80,000). 

The morphology of the CCTO powder calcined at 900 °C 
was also investigated and the photographs of HR-TEM reveal 
ab nano-cubic crystal structure of  CaCu3Ti4O12 nanoparti-
cles as clearly seen from Fig. 7.

The corresponding selected area electron diffraction 
(SAED), which confirms highly oriented cubic crystal struc-
ture of the CCTO nanoparticles, is illustrated in Fig. 8.

The FTIR spectra of CCTO powder calcined at differ-
ent temperatures are illustrated in Fig. 9. For the precursor 
CCTO, the absorption peak corresponding to 3422 cm−1 
is related to O–H stretching, while the absorption peak at 
1600 cm−1 corresponds to the bending mode of  H2O [20]. 
In addition, the absorption peak in the lower wavenumber 
683 and 509 cm−1 is due to (X–O) stretch where X = Ti or 
Cu [21]. The absorption peak at ~ 3440 cm−1 disappeared 

in FT IR spectra for CCTO calcined samples between 600 
and 800 °C.

Figure 10 shows the relative area for two regions as a 
function of calcination temperature.

The dielectric constant ε’ and loss factor tanδ for CCTO 
are represented in Fig. 11 vs. frequency and at room tem-
perature (30 °C). The dielectric constant ε′ increased with 
increasing the calcination temperature up to 900 °C accom-
panied by a decrease of loss factor (tanδ).

The conductivity vs. calcination temperature is illustrated 
in Fig. 12. The semi-conductive nature of the grains may 
arise from a small amount of oxygen loss during ceramic 
processing in air at elevated temperatures.

4  Discussion

The thermogravimetric curves (TGA) of the prepared pow-
der are depicted in Fig. 2. The TGA curve showed a weight 
loss of about 7% at 165 °C. At 250 °C the thermal events are 
associated with the remove of any impurity involved in the 
prepared powder such as  CO2 and hydroxyl groups [24]. The 
residual weight is 45% in the temperature range from 150 
to 600 °C and it may be due to the decomposition of copper 
oxide, calcium carbonate and titanium oxide and formation 
of CuO,  CaTiO3 which is confirmed by the XRD for samples 
calcined at 600–700 °C (will be discussed in details later). 
From 600 to 1200 °C the residual weight is 27%. However, 
the material starts to melt at temperature ≥ 1000 °C.

The obtained powder usually needs to be heat treated to 
remove residual components and being stabilized. So, the 
weighed CCTO precursor  (Wo) powder was calcined at dif-
ferent temperatures (600, 700, 800, 900 and 1000 °C) for 
2 h, respectively. Then calcined powder was weighed (Wf) 
to determine the weight loss (%) according to Eq. 2;

where Wo is the initial weight and Wf the weight after 
calcination. The weights were measured to an accuracy of 
 10−4 g. The obtained data are depicted in Fig. 3. At the first 
region (600–800 °C), the rate of dissociation of CCTO pre-
cursor powder increased upon rising calcination tempera-
ture. This is due to the removal of moisture and most of the 
carbon dioxide. However, no significant increase is noticed 
on reaching (800–1000 °C). The weight loss reached to 
steady state after losing ~ 70% of the initial weight. This pla-
teau is attributed to the formation of stable phase of CCTO 
and agrees with TGA results.

Figure 4 presents the main diffraction peaks of all sin-
tered CCTO powders which are comparable to those of the 
standard powder XRD pattern of cubic phase  CaCu3Ti4O12 

(2)Weight loss (% ) =

[
(

Wo −Wf

)

Wo

]

× 100

Fig. 4  XRD patterns of CCTO calcined for 2  h in oven at different 
temperatures
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(JCPDS card No. 75-2188). In addition, following the 
orthorhombic phases of  CaTiO3 (JCPDS card No. 82-0228), 
tetragonal phase appeared as a secondary phase. And also 
observed some residuals of raw materials such as  TiO2 
(JCPDS card No. 78-2486) and monoclinic phase CuO 
(JCPDS card No. 80-0076) agree with Guilleemet-Fritsch 
et al. [25]. The pure CCTO phase is obtained only when 
the ratio of calcium, copper and titanium are close to the 
stoichiometric ones.

XRD patterns of the powder calcined up to 800 °C show 
formation many of crystalline phase as  CaCu3Ti4O12 accom-
panied by extra sharp diffraction peak represented which indi-
cates that some residuals of  CaTiO3 are existing at this stage. 
On the other side, XRD pattern of the powder calcined at 
900 °C entirely exhibits pure  CaCu3Ti4O12 phase without any 

further phases; in this case, the  CaCu3Ti4O12 phase is formed 
at the expense of the secondary phases of  CaTiO3, CuO and 
 TiO2. The early formation of  CaCu3Ti4O12 at low temperatures 
is almost attributed to the highly energetic hydrothermal media 
of synthesis process in which the affinity to the formation of 
thermodynamically non-equilibrium products was signifi-
cantly boosted aside from possessing smaller crystallite size 
of the powder, which introduced a broad surface area exposed 
to sequent reactions. Moreover, it is manifested that the per-
ovskite structure of CCTO phase was formed at 900 °C [26] 
and the intensity of corresponding peaks displayed at 34.61°, 
50.22° and 62.70° was considerably enhanced. The crystalline 
size (D) of the main line broadening peaks for calcined powder 
was calculated using Debye Scherrer formula

(3)D = k �∕� cos �

Fig. 5  Scanning electron micrographs (SEM) of a CCTO precursor and calcined samples for 2 h in air at different temperatures b 600 °C, c 
800 °C and d 900 °C respectively. The micrographs have same magnification (× 80,000) and scale bar length 1 μm
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where k is a constant taken as 0.9, θ the diffraction 
angle, λ the wavelength of the X-ray radiation and β the 
full-width at half-maximum (FWHM) of each phase.

The obtained particle sizes for calcined powders at 
600,700, 800, 900 and 1000 °C are 44.2 ± 14.5, 57 ± 18.4, 
68.7 ± 20.6, 75.8 ± 12.9 and 80.2 ± 11.8 nm, respectively. 

Fig. 6  EDX images for samples calcined of a as-prepared sample, at b 600 °C and c 900 °C, respectively
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The degree of crystallinity for all calcined powders estimated 
was ~ 54–68 using Materials Studio program. These results 
are totally compatible with TGA analysis discussed above 
and FTIR as will be debated in the following paragraph.

Figure 5a shows a homogeneous distribution of fine sepa-
rated spherical species with small size in the as-prepared 
sample. However, Fig. 5b reveals that the sample calcined 
at 600 °C still has separated species of different phases. 
Obviously, the prepared CCTO powder has nano-crystal-
line structure, wherein the grain size enhanced by rising the 
calcination temperature. Furthermore, with increasing cal-
cination temperature the separated species are compacted 
together and form large diffused profile as collapsed as in 
Fig. 5c,d. The average grain sizes of the as-prepared sample 
and calcined samples at temperatures (600, 800 and 900 °C) 
are 108, 109, 224 and 360 nm, respectively. Pure CCTO 
formed (at 900 °C) as seen in XRD, with a dense microstruc-
ture completely homogeneous morphology with abnormally 
large particles with smooth surfaces.

On the other hand, Fig. 6a–c shows the EDX spectrum 
of the region containing both large as well as small grains 
of CCTO ceramic. Ca, Cu, Ti and O are found to be 7.26, 
20.17, 30.84 and 41.72% by weight for as-prepared powder 
and 7.98, 22, 32.32 and 37% 600 °C whereas the following 
ratios 6.52, 28.66, 29.06 and 35.66% are found at 900 °C, 
respectively. The oxygen loss confirms the formation of sin-
gle phase of CCTO. This interpretation agrees well with 
XRD findings.

The influence of densification and calcination processes 
on microstructural features should be evaluated. Thereby, the 
microstructure of CCTO nanoparticles was further examined 
by high-resolution transmission electron microscope (HR-
TEM) to acquire an evident insight of its characteristics. For 
instance, the morphology of the CCTO powder calcined at 
900 °C was investigated and the photographs of HR-TEM 
reveal a nano-cubic crystal structure of  CaCu3Ti4O12 nano-
particles as clearly seen from Fig. 7. Moreover, the average 
size of the constituent particles is about 4.78 nm that is in 
good accordance with the formerly reported studies of these 
nanostructures [27]. The average particle size detected by 
HR-TEM is smaller compared to that calculated from XRD 
patterns. This is attributed to resolution difference in both 
techniques [28].

Furthermore, the corresponding selected area electron 
diffraction (SAED), which confirms highly oriented cubic 
crystal structure of the CCTO nanoparticles, is illustrated in 
Fig. 8a–d. However, Fig. 8d presents a single crystal struc-
ture, recognized as Kikuchi lines. It is formed due to thermal 
atom vibrations. Also, they existed when the selected area 
SAED is taken from single crystal region of the specimen. 
However, this structure plays a dominant role in improving 
dielectric properties of CCTO as will be discussed later.

The phase formation of CCTO was further confirmed 
by FTIR spectra of calcined powder at 800 and 900 °C, as 
shown in Fig. 9. The absorption peak at 458 cm−1 is due 
to Ti–O–Ti vibrational mode [29]. The peak observed at 
532 cm−1 is related to bending vibration of Cu–O bond [30]. 
Absorption due to Ca–O was observed at 585 cm−1 [31]. 
There are absorption bands in the region 400–700 cm−1 aris-
ing from the mixed vibrations of  CuO4 and  TiO6 groups 
prevailing in the CCTO structure [30]. Spectrum of  TiO2 
powder shows a wide absorption region between 450 and 
930 cm−1, with a shoulder at 550 cm−1, and a weak peak at 
1290 cm−1 [32].

The infrared spectrum of the CCTO has two main 
absorption envelopes in the region 400–900  cm−1 and 
1300–1600 cm−1 as shown in Fig. 9. The broad band in the 
region ~ 400–900 cm−1 narrowed with increasing the cal-
cined temperature. However, intensity of absorption band 
in the region ~ 1300–1600 cm–1 is decreased and gradually 
disappears with increasing calcination temperature. These 
variant results can be correlated by determining the area 

Fig. 7  High-resolution transmission electron microscope (HR-TEM) 
photographs of CCTO
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under the individual absorption regions in the plots. Fig-
ure 10 shows the relative area for two regions as a func-
tion of calcination temperature. There is decrease in the 
region ~ 1300–1600, and this region may be attributed to 
 CaTiO3, according to XRD; this phase disappears gradu-
ally with the increasing temperature. On the other hand, the 
region 400–900 cm−1 increases. The corresponding decrease 
and increase in the two regions are in the same rate. The IR 
result agrees well with XRD and SEM.

The modes of Raman for CCTO are observed at 
444 cm−1, 510 cm−1 and 576 cm−1 as reported in the litera-
ture [33]. In Fig. 10, there is a vibrational symmetrical mode 
and is detected below 200 cm−1 at room temperature 30 °C 
specifically at 154 cm−1. This mode appeared due to  TiO2 of 
antenase origin. There are additional four remarkable Raman 
active modes for  TiO2 antenase with symmetries Eg, B1g, A1g 
and Eg observed at 154, 399, 520, and 641 cm−1, respec-
tively. The modes of  CaCO3 appear at 211 cm−1, 808 cm−1 

and 820 cm−1 [34]. The Cu–O stretch mode has been weakly 
appearance at 475 cm−1 [35].

In Fig. 11, after calcination at 600 °C for 2 h and after 
a careful observation, the intensity of  TiO2 decreased and 
broadened at 408 cm−1, but it demolished at 520 cm−1; this 
is a resultant of formation  TiO6 octahedral phase as well as 
 Cu2O phase at 66 cm−1 too [36]. With increasing tempera-
ture the  CaCu3Ti4O12 phase formed was increased and shift 
on expense of started precursors  TiO2,  CaCO3, CuO and a 
newly formed phase  Cu2O as shown at 800 °C, 900 °C and 
finally at 1000 °C. The increase in  TiO6 octahedral Raman 
active mode in CCTO ceramic structure at 506 cm−1 rather 
than other modes refers to the nanostructure of CCTO as 
referred in HRTEM microscopic graph which are less than 
5 nm as a quantum dot structure [37].

The dielectric constant ε’ and loss factor tan δ for CCTO 
are represented in Fig. 12 vs. frequency and at room tem-
perature (30 °C). It is obvious that the values of ε’ increased 

Fig. 8  Selected area electron diffraction (SAED) and diffraction patterns’ photographs of CCTO
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with increasing calcination temperature up to 900 °C regard-
less the frequency value. ε’ and tanδ rise sharply toward 
low frequencies. Moreover, the high dielectric constant ε’ at 
low-frequency region suggests the possibility that the charge 
carriers accumulate at the interface of semiconducting grains 
and insulating grain boundary, which results in interfacial 
space charge polarization. However, the curves of tan δ vs. 
frequency have a broad relaxation. This relaxation can be 

explained by on the biases of the interfacial polarization or 
Maxwell–Wagner Sillars (MWS) [38].

On the other hand, right-side images of Fig. 13 demon-
strate the change of the dielectric constant ε’ and tan δ at 
fixed frequencies (1 Hz and 1 kHz) with calcination tem-
perature. The obtained results in this figure revealed that 
the samples calcined at 800–900 °C have higher dielectric 
constant and lower loss compared to the other samples. This 
giant dielectric constant ε’ is a clear indication of the forma-
tion of CCTO phase according to XRD results discussed pre-
viously. It can be also attributed to the dense microstructure 
of these samples. The “giant” dielectric constant value for 
ceramics with higher soaking time and temperature is mainly 
associated either with the presence of thin, reoxidized insu-
lating grain boundary regions and large semiconducting 
grains or to a secondary phase at the grain boundaries [38, 
39].

In addition, the semi-conductive nature of the grains (see 
Fig. 12) may arise from a small amount of oxygen loss dur-
ing ceramic processing in air at elevated temperatures, as is 
known to occur in other titanate-based materials [5]. It is also 
reported that the grain and grain boundary microstructure 
greatly enhance the dielectric constant [40]. However, with 
increasing calcination temperature 900–1000 °C (right-side 

Fig. 9  FT-IR spectra of CCTO precursor and calcined samples for 2 h 
in air at different temperatures

Fig. 10  Relative area CCTO precursor and calcined samples for 2 h 
in air at different temperatures
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images of Fig. 11) the values of dielectric constant ε’ begin to 
decrease whereas the loss factor tan δ increases. This behavior 
refers to the deformation of CCTO cubic crystal structure as 
the samples begin to melt. This result is well supported by 
TGA results. So, it can be concluded that the optimum calcina-
tion temperature of CCTO prepared by this developed method 
must not exceed 800–900 °C.

5  Conclusion

In this work,  CaCu3Ti4O12 (CCTO) powders were synthe-
sized by a modified sonochemical-assisted process. It is 
dried and calcined at relatively low processing temperatures 
and durations. The diffraction patterns show formation of 

Fig. 12  Frequency dependence of permittivity ε′ and loss factor tanδ for CCTO at 30 °C. The right-side images show the dependence data of ε′ 
and tanδ for CCTO at 1 and 1 kHz on calcination temperature, respectively
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perovskite structure with the nano-sized crystallites of par-
ticle size ~ 4.8 nm. This very small particle size has not 
been reached before. Moreover, the dielectric results show 
a giant dielectric constant and lower values of loss factor 
for the samples calcined at 800–900 °C. For this reason, 
it is concluded that the optimum calcination temperature 
of the prepared CCTO must not exceed this temperature 
range. In addition, the prepared CCTO nanopowder is a 
promising material for energy storage applications.
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Fig. 13  Dependence of conductivity on calcination temperature
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