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Abstract 
Calcium copper titanate (CaCu3Ti4O12, CCTO) has been synthesized utilizing eggshell waste as 

a source of calcium through the hydrothermal route, followed by annealing treatment at temperatures 
950°C and 1050°C. The sample with annealing temperatures of 950°C and 1050°C is named CTO-A 
and CCTO-B, respectively. The structure, microstructure, and dielectric properties of CCTO samples 
were investigated. The X-ray diffraction analysis results confirmed that the pure phase of CCTO 
has been successfully synthesized as identified in the diffraction pattern. The average crystallite size 
of CCTO is quite large due to annealing at high-temperature. The morphology of CCTO by electron 
microscopy investigation showed the grains tends to agglomerate as the annealing temperature increases 
due to the solid-state diffusion. Dielectric property investigation showed the CCTO samples have 
a high dielectric constant at low frequencies and decrease with increasing frequency. Sample CCTO-A 
annealed at 950oC has a higher dielectric constant than sample CCTO-B annealed at 1050oC, otherwise, 
it has a lower tangent loss than the sample CCTO-B. 

1. Introduction  
 
Studies on the properties of calcium-copper-titanate (CaCu3Ti4O12, 

CCTO) have been progressing very rapidly in recent decades, and 
it is because of its unique characteristics and promising technological 
applications. CCTO is well known as a dielectric material with high 
relative permittivity or dielectric constant and low dielectric loss, 
which is called giant dielectrics material [1-4]. Dielectric properties 
of CCTO are a characteristic that is most studied and investigated to 
explore its potential applications in electronics technology, including 
in energy storage devices [5], capacitors [6], gas sensors [7], random 
access memory [8], and microwave devices [9]. CCTO is also used 
as a photoanode for photocatalysis and photoelectrocatalysis in solar 
energy conversion [10]. Despite these significant advances, CCTO's 
technological applications are limited by its high dielectric loss, which 
is linked to its grain boundary conductivity [11]. Dielectric permittivity 
is directly proportional to dielectric loss, which is related to leakage 
current [12]. 

Various methods have been developed to synthesize CCTO, 
each of which has its advantages and disadvantages. The solid-state 
reaction is a simple method that is most often performed to synthesize 
CCTO because of easy to be carried out [13-16]. However, in the 
solid-state reaction, it is difficult to control the crystal phase and the 
homogeneous microstructure of CCTO. On the other hand, the 
electrical properties of dielectric ceramics can be improved when 
these ceramics have a homogeneous microstructure and a pure crystal 

phase. The sol-gel method is also commonly used to synthesize CCTO, 
but this method uses more reagents and complex routes than other 
methods [6,7,17-20]. In addition, other synthesis methods have also 
been developed to synthesize CCTO, including liquid-phase annealing 
[21], co-precipitation [22], microwave-assisted process [23], and 
hydrothermal route [24]. The hydrothermal method has advantages 
over other methods for various reasons, such as a homogeneous 
granularity and high crystallinity of produced powder [25]. 

Nowadays, CCTO is mostly synthesized utilizing commercial 
metal salts [18,26,27], metal oxides [28-30], and metalorganics [31-33] 
as starting materials. An alternative source of calcium to synthesize 
CCTO can utilize natural materials containing high calcium, such as 
eggshells. High calcium content in calcium carbonate (CaCO3) 
compounds makes eggshells a commodity that has the potential as 
a calcium source to synthesize calcium-based dielectric material 
including CaTiO3 [34-36] and Ca10(PO4)6(OH)2 [37-39]. Utilizing 
eggshells as calcium sources to synthesize CCTO has not yet been 
reported. The utilization of eggshell waste as a source of calcium in 
synthesizing CCTO has advantages, including reducing the cost of 
production and minimalizing the waste's environmental impact [40]. 

In this study, the eggshell waste was utilized as a calcium source 
to synthesize giant dielectric material CCTO. Synthesis of CCTO 
utilizing eggshell waste as a calcium source is still rarely done before. 
The use of eggshell waste is aimed at reducing the environmental 
impact it causes and producing functional materials that will add 
added value.  In this work, CCTO was synthesized by the hydrothermal 
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method, where the reaction occurs in a hydrothermal reactor under 
high pressure, then proceed with annealing treatment to produce 
CCTO crystals. The effect of annealing treatment on crystal properties, 
microstructure, and dielectric properties of produced CCTO samples 
was studied. Specifically, the purity of the phase was investigated, 
and lattice parameters, crystal size, and grain interface were also 
investigated due to annealing treatment and its effect on the dielectric 
constant and dielectric loss (tan δ) of CCTO samples. 
 
2.  Experimental procedures 
 
2.1 Preparation of CaCO3 from eggshells 
 

Eggshells collected from cooking wastes were washed with 
distilled water to remove macro contaminants, then dried in air. Dry 
eggshells were calcined at 800℃ for 5 h in a furnace with 5℃·min-1 
heating rates. The product of the calcination process is ground in 
a mortar by pestle to obtain white CaCO3 powder. 
 
2.2 Synthesis of CCTO 
 

CCTO is prepared through a three-stage process. CCTO was 
synthesized from three starting materials; namely, CaCO3 powder 
derived from eggshell, Cu(NO3)2, and TiO2 powder (Degussa P25). 
First, CaCO3 (1.14 g), Cu(NO3)2 (4.83 g), and TiO2 powders (1.59 g) 
were mixed and dissolved in 100 L of NaOH (0.1 M) solution. The 
mixed solution was continuously stirred at 1000 rpm for 30 min by 
a magnetic stirrer, then poured into the autoclave to be processed 
via the hydrothermal treatment. The hydrothermal treatment was 
carried out by heating the autoclave at 250℃ for 24 h to achieve 
a high pressure within the reactor. The product of the hydrothermal 
treatment is a solution with brown precipitate. The precipitate was 
washed with the alcohol solution (97%) and distilled water, and 
this step was carried out three times alternately. The precipitate was 
filtered and dried in an air atmosphere at a temperature of 80℃ to 
obtain dry CCTO powder. Second, the brown powder was calcined 
at 900℃ in a furnace for 8 h, then ground in a mortar by pestle to obtain 
a finer powder. Finally, CCTO powder was divided into two with 
the same weight and formed into pellets with 1.21 cm diameter and 
0.23 cm thickness. Two obtained pellets were annealed at 950℃ and 
1050℃ for 12 h in a furnace. The sample with 950℃ and 1050℃ 
is named CCTO-A and CCTO-B, respectively. These annealed 
temperatures triggered a chemical reaction as shown in equation (1) 
on the resulting CCTO: 

 
CaCO3 + 3CuO + 4TiO2  →  CaCu3Ti4O12 + CO2          (1) 

 
2.3 Characterization of CCTO 

 
The CCTO samples characterized their crystal properties, micro-

structure, and dielectric properties. Crystal properties were investigated 
by X-Ray diffraction analysis using the GBC Emma (enhanced 
multi-materials analyzer) X-ray diffractometer (XRD). The X-ray 
diffractogram was analyzed to investigate the crystal properties of 
CCTO samples, including their crystal phase, lattice parameter, and 

average crystallite size (ACS). The surface morphology of CCTO 
was taken using a scanning electron microscope (SEM) then the 
microstructure was explored, including grain distribution and inter-
grain diffusion. Investigation of dielectrics properties of CCTO was 
carried out by using LCR Meter (Hioki Hi-Tester 3522-50) to obtain 
capacitance-frequency curves. Capacitance value was measured in 
the frequency range at 102 Hz to 104 Hz at an oscillation voltage of 
100 mV and room temperature, then the dielectric constant (relative 
permittivity) and dielectric loss (tangent loss) in the frequency range 
was determined.  

 
3.  Results and discussion 
 
3.1 Crystal properties 
 

The XRD analysis is conducted to ensure the crystal phase, lattice 
parameters, and average crystallite size (ACS) of CCTO samples 
annealed at different temperatures, 950℃ (CCTO-A) and 1050℃ 
(CCTO-B). The X-ray diffractogram of CCTO-A and CCTO-B is 
shown in Figure 1. Based on the diffraction pattern, both samples have 
a pure phase of CCTO crystal, there were no other phases originating 
from starting materials such as CaO from eggshell, CuO, and TiO2. 
Also, there are no secondary phases formed, such as CaTiO3, CuO, 
and Cu2O, coming from the reaction process in each synthesis step. 
These have been confirmed on major diffraction peaks that have 
hkl values (211), (220), (310), (222), (321), (400), (411), (332), 
(442), and (440), respectively.  The diffraction peaks match to the 
cubic-perovskite structure of CCTO corresponding to JCPDS card 
no. 75-2188 [41]. These results confirm that CCTO formation can 
effectively occur in the temperature range from 850℃ to 1120℃ as 
in previous studies [18,42].  

 

 

Figure 1. X-Ray diffractogram of CCTO samples annealed at 950℃ and 
1050℃. 
 
Table 1. Average crystal size (ACS) of CCTO-A and CCTO-B samples 
annealed at 950℃ and 1050℃, respectively. 
 
Samples FWHM (rad) ACS (Å) 
CCTO-A 0.00402 377.545 
CCTO-B 0.00398 380.414 
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Meanwhile, there is no significant contrast between diffraction 
patterns of CCTO-A and CCTO-B samples, except the diffraction 
peaks of CCTO-B (annealed at 1050℃) are higher than CCTO-A 
(annealed at 950℃) peaks. The lattice parameters of CCTO samples 
were calculated by using Cohen’s method [43]. CCTO have a cubic-
perovskite crystal structure with parameter values a = b = c. The 
calculation results found the lattice parameters were 7.425 Å and 
7.455 Å for CCTO-A and CCTO-B, respectively. The lattice parameter 
slightly increased with increasing temperature from 950℃ to 1050℃. 
Increasing the annealing temperature possibly results in the atomic 
level diffusion that affects the stretching of the distance between the 
atoms and enlarges the lattice parameters [18,42]. Therefore, there 
is a slight increase in lattice parameter due to the increasing annealing 
temperature. 

Furthermore, the average crystallite size (ACS) of CCTO samples 
was determined using Scherrer method based on values of Full-
Width at Half Maximum (FWHM) for each peak of CCTO samples 
in the diffraction pattern. Debye-Scherrer’s formula is given by 
equation (2) as follows [44]: 

 
D  =  0.9 λ/β cos θ (2)  

 
where D is the ACS value, λ is the wavelength of X-ray from 

copper as an X-ray source (λCu = 1.5406 Å), β is the FWHM value 
(in radian) from peak widening, and θ is the diffraction angle. The 
calculation results of the ACS value are summarized in Table 1. 
The annealing temperature significantly affected the FWHM value, 
so which also affected the ACS values of CCTO. Increasing the 
annealing temperature resulted in the diffraction spectrum becoming 
narrower; thus, the FWHM value was smaller, resulting in the ACS 
value being larger. Generally, the ACS value of CCTO is greater than 
300 Å, which corresponds to a sharp and narrow diffraction peak. 
The relatively large ACS value is due to the high annealing temperature, 
this is because the distance between the atoms in the crystal expands 
[44]. 
 
3.2  Morphology 
 

The surface morphology images of the CCTO were recorded 
using the scanning electron microscope (SEM) apparatus. Figure 2 
shows the SEM images of the surface morphology of CCTO samples 
(CCTO-A and CCTO-B). In general, CCTO samples have a micro-
structure with interconnected grains. This is possible because the 
heating temperature is quite high which results in solid diffusion in 
the CCTO samples so that the grains coalesce. 

 

 

Figure 2. SEM images of CCTO samples annealed at (a) 950℃ and (b) 
1050℃. 

Sample CCTO-A annealed at 950℃ has a microstructure with 
granules that start to coalesce but still show a cube-shaped grain with 
an average size of around 0.3 µm.  This coalescence of grains occurs 
through diffusion between grains due to the high temperature of the 
annealing treatment. The image of morphology shows the microstructure 
with the grains starting to merge with each other, although the grains 
can still be identified. This phenomenon usually occurs in the material 
processed at high temperatures. It was reported that the morphology 
changed significantly with different annealing temperatures [45]. 

The solid-state diffusion was more evident in the sample CCTO-B 
annealed at 1050℃, in which the grains almost completely fused in 
the sample, and even tended to start to melt. In the image it appears 
that almost all the grains have coalesced, the inter-grain boundary 
mostly cannot be observed, although some grains still have grain 
boundaries. In the CCTO-B sample, the stronger inter-grain diffusion 
has been occurred due to the higher temperature in heating treatment. 
Consequently, the grains more merged even mostly have been melted. 
 
3.3 Dielectric properties 
 

The study of dielectric properties is based on an interaction between 
the electric field and materials. These interactions result in polarization 
of the electric charges in order to compensate for the electric field 
applied to the material, that is the positive and negative charges move 
in opposite directions. Each of polarization mechanism possesses 
its own limiting frequency or depends on the frequency.  

The properties of dielectric materials are characterized by their 
relative permittivity, dielectric loss, and dielectric strength. Permittivity 
is a material property that affects the Coulomb force between two 
point charges in the material. The relative permittivity (εr) or dielectric 
constant (κ) is the factor of decreasing the electric field between charges 
relative to a vacuum. The relative permittivity (εr) is defined as the 
ratio of the permittivity of material ε(ω) to the permittivity of vacuum 
(εο), as follow 

 
εr(ω) = ε(ω)/εο (3) 

 
where ε(ω) is the complex frequency-dependent permittivity of 

the material, and εο is the vacuum permittivity (8.854 × 10-12 F·m-2). 
Relative permittivity is a dimensionless number that is in general 
complex-valued; its real and imaginary parts are denoted as 

 
ε𝑟𝑟(ω) =  ε′ 𝑟𝑟 (ω) −  𝑖𝑖ε″ 𝑟𝑟(ω) (4) 

 
where ε′(ω) and ε″(ω) are real and imaginary parts of the complex 

permittivity εr(ω) as a function of frequency. While the dielectric 
loss tangent is defined as 

 
tan δ  = ε″/ε′                                     (5) 
 

Dielectric properties were studied to investigate the polarization 
ability of CCTO under an applied electric field at room temperature. 
Figure 3 depicts the relative permeability (εr) of CCTO-A and CCTO-B 
dependent on frequency. In general, the relative permittivity of CCTO 
samples is quite high, above 3000, even CCTO-A sample heated at 
950℃ have relative permittivity above 25,000 at low frequencies.  

                
           

 
        

(a) (b) 
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Figure 3. The dielectric constant depends on frequency of CCTO samples 
annealed at 950℃ and 1050℃. 

 

 

Figure 4. The dielectric loss (tan δ) depends on the frequency of CCTO 
samples annealed at 950℃ and 1050℃. 

 
These results indicate that samples synthesized utilize eggshells as 
a calcium source and can produce giant dielectric materials. The high 
εr values are shown by CCTO-A at low frequency even though 
it decreases gradually at a higher frequency. This result relates to 
the strong polarization of CCTO that makes the current move under 
an external electric field to form a dipole in low frequency; thus, it 
means that charge carriers are accumulated in the semiconducting 
and insulating grain boundary interface [46]. Moreover, the εr values 
were obtained due to the electrons congregating around the crystal 
boundary of CCTO to form a strong interfacial polarization based 
on the internal barrier layer capacitor model [18,41]. 

Meanwhile, a lowering of εr values at a higher frequency due to 
relaxation polarization of CCTO. When the frequency of the electric 
field increases to a certain value, and beyond their relaxation frequency, 
in this situation, the movement of the dipole cannot respond to the 
change of the electric field direction reversal timely. Therefore, at 
high frequency, the dipole polarization is greatly weakened, and the 
dipole rotation needs to overcome resistance in the material [47]. 

Furthermore, the εr values are smaller in CCTO-B than CCTO-A. 
The frequency of the electric field may cause it to be more than the 
frequency relaxation of CCTO-B, thus it resulting in low dipole 
mobility [24]. However, the εr of CCTO-B is more stable at a higher 
frequency than CCTO-A. Prakash et al reported that a lower of εr 
relates with thinning down of outer surface in CCTO [48]. This is 
due to the segregation of Cu in the annealing process and oxidation 
near the surface, which are contributing to the polarization of CCTO 
[41,48]. Therefore, it results in a lower of εr at low frequency but 
helps polarization stability this CCTO at a higher frequency. 

On the other hand, Figure 4 shows a dielectric loss (tan δ) at 
room temperature, which is determined to understand the energy-loss 
behavior of the samples [46]. CCTO-A sample resulted in a low tan δ 
at low frequency, whereas CCTO-B has a higher tan δ at low temperature. 
This means that CCTO-A has a higher polarization loss than CCTO-B 
in the low-frequency region. CCTO-B has a peak at an intermediate 
frequency, indicating a relaxation peak due to orientation polarization 
resulting from oxygen defects [46]. In previous reports, CCTO is 
suitable for capacitor applications when it has tan δ below 0.05 at 
low frequency [18,49]. In this case, CCTO-A and CCTO-B presented 
higher tan δ above 1.5 at low frequency, resulting in unsuitable for 
further application. 
 
4. Conclusions 

 
CCTO was successfully produced by a hydrothermal method 

utilizing eggshell as calcium source followed annealing treatment 
at 950℃ and 1050℃. Both CCTO samples either annealed at 950℃ 
(CCTO-A) or 1050℃ (CCTO-B) showed the single-phase crystal 
structure that was confirmed by x-ray diffraction pattern analysis. 
SEM images revealed the cube-shaped grains of CCTO-A starting 
to diffuse each other with an average size of around 0.3 µm. In contrast, 
CCTO-B resulted in stronger inter-grain diffusion that triggered the 
grains to merge more agglomerated and the cubic-shaped grains tend 
to melt. The relative permittivity of CCTO-A (annealed at 950℃) 
is greater than CCTO-B (annealed at 1050℃). In this case, CCTO-A 
and CCTO-B present a tan δ greater than 1.5 at low frequencies, making 
them unsuitable for further applications. Thus, this study still has the 
opportunity to continue to obtain a tan δ value below 1.5 at the frequency. 
As a result, CCTO has many potentials, and one of them is a capacitor. 
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