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Abstract 

A facile way for the synthesis of nano-crystalline CaCu2.90Zn0.10Ti4O12 (CCZTO) using a solution 

combustion technique based on the glycine–nitrate process with inexpensive solid TiO2 powder 

as the raw material is introduced in this manuscript, for the first time. The precursor powder was 

calcined between 200 ºC and 850 ºC for 3 h in air. Phase formation, crystalline nature, 

morphology and chemical purity of the fabricated CCZTO were investigated with TG/DTA, FT-

IR, FT-Raman, XRD, SAED patterns, SEM, TEM, EDX and XPS analyses, respectively. The 

XRD results indicated that all sintered samples had a major CaCu3Ti4O12 structure with some 

Page 1 of 56 RSC Advances

R
S

C
A

dv
an

ce
s

A
cc

ep
te

d
M

an
us

cr
ip

t



2 
 

amount of CaTiO3 and CuO. The bright-field TEM micrographs revealed that the particle size 

was in the range of 15–50 nm, which was in good agreement with the average crystallite size 

obtained from XRD. SEM micrographs of the sintered CCZTO ceramics showed the average 

grain sizes were in the range of 800 nm – 7 µm. EDX and XPS studies confirmed the 

stoichiometry and purity of the ceramics. The natures of relaxation behavior of the ceramics 

were rationalized by using impedance and modulus spectroscopy. The activation energies 

calculated from the grain-boundary relaxation time constant were found to be in the range of 

0.79 – 0.52 eV, which confirmed the Maxwell-Wagner type of relaxation present in the ceramic.  

Our inexpensive novel solution chemistry based method for CCZTO_16h gives the high 

dielectric constant (799) and low dielectric loss (0.091) at 100 Hz at room temperature, which 

has the potential significance for cost-effective technological applications in microelectronic 

devices. 

 

Keywords: Nanocrystalline, Microstructures, Electron microscopy, Thermal analysis  

*Corresponding author, E-mail: nmryil@ulsan.ac.kr (Youngil Lee) 

 

 

 

 

 

 

 

 

Page 2 of 56RSC Advances

R
S

C
A

dv
an

ce
s

A
cc

ep
te

d
M

an
us

cr
ip

t



3 
 

1. Introduction  

 “Nano-materials” possessing 1-100 nm particle sizes, have unique chemical, physical, 

optical, mechanical and dielectric properties. Multifunctional materials are in demand for future 

nanotechnology. In the development of device miniaturization and high-density data storage 

systems, it is highly desirable to integrate the multifunction of a single material. The perovskite 

nano-materials form the building blocks for new bottom up approaches, due to their intrinsic 

size-dependent properties and their resulting applications. In recent years, the study of newer 

types of nano-sized dielectric materials and their isomorphs has been of great interest. The 

requirement for new, innovative and easily obtainable dielectric materials that produce high 

dielectric permittivity with very low dielectric loss (tan δ) has always received great attention, 

due to their potential application in miniaturizing electronic devices.   

The CaCu3Ti4O12 (CCTO) perovskite has attracted much interest due to its high dielectric 

constant (˃104), which is almost frequency independent up to 106 Hz, and shows good thermal 

stability over the temperature range, 100 – 600 K1,2. The obstacle for using this material in the 

miniaturization of electronic devices is the high dielectric loss. The continuous miniaturization of 

advanced electronic devices will require dielectric layers of multi-layer ceramic capacitors 

thinner than 500 nm in the near future. Therefore, fine calcium copper titanate (CCTO) 

nanoparticles smaller than 100 nm are eagerly desired. CCTO complex perovskite structure is 

very flexible, i.e. its dielectric constant (εr) and dielectric loss (tan δ) is highly dependent on the 

various cationic substitutions, such as La at Ca and Cr, and Hf at the Ti site3-6, The cationic 

substitutions at the Cu site and its concentration in CCTO ceramic affect the dielectric properties, 

because Cu ion is one of the most effective intergranular dopants for barrier layer capacitors and 

can act as an acceptor ion7. The presence of Cu+/Cu2+ ratios and their correlation with oxygen 
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vacancies had great influence on the dielectric properties of polycrystalline CCTO via the 

internal barrier layer capacitance (IBLC) mechanism, because the IBLC is a widely accepted 

mechanism at the present stage which is responsible for the high εr. The substitution of Zn, Mn 

and Mg at the Cu-site enhanced the dielectric properties of CCTO without changing its crystal 

structure, reported earlier by solid–state routes8-12.  The dielectric properties are also modified by 

using synthesis routes13,14 and processing conditions such as sintering temperature15,16, sintering 

time17, cooling rate and partial pressure of sintering atmosphere18. The electrical properties of 

CCTO are highly dependent on the processing routes. An appropriate method of synthesis is still 

required for the fabrication of nano-crystalline CCTO having the desirable features for 

miniaturizing the electronic devices. CCTO ceramic is generally synthesized by a solid-state 

reaction method at high temperatures for a long sintering time. This route suffers from the 

disadvantage of the presence of a secondary phase, because of limited atomic diffusion through 

micrometer sized molecules19-21. On the other hand, the wet chemical routes provide atomic level 

mixing of individual metal ions, and result in the formation of nano-crystalline materials at much 

lower sintering temperatures and a shorter duration than the solid state methods. There are many 

wet chemical routes, such as sol-gel, co-precipitation, precursor solution technique, hydrothermal 

process, microwave heating, pyrolysis routes and flame synthesis22-28, which have already been 

reported for the synthesis of CCTO ceramics.  However, in these chemical methods, Ti is used as 

Ti(OR)4, which is very costly and difficult to handle by maintaining pH. Among many powder 

wet synthetic techniques, combustion synthesis (CS) has been of particular interest recently; it 

can produce various industrially useful materials with some unique properties at a low cost. 

Combustion synthesis involves a self-sustained reaction in a homogeneous solution of different 
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oxidizers (e.g., metal nitrates) and fuels (e.g., citric acid, urea, glycine etc.). It has been 

successfully used in the synthesis of perovskite materials29.  

Here in, we report the facile synthesis and systematic investigation of nano-crystalline 

CaCu2.90Zn0.10Ti4O12 ceramic by a glycine–nitrate solution-combustion process, applying 

inexpensive and stable solid TiO2 powder as the Titanium source, which is converted into 

titanium oxy-nitrate in our lab. To the best of our knowledge, not much work has been reported 

on the synthesis of CCTO ceramic using inexpensive solid TiO2 as a raw material and 

systematically varying the sintering condition. Our method is different from other chemical 

methods where an alkoxide, oxynitrate, or chloride of titanium is used, which are very expensive. 

In this method, the cheap raw material, solid TiO2, is used. It is converted into TiO(NO3)2, and 

other metal ions were taken in solution form. This is one of the biggest advantages over the other 

wet chemical methods. This method is useful for obtaining a homogeneous and fine precursor 

powder, and also provides a novel technique for processing ceramic materials. These advantages 

could be achieved because the mixing process is performed in a solution state, as nitrate 

solutions of metal ions, along with inexpensive TiO(NO3)2. The ceramics obtained by this route 

were characterized by TG/DTA, IR/RAMAN, XRD, SEM, EDX, XPS and TEM techniques, 

along with measurement of their dielectric properties and impedance analysis. 

2. Experimental 

2.1. Synthesis of materials 

The nano-crystalline CaCu2.90Zn0.10Ti4O12 electro-ceramic was synthesized using solution 

combustion synthesis through various different steps. Analytical grade chemicals, 

Ca(NO3)2.4H2O (99.5%, Qualigens), Cu(NO3)2.3H2O (99.5%, Merck), Zn(NO3)2 (99.5%, 

Merck), TiO2 (99.5%, Merck) and glycine (99.5%, Merck) having a purity of 99.5% or better 
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were used as starting materials. Standard aqueous solutions of Ca2+, Cu2+, Zn2+ and glycine were 

prepared in doubly distilled water. In order to avoid the use of water insoluble TiO2 and cost-

bearing titanium isopropoxide, Ti(OR)4, the TiO2 was dissolved in H2SO4 and converted to 

titanium oxysulphate TiO(SO4) (equation-1). The solution was then diluted with the addition of 

distilled water in an ice bath. Ammonium hydroxide (NH4OH) was added to the chilled solution, 

wherein a white precipitate of titanium oxyhydrate solid (equation-2) was formed. The 

precipitate was washed repeatedly to make it sulphate-free. Then, the washed white precipitate 

was dissolved in dilute nitric acid (HNO3), which was then changed to titanium oxynitrate 

solution (equation-3), which is as good as Ti(OR)4
30  for the synthesis of CCZTO. 

TiO2 +H2SO4→ TiO(SO4) + H2O                                                                                     (1) 

TiO(SO4) + 2NH4OH → TiO(OH)2 +(NH4)2SO4                                                             (2) 

TiO(OH)2 +2HNO3→ TiO(NO3)2 +2H2O                                                                         (3)   

A schematic flow chart of the process is shown in Fig. 1 to convert solid TiO2 into 

TiO(NO3)2. The concentrations of the Ti4+ metal ions in their respective stock solutions were 

determined gravimetrically. The stoichiometric amounts of standard aqueous solutions of Ca2+, 

Cu2+, Zn2+, and Ti4+  as TiO(NO3)2 for the synthesis of CCZTO were mixed in a beaker along 

with aqueous  glycine (equivalent to metal ions).  The resulting solutions were heated on a hot 

plate with a magnetic stirrer at 70–80 °C to evaporate the water, and until self-ignition took 

place. The process of ignition occurred in air at room temperature, and burnt under self-

propagating combustion, which exhausted a large amount of gases and produced the fluffy mass 

of CCZTO ceramic powder. In this method, the mixing process was performed in solution as a 

nitrate solution. The technique involves the mixing of solutions of a metal precursor and an 

organic poly-functional acid possessing at least one hydroxyl and one carboxylic acid group, 

such as citric, glycine, tartaric and glycerol, which results in complexation of the metal by the 
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poly-carboxylic acid. Glycine, as a complexing agent, can form a complex with cations at both 

the carboxylic end and the amino group end and provide the fuel for the ignition step. The 

ignition step increased the temperature to form a very fine crystalline precursor powder at a very 

low temperature31. The foamy product of CCZTO was collected and calcined in air from 200 to 

850 °C for 3 h in an electrical furnace. The calcined powder at 850 °C with 2 wt.% polyvinyl 

alcohol (PVA) was pressed into cylindrical pellets using a hydraulic press. The PVA binder was 

burnt out at 350 °C for 2 h. Finally, the pellets of CCZTO were sintered in air at 950 °C for 8, 

12, 16 and 20 h, hereafter abbreviated as CCZTO_8h, CCZTO_12h, CCZTO_16h and 

CCZTO_20h, respectively. A schematic diagram of the synthesis processes is displayed in Fig. 

2. 

2.2. Structural and microstructural characterization 

Differential thermal analysis (DTA) and thermo gravimetric analysis (TGA) of 

precursor powder was performed in an air atmosphere using a TGA/DTA Analyser, Perkin-

Elmer, USA. The crystalline phase of the sintered samples was identified using an X-ray 

Diffractometer (Rich-Siefert, ID-3000) employing Cu Kα radiation. Microstructural 

examination of the fractured surfaces of the sintered ceramics was investigated using a 

scanning electron microscope (SEM, Model JEOL JSM5410). The energy dispersive X-ray 

analyser (EDX, model Kevex, Sigma KS3) was used for elemental analysis. The particle size 

was examined using a high resolution transmission electron microscope (HRTEM, FEI 

Tecnai F30). X-ray photoelectron spectroscopy (XPS) analysis of CCZTO_20h was 

performed using a Thermo Fisher K-Alpha in wide scan survey mode and high-energy 

resolution with Al Kα (1486.6 eV).  
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2.3. Infrared and Raman spectroscopy 

The infrared spectra (FT-IR) were measured using circular pellets, made from a mixture 

of KBr (potassium bromate) and the powder of each sample. The infrared spectra (FT-IR) were 

recorded in the 400 – 4,000 cm-1 range with a Varian 3100 FTIR instrument. The Raman 

spectroscopy, of the powder samples, was carried out in a T64000, Jobin Yvon SPEX 

spectrometer using an Ar back-scattering geometry, between 100 and 1,000 cm-1. 

 

2.4. Dielectric and electrical measurements 

The dielectric and electrical data of the CCZTO_8h, CCZTO_12h, CCZTO_16h and 

CCZTO_20h ceramics were collected using an impedance analyzer (Hioki 3522-50 LCR 

HiTESTER, Japan) over a frequency range of 102 – 106 Hz, and in the temperature range of 300 

– 550 K. 

 

3. Results and discussion 

The ideal temperature for the glycine gel decomposition was determined by the thermo-

gravimetric analysis (TGA) and differential-thermal analysis (DTA). Simultaneous TGA/DTA 

characterization was carried out on CaCu2.90Zn0.10Ti4O12 ceramic of dried precursor powder with 

a heating rate of 10 °C min-1 in static air from room temperature (RT) to 1000 °C (Fig. 3).  The 

TG curve shows two stages of weight loss. The first one occurred in the temperature range from 

RT to 185 °C, while the second one occurred from 250 to 450 °C. A third stage occurred from 

450 to 745 °C, with no further weight loss observed in the temperature range of 745 to 1000 °C. 

The first stage of weight loss was related to the elimination of residual water and the dehydration 

of hydrated water present in the precursor powder. The second, larger stage of weight loss may 
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be due to the combustion of organic components and excess glycine present in the precursor 

powders, along with the formation of the intermediate compound, CaCu2.9Zn0.10O4. On the DTA 

curve, a more intensive exothermic peak was observed between 150 and 450 °C, indicating that 

the thermal events were associated with the burnout of organic species involved in the precursor 

powder. The second weight loss was related to an exothermic reaction of the oxidation of glycine 

and formation of intermediate CaCu2.90Zn0.10O4. In the third case, a very small step up curve 

formed between 714 and 866 °C on the TG curve, indicating an increase in weight due to the 

addition reaction, because the final product CaCu2.90Zn0.10Ti4O12 formed after 800 °C by the 

combination of the intermediate compound CaCu2.90Zn0.10O4 with TiO2 to give the final product 

at higher temperature. The absence of peaks in the DTA curve beyond 800 °C also supported the 

findings of TG analysis, confirming that the final product formed around 800 °C. The chemical 

reactions involved in the formation of the CaCu2.90Zn0.10Ti4O12 ceramic are given in three steps 

as shown in the following equations: 

TiO(NO3)2(aq) + 2C2H5NO2(aq) + 2NH4NO3(aq) + O2                 

                                       TiO2(s) + 3N2(g) + 4CO2(g) + 9H2O(g)                                       (4) 

          CaCO3 + 2.9CuO + 0.10ZnO               CaCu2.9Zn0.10O4 +CO2                      (5) 

           CaCu2.9Zn0.10 O4 + 4TiO2                        CaCu2.9Zn0.10Ti4O12                         (6) 

The results of the thermal studies showed that CaCu2.90Zn0.10Ti4O12 ceramic synthesized by the 

solution combustion route involved a lower sintering temperature and shorter sintering duration 

to get a good electro-ceramic.  

The FT-IR spectra of the CCZTO precursor powder calcined at 200 – 850 °C for 3 h in 

air are shown in Fig. 4. It can be seen from the spectrum of the precursor calcined at 200 °C that 

a strong and broad absorption band appeared in the region of 2647–3600 cm-1, centered at 
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3203 cm-1, originating from the O–H vibration of the weakly-bound water and C–H vibration of 

alkyl groups in the precursors. The peak at 1636 cm-1 corresponded to the bending mode of 

H2O
32. In addition, a sharp absorption peak prevailed around 1382 cm-1, due to C–H rock. The 

absorption peaks at 1192 and 1120 cm-1 were assigned to C–N stretch. The absorption peak in the 

lower wave number 577 cm-1 was marked by an νM–O stretch, where M = Ti or Cu. Typical bands 

characteristic of oxygen–metal bonds were observed in the 450 – 640 cm-1 region. The infrared 

spectrum of the samples calcined at 200, 400, 600 and 800 °C showed broad peaks at wave 

numbers 3203, 3312, 3367, 3277 and 3422 cm-1, due to O–H stretch, while reduction of the 

broadness was observed with increasing calcination temperatures. All four spectra from 200 to 

800 °C showed peaks at 1636 cm-1 corresponding to the bending mode of H2O, 1382 cm-1 due to 

C–H rock, 1192 and 1120 cm-1 assigned to C–N stretch, along with an absorption peak in the 

lower wave number of 577 cm-1, which was marked by νM–O stretch. The phase formation of 

CCZTO was further confirmed by FT-IR, which is shown in Fig. 5(e) for the powder calcined at 

850 °C. The absorption peaks at wave numbers 3277, 1636 and 1382 cm-1 completely vanished 

for the sample at 850 °C. The absorption peak at 473 cm-1 was due to the νTi–O–Ti vibrational 

mode33. The Ca–O was observed at 606 cm-1 34. There were absorption bands in the region from 

380–700 cm-1, arising from the mixed vibrations of the CuO4 and TiO6 groups prevailing in the 

CCTO structure35. This is considered to be stiffening of the network and structural 

rearrangement, which lead to the perovskite phase formation. A higher calcination temperature is 

required to increase the crystallinity of the CCTO phase further.  

In order to observe the effect of the phonon vibration on the formation of the structure of 

CCZTO, Raman spectra were measured. Raman scattering spectra of the CCZTO precursor 

powders thermally treated from 400 to 850 °C for 3 h in air are shown in Fig. 5. The sample 
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heated at 400 ºC showed a very low intensity peak at 395 and 575 cm-1. The intensities of the 

peak increased with an increase in the sintering duration. The samples heated at 600 and 800 °C 

show the Raman activation modes at 395, 511, 638 and 445, 610 cm-1, respectively. According to 

the literature36, all the modes associated to titanium oxide (anatase phase) showed very intense 

bands at 720, 638, 515, 395, 196 and 143 cm-1. They correspond to the Raman active normal 

modes of representations A1g, 2B1g, and 3Eg of the space group D4h
37. The modes at 610 cm-1 of 

the sample heated at 800 °C can be the dislocated modes of the presence of the CaTiO3 phase. 

Three strong peaks observed in the wave region of 400 – 600 cm-1 were the characteristic bands 

of the CCTO phase, which could be detected in the spectra of the sample thermally treated at 850 

°C for 3 h. We can point out three evident peaks, all of them associated with the CCTO phase: 

445, 511, and 575 cm-1. These agree with other reported results for CCTO38. Powders heat 

treated at 800 °C for 3 h presented a relevant peak at 445 cm-1, typical of the CCTO phase, but 

the general spectra was significantly poorer than that of the powder heat treated at 850 °C for 3 

h. The Raman lines at peaks of 445 and 511 cm-1 were associated with the Ag symmetry (TiO6, 

rotation-like) and the peak at 575 cm-1 with Fg symmetry (O–Ti–O, antitensing). Although a high 

degree of structural disorder at short range was noted in the powders heat treated at low 

temperatures, the spectra showed Raman active modes. A wide Raman active mode of the 

CCZTO powders heat treated at 800 °C confirmed no structural organization at long range, but 

structural order at short range. Nevertheless, the Raman spectra obtained from the CCZTO 

powder thermally treated at 800 °C evidenced Raman active modes associated to the rutile phase 

of (610 cm-1). It was observed that a raise in temperature promoted the increase of structural 

order, as demonstrated by the appearance of well-defined Raman peaks (see powders treated at 

800 and 850 °C). 
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XRD patterns of CaCu2.90Zn0.10Ti4O12 sintered at 950 ºC with different sintering durations 

(8, 12, 16 and 20 h) are shown in Fig. 6. All patterns were matched well with the major CCTO 

peaks based in the Powder Diffraction File database (#75-2188). However, two minor peaks 

found in the pattern were identified as the CuO and CaTiO3 phase, appearing for all CCTO 

pellets regardless of the sintering time. The content of CCZTO was almost constant with an 

increase in the sintering duration from 8 to 20 h. Even when the sintering duration reached 20 h, 

the peak for CuO was still present. This indicates that the sintering duration has little effect on 

the purity of CCTO, between 8 and 20 h. As expected, the pure CCTO phase can only be 

obtained when the ratio of calcium, copper and titanium is very close to the stoichiometric one. It 

was also reported that the phase composition (single or multi-phased material) of the CCTO 

powder is mostly controlled by the Ti content39,40. The authors believed that the secondary 

phases occur when the sol–gel process ion diffusing displacement is shortened. These ceramics 

show distinct peaks of (220), (400), (422) and (440) orientations and confirm the polycrystalline 

characteristics of the ceramics. The lattice parameters and unit cell volume, determined using the 

least square refinement method, are given in Table 1, which were in close agreement with the 

results reported earlier41. From the line broadening of the main peaks, the average crystallite size 

of the ceramics was estimated using the Debye Scherrer formula42:   

                                                            D = k λ/ β cosθ                                                                 (7) 

where λ is the wavelength of the X-ray, k is a constant taken as 0.89, θ is the diffraction angle 

and β is the full width at half maxima (FWHM). The average crystallite size derived from the 

XRD data and particle size from TEM analysis are given in Table 1. 

The variations of lattice parameter with sintering time are shown in Fig. 7. It can be 

observed in the figure that the lattice parameter increased with an increase in the sintering time. 
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The change in unit cell parameter with time of annealing was due to an increase in density. 

During the heat treatment, each crystallite gets enough dwelling time to become properly 

crystallized43. It was clearly observed that the average crystallite size increased with an increase 

in sintering duration, confirmed by the TEM analysis. This is mainly due to overgrown grains, 

resulting from the destruction of the grain boundaries at higher sintering times. These data 

clearly show that increasing sintering time is responsible for increasing crystallite size for 

CaCu2.90Zn0.10Ti4O12 ceramic.  

The TEM images of the CCZTO powders calcined at 200, 400, 600 and 850 °C for 3 h 

and sintered at 950 °C for 20 h are shown in Fig. 8. It can be clearly seen from the TEM bright-

field images that all of the samples consisted of nano-crystalline CCZTO particles. After 

sintering at 950 °C for 20 h, bulk CCZTO ceramic with different microstructure was obtained. 

The average particle size increased as a function of the calcination temperature (T), and the 

average diameter was equal to 50±15 nm,  10±5 nm, 20±5 nm, 25±5 nm  and 30±15 nm for T = 

200, 400, 600 and 850 °C for 3 h, and 950 °C for 20 h, respectively. As expected, the sample 

sintered at 950 °C for 20 h consisted of nanoparticles with the largest particle sizes. The average 

crystallite size obtained using the Debye Scherrer formula was in nearly good agreement with the 

particle size obtained by TEM (T = 950 °C). The morphology of the images showed that few 

particles appeared in spherical shape; however, some elongated particles were also present, as 

shown in the TEM images. Some moderately agglomerated particles, as well as separate particles 

were present in the images. Agglomeration is understood in terms of an increase in size with 

annealing temperature; hence some degree of agglomeration at higher annealing temperatures is 

unavoidable. The particles of the calcined samples had a high degree of agglomeration caused by 

mutual influence between particles which arises from forces such as van der Walls forces, 
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capillary forces and electrostatic forces. Furthermore, the presence of water molecules and 

hydroxyl groups in powder calcined at high temperatures partially affects the agglomeration of 

particles.  

The indexed selected area electron diffraction (SAED) pattern and the inset in Fig. 9 

show the interatomic distance between two lattices of the CCZTO ceramics sintered at different 

temperatures. SAED pattern images of CCZTO nano-crystals calcined at different temperatures 

were characterized by diffraction rings with discrete spots. The sharp circular distinct ring 

patterns manifesting the crystallinity of the individual nanoparticles and the SAED rings, being 

discrete spots and not continuous, suggest not only the complex polycrystalline nature but also a 

preferential orientation of the synthesized CCZTO nanoparticles. The SAED pattern of the 

sample calcined at 200 °C was completely amorphous, while the samples calcined at 400, 600 

and 850 °C showed crystallinity. Electron diffraction patterns of the particles with higher 

calcination temperatures contained more intense spots, as shown in the 850 °C and sintered 

sample 950 °C, indicating the larger particle size of highly crystalline structure, compared to the 

low temperature calcined samples. The indexed electron diffraction patterns also supported the 

cubic structure. Clear lattice fringes were observed in all the samples in the inset, indicating the 

defect-free nature of the sample with a high degree of crystallinity, except for the sample 

calcined at 200 °C. The interplanar d-spacings (hkl) measured from the selected-area electron 

diffraction patterns were in good agreement with the values of the XRD patterns. The lattice 

spacings were equal to 0.31, 0.33, 0.16 and 0.26 nm, corresponding to the (211), (211), (422) and 

(220) planes of the cubic phase of CCZTO nanoparticles, which is in agreement with the XRD 

data. The interplanar d-spacing did not depend on the calcination temperature, but depended on 

the orientation of the imaged crystals. 
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The SEM images of the surface microstructures of the ceramics sintered at various 

sintering times are shown in Fig. 10. As shown in Fig. 10, the microstructures of 

CaCu2.9Zn0.10Ti4O12 changed significantly with changes in sintering duration. All the SEM 

images of CCZTO showed a bimodal distribution of grains, with small grains of several 

micrometres distributed among the larger grains of several tens of micrometres. A similar 

structure was also observed in the CCTO ceramics sintered at low temperatures44. The grain 

sizes of the specimen sintered at 950 °C with different durations were found to be in the ranges 

of 800 nm-2.5 µm, 2-4 µm, 3-5 µm and 4-7 µm for the ceramics sintered at 8, 12, 16 and 20 h, 

respectively. It can be seen that the grain size increased with an increase of sintering time, and 

correspondingly, the grain boundary was reduced. Increasing the sintering time significantly 

promoted the grain growth and microstructural densification. 

Energy dispersive X-ray spectra (EDX) of CCZTO ceramic sintered at 950 °C for 8, 12, 

16 and 20 h are shown in Fig. 11. Analyses of the result clearly showed the presence of Ca, Cu, 

Zn, O and Ti as per stoichiometric ratio in the CCZTO ceramics, with an extra peak of Pt at 

2.15 keV. Pt coating was performed by ion beam sputtering for increasing the conductivity, 

which was necessary to avoid charging of samples. The EDX results confirmed the purity of the 

materials. Quantitative analysis, which gave the atomic percentages of the various elements, is 

shown in Table 2.  

XPS analysis was carried out to investigate the quantitative analysis of the elements, and 

the oxidation states of polyvalent ions in the ceramic CaCu2.90Zn0.10Ti4O12 sintered at 950 °C for 

20 h. The core level XPS survey spectra of CCZTO, Ca 2p, Cu 2p, Ti 2p and Zn 2p regions are 

presented in Fig. 12(a-e). Low–energy electron charge compensation of the C 1s peak at 284.6 

eV was used to eliminate the effect of a positive charge on sample surfaces during XPS analysis. 
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From all XPS spectra, it was clear that only peaks corresponding to Ca, Cu, O, Zn and Ti were 

present and proved the compositional purity of the samples. From Fig. 12(b), the presence of 

calcium in the +2 oxidation state in the ceramic was clear, revealed not only from the binding 

energy (349 eV) of Ca 2p level, but also from the shape and symmetry of the peak. In the 

ceramic, copper and zinc were in the +2 oxidation state, while titanium was in the +4 oxidation 

state. The presence of copper in the +2 oxidation state was evidenced from the binding energy of 

the Cu 2p spectra, with peaks at 933.8 and 953.7 eV, which correspond to Cu 2p3/2 and Cu 2p1/2, 

respectively. The large peak at 933.8 eV represented the existence of Cu2+ in CCZTO, which 

should be the valence state of the Cu in CCTO45. Fig. 12(d) shows the spectrum of the Zn 2p3/2 

region, in which zinc occurred in the state Zn2+ in the spectrum, corresponding to line at 1021.8 

eV46. Fig. 12(e) displays the XPS spectrum of the Ti 2p regions, which showed two prominent 

peaks with positions at 458.3 and 463.8 eV, corresponding to the Ti 2p doublet, namely Ti 2p3/2 

and Ti 2p1/2, respectively. Appearance of Ti 2p3/2 at 458.4 eV confirmed that Ti remained in the 

+4 oxidation state within our CCZTO ceramic. For our CCZTO ceramic, Zn 2p3/2 peak position 

was located in the energy range corresponding to the +2 oxidation state, thus we may conclude 

that Zn substituted Cu, which remains in the +2 oxidation state. 

The temperature dependence of the dielectric constant (εr) of the CCZTO_8h, 

CCZTO_12h, CCZTO_16h and CCZTO_20h ceramic at different frequencies, 0.1, 1 and 10 kHz, 

are shown in Fig. 13. The values of εr for the CCZTO_8h, CCZTO_12h, CCZTO_16h and 

CCZTO_20h ceramic at RT were found to be 306, 467, 799 and 945, respectively, at 100 Hz. It 

is noted that ceramics usually have a low dielectric constant, due to low sintering temperatures, 

or in the case of polyphased CCTO material, the presence of the second or third phase (CaTiO3 

and CuO) in ceramics reported earlier39. It is also inferred that εr increases with increasing 
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sintering duration. This is due to the fact that the longer sintering duration produces more oxygen 

vacancies in the CCZTO ceramics, and resulting in a higher dielectric constant. It can be seen 

from all the figures that the dielectric constant (εr) exhibited a step like increase from a low value 

to a giant value at temperatures above 400 K, which was prominent in the low frequency region, 

and diminished with an increase in the frequency. At above room temperature, a broad dielectric 

peak appeared between 400 and 525 K, which also shifted with higher temperature and 

decreased in amplitude with an increase in frequency. This showed a ferroelectric relaxor 

behavior present in these ceramic47.  

The plots of dielectric loss (tan δ) at different frequencies, 0.1, 1 and 10 kHz, as a 

function of the temperature for CCZTO_8h, CCZTO_12h, CCZTO_16h, and CCZTO_20h 

ceramics are presented in Fig. 14. The values of tan δ for the ceramics CCZTO_8h, 

CCZTO_12h, CCZTO_16h and CCZTO_20h at RT, at 100 Hz were found to be 0.06, 0.072, 

0.091 and 0.112, respectively. More importantly, it was also found that the dielectric loss 

increased with an increase in sintering duration. It was also observed that the loss tangent (tan δ) 

was nearly constant at 10 kHz, but increased with a decrease in frequency, and also showed an 

anomaly at higher temperatures in CCZTO_8h. It was clearly seen that the tan δ increased with 

increase in temperature, and increased sharply beyond 425 K. This is characteristic of a relaxor 

behavior, which is usually characterized by diffuse phase transition and strong relaxational 

dispersion in the dielectric loss (tan δ), indicating thermal-activated relaxation. 

The plots of dielectric constant (εr) and dielectric loss (tan δ) for the CCZTO_8h, 

CCZTO_12h, CCZTO_16h and CCZTO_20h ceramics as a function of frequency at 500 K are 

shown in Fig. 15 (a,b). Dielectric permittivity for CCZTO ceramics increased rapidly in the 

lower frequency ranges (1 kHz to 100 Hz), and decreased slowly in the frequency range of 103–
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105 Hz. As frequency increased, the dielectric constant drastically decreased. The increment of 

the dielectric constant as frequency decreased could possibly be due to interfacial polarization. 

The charge carriers may be blocked at the electrode interface under the influence of an electric 

field. It has been reported that CaCu3Ti4O12 ceramics consist of insulating grain boundaries and 

semiconducting grains. The charge carriers accumulated at the interface between semiconducting 

grains and insulating grain boundaries resulted in an increase in the dielectric constant. It is seen 

from Fig. 15(b) that the dielectric loss for all the CCZTO ceramics was higher at low frequencies, 

up to 104 Hz, then almost constant from the frequency range of 104–105 Hz. It is also indicated 

from the figure that the dielectric loss for all the ceramics showed dielectric relaxation behavior 

in the low frequency range. The low frequency relaxation may be due to space charge 

polarization, which arises when two phases of grain–grain boundaries of different electrical 

conductivities are in contact48. 

The AC conductivity (σAC) dependence on frequency at a few selected temperatures is 

shown in Fig. 16 for the CCZTO_8h, CCZTO_12h, CCZTO_16h and CCZTO_20h ceramics. A 

similar type of conductivity behavior was observed in all the ceramics. The conductivities 

showed a dispersion pattern, which shifted toward higher frequency with an increase in 

temperature. At low frequency, the conductivities showed a flat response, corresponding to the 

σDC part of the conductivity. It was clear that the flat region constituting σDC conductivity 

increased with increasing temperature. It was concluded that the conductivity increased with an 

increase in the sintering temperature. This suggested that oxygen vacancies are created during 

the sintering process of the ceramic due to the slight loss of oxygen occurring during sintering, in 

accordance with the reaction:  

                       '2
2

1
2 eVOO OO ++⇔ ••                         (8) 
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where all the above species are written according to the Kröger-Vink notation of defects38. The 

electrons released in the above reaction may be captured by Cu2+, leading to the formation of 

Cu+. This leads to hopping of electrons among the two different valence states, which increases 

the conductivity of the grains49. The conductivity dispersion in solids is described using 

Jonscher’s law: σAC = σDC + Aωn, where σDC is the DC bulk conductivity, A is the temperature-

dependent constant determining the magnitude of dispersion at high temperatures, and n is the 

power law exponential term representing the degree of interaction between mobile ions, which 

varies between 0 and 1. For n = 0, the electrical conduction is frequency independent, while the 

conduction for n ˃ 0 is frequency dependent.  The exponent n can be calculated as a function of 

temperature by plotting ln σAC vs. ln f, giving a straight line with a slope equal to exponent s. The 

values of s for all the ceramics were calculated from Fig. 16, and were found to be in the range of 

0.97-0.84, 0.91-0.78, 0.87-0.69 and 0.83-0.63 in the temperature range from 408 to 488 K. It is 

observed that the value of n decreases with increase in temperature. This type of behavior is only 

observed in the crystalline oxide materials50. 

Impedance (Z*) and modulus spectroscopy (M*) are powerful techniques used to analyze 

the contributions of grains, grain-boundaries and electrode specimen interface, which greatly 

influence the electrical properties in electro-ceramics. The complex impedance plot can produce 

two semi-circles, depending upon the electrical properties of the material. The first semicircle, at 

low frequency, represents the resistance of the grain boundary, while the second at high 

frequency corresponds to the resistance of grain or bulk properties51,52. To see the clear grain 

boundary contribution, selected higher temperature (428 K) for impedance was analyzed. The 

typical complex impedance plots were obtained at 428 K temperature over a range of frequencies 

(100 Hz – 1 MHz), as shown in Fig. 17. The non-zero intercept of the arc passing through the 
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origin on the Z' axis gives the resistance of the grain (Rg) in the high frequency range, which is 

not shown here due to the limited frequency range and temperature tested, while that of another 

arc in the lower frequency range gives the resistance of the grain boundary (Rgb) and electrode 

effect (Rel). The grain semicircular arc at high frequency has been suppressed due to the high 

resistance of the grain boundary, which is usually observed for internal barrier layer capacitance 

(IBLC), as is characteristic of the semiconducting grain with an insulating grain boundary 

corresponding to the grain. The impedance spectrum clearly demonstrated the presence of a 

semicircular arc due to the grain boundary. It was shown that the resistance of the ceramics 

decreased with increasing sintering duration. The impedance can be calculated from the 

following equations:     

          ZiZ
CiRCiR

Z
gbgbgg

′′−′=
+

+
+

=
−− ωω 11

* 11
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The calculated resistances of the grain-boundaries (Rgb) for the CCZTO_8h, CCZTO_12h, 

CCZTO_16h and CCZTO_20h ceramics were found to be 2.83 × 106, 2.69 × 106, 2.47 × 106 and 

2.07 × 106 Ω, respectively. The resistance of the grain-boundaries decreased with increasing 

sintering duration, resulting in an increase in AC conductivity.  

The variation of the imaginary part of the impedance Z" with frequency at a few selected 

temperatures is shown in Fig. 18 for the CCZTO_8h, CCZTO_12h, CCZTO_16h and 

CCZTO_20h ceramics. All the ceramics clearly demonstrated relaxation peaks at all measured 

temperatures. The peaks were suppressed, and slightly shifted to the high frequency region with 
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an increase in temperature, confirming the existence of a temperature-dependent dielectric 

relaxation. The asymmetric broadening of the peaks suggested the presence of electrical 

processes in the material with a distribution of relaxation time. The relaxation behavior arose due 

to immobile species or electrons at low temperatures, and defects or vacancies at higher 

temperatures. The dispersion of curves in the low frequency region at different temperatures was 

very clear, and appeared to merge at higher frequencies, irrespective of the temperature. This 

behavior was apparently due to the presence of the space charge polarization effects at lower 

frequencies, which were definitely eliminated at higher frequencies. 

The impedance data was also used to evaluate the relaxation time of the electrical 

phenomena in the CCZTO ceramics using the relation τ = 1/ω = 1/2πf, where f is the relaxation 

frequency. The nature of the variation of relaxation time (τgb) of the grain boundary with the 

reciprocal of temperature (1/T) is shown in Fig. 19 for the CCZTO_8h, CCZTO_12h, 

CCZTO_16h, and CCZTO_20h ceramics. The activation energy in the relaxation process was 

determined by the temperature dependent relaxation time constant τgb which obeys the Arrhenius 

law by the following equations: 

                                                       τgb  =  τoexp(Ea/ kT)                                                  (12) 

where Ea is the activation energy involved in the dielectric relaxation process, τ0  is the pre-

exponential factor, k is Boltzmann constant, and T is the absolute temperature. The grain 

boundary activation energy was evaluated from the slope of ln τgb against 1/T curve, and was 

found to be 0.79 eV, 0.77 eV, 0.62 eV and 0.52 eV, respectively, for the CCZTO_8h, 

CCZTO_12h, CCZTO_16h, and CCZTO_20h ceramics. The values of Ea decreased with 

increasing duration, which was due to the semi-conducting nature coming from the grains, which 

increases with the thinning of the insulating grain boundary.  These values also agreed with the 
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value reported earlier for the Maxwell-Wagner relaxation arising from the interfacial polarization 

for CCTO ceramics, which confirmed the temperature dependence of dielectric properties53,54. 

In order to investigate the relaxation mechanism of the ceramic, the representative 

electrical modulus of CCZTO_20h has been introduced due to its special advantage of 

suppressing the electrode polarization effect. The electrical modulus can be calculated from the 

following equation: 

                                                M* = (ε*)−1                                                                    (13) 
  
                                          

                     M* = M' + i M"   =  iωC0Z*(ω)   =  ε'/( ε'2 + ε"2)   + i ε"/ (ε'2 + ε"2)              (14) 
 

where M', M" and, ε', ε" are the real and imaginary parts of the electric modulus and dielectric 

constants, respectively and C0 represents the vacuum capacitance of the sample holder and the 

electrode arrangement. The real and imaginary parts of the modulus at different temperatures are 

calculated using Eq. 14. The variation of real (M') and imaginary (M") parts of the electric 

modulus as a function of frequency in the temperature range 448 – 528 K have been depicted in 

Fig. 20(a) and (b), respectively. M' shows a constant value at higher frequencies while at lower 

frequencies it approaches to zero for all temperatures. But shows dispersion in the intermediate 

frequencies which increases as temperature increases. While M" exhibits a single broad 

relaxation peak centered in the dispersion region of M' in the temperature range. The broad 

nature of the peak is consequence of distribution of relaxation time which shifts towards higher 

frequencies as temperature increases, confirms the relaxation phenomenon is thermally activated 

and the frequency region under the curve determines the region in which charge carriers are 

mobile on long distances. The region where the peak occurs indicating the transition from the 

long range to short range mobility with increase in frequency as the region below the peak 
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maximum determine the range in which carriers are mobile overlong distance and above the peak 

they are confined to potential barriers, being mobile over short distances55. This type of behavior 

suggests the existence of a temperature dependent hoping type mechanism of charge transport. 

The complex electric modulus spectra (M' vs. M") have been carried out in selected temperature 

range 448– 488 K as presented in Fig. 20(c). One semicircle in Fig. 20(c) can be observed for all 

the temperatures with very smaller shift towards higher M" values. This behavior could be 

related to the decrease in modulus resistance with the increase of temperature in good agreement 

with the literature56,57. 

The Cole-Cole plot in the modulus formalism justifies a poly-dispersive nature for the 

dielectric relaxation at low frequencies. The relaxation processes cannot be described in the 

whole frequency and temperature ranges using the electric modulus formalism. To confirm the 

relaxation time is temperature dependent or not which may obey the ideal Debye type or non-

ideal Debye type behavior, for this context, scaling of modulus plots was proposed and found to 

be excellent technique to reveal the relaxation mechanism in the measured frequencies and 

temperature range. Therefore, we plotted the representative CCZTO_20h, Z'' and M'' data in 

scaled co-ordinates i.e. Z''/Z''max vs log  f/fmax, and M'' /M''max vs log  f/fmax , respectively shown in 

Fig. 21(a, b), where fmax is the peak frequency.  In the Fig. 21(a) the complete data of Z'' does not 

collapse into one master curve rather gives a peak at the same point and hence the scaling 

behavior of Z'' clearly demonstrates that in CCZTO_20h ceramic the relaxation mechanism is 

temperature dependent indicating M-W type relaxation. Fig. 21(b) represents the (M''/M''max vs 

log f/fmax) normalized behavior of electric modulus. The imaginary part of modulus (M'') is 

scaled by its maximum value while frequency is scaled by the peak frequency (fmax). All curves 

shows peak maxima at the same frequency which indicated that the same type of relaxation 
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behavior is observed as shown in Fig. 21(a). In ideal system, the peak maximum of Z″ and M″ is 

found at the same frequency, and the shape of the peaks is identical with that predicted by Debye 

theory58. To understand the Debye behavior of the CCZTO, Inset of Fig. 21(b) show the 

representative plot of Z''/Z''max vs log f/fmax, and M''/M''max vs log f/fmax for the CCZTO_20h at 448 

K. It is observed that the Z''max and M''max occur at the same frequency which represents a similar 

distribution of relaxation times of two dielectric functions (impedance and modulus) τZ = τM. 

However, the Z''/Z''max and M''/M''max peaks do not perfectly overlap and an evidence of M-W 

type relaxations present in these ceramics. 

In the above discussion, the dielectric relaxation has been analyzed in the formalisms of 

modulus M* where localized movement of carriers is dominant. In the case of long range 

movement, the resistive and conductive behaviors are analyzed by Z* and Y*(1/Z*). The plot of 

Z'' versus frequency is able to distinguish whether the short range or long range movement of 

charge carries is dominant in a relaxation process. The separation of peak frequencies between 

Z'' indicates that the relaxation process is dominated by the short range movement of charge 

carriers and arises from non-ideal Debye-like behavior, while the frequencies coincidence 

suggests that long rang movement of charge carriers is dominant. The normalized plots of max 

Z''/Z''max vs log ƒ for CCZTO_20h is shown in Fig. 21(c). The slight mismatch in peak frequency 

of normalized Z'' are associated with the movement of oxygen vacancies indicates the occurrence 

of localized movement of oxygen vacancies which confirmed our previous argument that the 

relaxation mechanism is temperature dependent follows non ideal Debye-type or M-W type 

relaxation behavior. 
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4. Conclusion  

We have synthesized nano-crystalline CaCu2.90Zn0.10Ti4O12 powder at a relatively low 

temperature with a short calcining time by using a glycine–nitrate solution-combustion process, 

applying inexpensive and stable solid TiO2 powder as the Titanium source instead of quite 

expensive alkoxide, oxynitrate, or chloride of titanium. CCZTO phase formations were 

confirmed by XRD. The particle sizes of the ceramic were found to be in the nano size range, 15-

50 nm. The grain size varied from 800 nm to 7 µm, as measured by FE-SEM. EDX and XPS 

studies confirmed the stoichiometry and purity of the CCZTO ceramics. From the dielectric 

measurements, both dielectric constant and loss tangent increased with an increase in sintering 

time.  CCZTO_16h gives the high dielectric constant εr (799) and low dielectric loss (0.091) at 

100 Hz at room temperature. The impedance analyses of CCZTO ceramics showed a high 

dielectric constant, which was associated with the major contributions of the grain boundaries at 

higher sintering times and temperatures. Impedance analysis of this ceramic confirmed the 

presence of Maxwell-Wagner type relaxation, which is temperature dependent, and normalized 

impedance (Z") also confirmed the MW type relaxation. The activation energy value was found 

to be in the range of 0.79-0.52 eV, which is decreased with increasing sintering duration, 

suggesting that the electrical conduction in this ceramic is mainly due to the mobility of the 

ionized oxygen defects.  
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Table Captions 

Table 1. Lattice parameter, unit cell volume, average crystallite size and particle size obtained 

from XRD and TEM for CaCu2.90Zn0.10Ti4O12 at various sintering times.  

Table 2. Atomic percentages of the elements for CaCu2.90Zn0.10Ti4O12 (CCZTO) sintered at 950 

°C for 8, 12, 16, and 20 h.  

 

Figure Captions 

Fig. 1. A schematic flow chart of the process to convert solid TiO2 into TiO(NO3)2. 

Fig. 2. A schematic diagram of the synthesis processes of nano-crystalline CaCu2.90Zn0.10Ti4O12. 

Fig. 3. TG/DTA curves for the precursor powder of CaCu2.90Zn0.10Ti4O12. 

Fig. 4. FT-IR spectra of CaCu2.90Zn0.10Ti4O12 precursor powders heat treated from 200 to 850 °C 

for 3 h. 

Fig. 5. Raman Spectra of CaCu2.90Zn0.10Ti4O12 precursor powders heat treated from 400 to 850 

°C for 3 h. 

Fig. 6. X-ray powder diffraction patterns of (a) CCZTO_8h, (b) CCZTO_12h, (c) CCZTO_16h, 

and (d) CCZTO_20h sintered at 950 °C. 

Fig. 7. Variation of lattice parameter with the change of sintering time for CCZTO_8h, 

CCZTO_12h, CCZTO_16h, and CCZTO_20h sintered at 950 °C. 

Fig. 8. HR-TEM images of the calcined CaCu2.90Zn0.10Ti4O12 powder at (a) 200, (b) 400, (c) 600, 

and (d) 850 °C for 3 h, and (e) sintered at 950 °C for 20 h. 

Fig. 9. Indexed SAED patterns of the calcined CaCu2.90Zn0.10Ti4O12 powder at (a) 200, (b) 400, 

(c) 600, and (d) 850 °C for 3 h, and (e) sintered at 950 °C for 20 h. The inset shows the 

interatomic distance between two lattices. 

Page 30 of 56RSC Advances

R
S

C
A

dv
an

ce
s

A
cc

ep
te

d
M

an
us

cr
ip

t



31 
 

Fig. 10. SEM images of (a) CCZTO_8h, (b) CCZTO_12h, (c) CCZTO_16h, and (d) 

CCZTO_20h ceramics sintered at 950 °C. 

Fig. 11. Energy dispersive X-ray spectra of (a) CCZTO_8h, (b) CCZTO_12h, (c) CCZTO_16h, 

and (d) CCZTO_20h ceramics sintered at 950 °C. 

Fig. 12. X-ray photoelectron core-level spectra of (a) survey spectrum (b) Ca 2p, (c) Cu 2p, (d) 

Ti 2p, and (e) Zn 2p for CCZTO_20 h sintered at 950 °C. 

Fig. 13. Variation of dielectric constant (εr) versus temperature of the (a) CCZTO_8h, (b) 

CCZTO_12h, (c) CCZTO_16h, and (d) CCZTO_20h ceramics sintered at 950 °C at 0.1, 

1 and 10 kHz. 

Fig. 14. Variation of dielectric loss (tan δ) versus temperature of the (a) CCZTO_8h, (b) 

CCZTO_12h, (c) CCZTO_16h, and (d) CCZTO_20h ceramics sintered at 950 °C at 0.1, 

1 and 10 kHz. 

Fig. 15. Variations of (a) dielectric constant (εr) and (b) dielectric loss (tan δ) versus frequency at 

500 K for the CCZTO_8h, CCZTO_12h, CCZTO_16h, and CCZTO_20h ceramics. 

Fig. 16. Frequency dependence of AC conductivity (σAC) at a few selected temperatures for the 

(a) CCZTO_8h, (b) CCZTO_12h, (c) CCZTO_16h, and (d) CCZTO_20h ceramics. 

Fig. 17. Impedance plane plots of Z" vs Z' at 428 K for the CCZTO_8h, CCZTO_12h, 

CCZTO_16h, and CCZTO_20h ceramics. 

Fig. 18. Impedance plane plots Z" vs frequency at selected temperatures for the (a) CCZTO_8h, 

(b) CCZTO_12h, (c) CCZTO_16h, and (d) CCZTO_20h ceramics. 

Fig. 19. Variation of relaxation time (τgb) with inverse of temperature (1/T) for (a) CCZTO_8h, 

(b) CCZTO_12h, (c) CCZTO_16h, and (d) CCZTO_20h ceramics. 
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Fig. 20. (a) Variation of real part of M' and (b) imaginary part of M" with frequency at different 

temperatures. (c) Cole–Cole plots between M' and M" for CCZTO_20h ceramics at 

different temperatures. 

Fig. 21. (a) Normalized imaginary part of impedance (Z"), (b) normalized imaginary part of                 

modulus (M") vs log f/fmax at different temperature: Inset show the representative plot of                  

Z''/Z''max vs log f/fmax, and M''/M''max vs log f/fmax for the CCZTO_20h at 448 K. (c) 

Master curves of normalized functions of impedance Z"/Z"max vs log f of CCZTO_20h 

ceramics. 
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Table 1.  

                 
_____________________________________________________________________________ 
Duration         Lattice                     Lattice               Crystallite  size                    Particle size  

of time            Parameter (Å )          Volume (Å3 )      from XRD (nm)                  from TEM (nm) 
                                          

 
    8h                 7.382                       402.411                    39.75                                   -          
    
   12h                7.386                       403.049                    40.40                                   - 
  
   16h                7.387                       403.210                    41.20                                   - 
 
   20h                7.388                       403.292                    46.81                                30±15     
___________________________________________________________________________ 
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Table 2.  

 

______________________________________________ 

Sintering                          Atomic % of elements 
durations 
____________________________________________               
                           Ca         Cu         Zn            Ti        O                  
_______________________________________________ 
 

8h                      3.67       10.01     0.31      12.92      73.10 
 
12h                    3.33       11.14     0.46      13.41      71.66  
 
16h                    3.94       9.82       0.24      12.93      73.08 
 
20h                    3.43       12.03     0.52      13.64      70.38 
_______________________________________________  
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Fig. 1. A schematic flow chart of the process to convert solid TiO2 in to TiO(NO3)2.  
254x190mm (96 x 96 DPI)  
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Fig. 2. A schematic diagram of the synthesis processes of nano-crystalline CaCu2.90Zn0.10Ti4O12.  
254x190mm (96 x 96 DPI)  
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Fig. 3. TG/DTA curves for the precursor powder of CaCu2.90Zn0.10Ti4O12.  
199x286mm (150 x 150 DPI)  
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Fig. 4. FT-IR patterns of CaCu2.90Zn0.10Ti4O12 precursor powders heat treated from 200 to 850 °C for 3 
h.  

199x286mm (150 x 150 DPI)  
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Fig. 5. Raman Spectra of CaCu2.90Zn0.10Ti4O12 precursor powders heat treated from 400 to 850 °C for 3 
h.  

199x286mm (150 x 150 DPI)  
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Fig. 6. X-ray powder diffraction patterns of (a) CCZTO_8h, (b) CCZTO_12h, (c) CCZTO_16h, and (d) 
CCZTO_20h, sintered at 950 °C.  
202x288mm (150 x 150 DPI)  
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Fig. 7. Variation of lattice parameter with the change of sintering time for CCZTO_8h, CCZTO_12h, 
CCZTO_16h and CCZTO_20h sintered at 950 °C.  

199x286mm (150 x 150 DPI)  
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Fig. 8. HR-TEM images of the calcined CaCu2.90Zn0.10Ti4O12 powders at (a) 200, (b) 400, (c) 600 and (d) 
850 °C for 3 h, and (e) sintered at 950 °C for 20 h.  

254x190mm (96 x 96 DPI)  
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Fig. 9. Indexed SAED pattern of the calcined CaCu2.90Zn0.10Ti4O12 powders at (a) 200, (b) 400, (c) 600 
and (d) 850 °C for 3 h, and (e) sintered at 950 °C for 20 h. The inset shows the interatomic distance 

between two lattices.  

762x762mm (96 x 96 DPI)  
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Fig. 10. SEM images of (a) CCZTO_8h (b) CCZTO_12h (c) CCZTO_16h and (d) CCZTO_20h ceramics 
sintered at 950 °C.  

 

254x190mm (96 x 96 DPI)  
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Fig. 11. Energy dispersive X-ray spectra of (a) CCZTO_8h, (b) CCZTO_12h, (c) CCZTO_16h and (d) 
CCZTO_20h ceramics sintered at 950 °C.  

254x190mm (96 x 96 DPI)  
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Fig. 12. X-ray photoelectron core-level spectra of (a) survey spectrum (b) Ca 2p, (c) Cu 2p, (d) Ti 2p and 
(e) Zn for CCZTO_20 h sintered at 950 °C.  

199x286mm (150 x 150 DPI)  
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Fig. 13. Variation of dielectric constant (εr) versus temperature of the (a) CCZTO_8h (b) CCZTO_12h (c) 
CCZTO_16h and (d) CCZTO_20h ceramics sintered at 950 °C at 0.1, 1 and 10 kHz.  

199x286mm (150 x 150 DPI)  
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Fig. 14. Variation of dielectric loss (tan δ) versus temperature of the (a) CCZTO_8h, (b) CCZTO_12h, (c) 
CCZTO_16h and (d) CCZTO_20h ceramics sintered at 950 °C at 0.1, 1 and 10 kHz.  

199x286mm (150 x 150 DPI)  
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Fig. 15. Variations of (a) dielectric constant (εr) and (b) loss tangent (tan δ) versus frequency at 500 K for 
the CCZTO_8h, CCZTO_12h, CCZTO_16h and CCZTO_20h ceramics.  

199x286mm (150 x 150 DPI)  
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Fig. 16. Frequency dependence of AC conductivity (σAC) at a few selected temperatures for the (a) 
CCZTO_8h, (b) CCZTO_12h, (c) CCZTO_16h, and (d) CCZTO_20h ceramics.  

199x286mm (150 x 150 DPI)  
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Fig. 17. Impedance plane plots of Z" vs Z' at 428 K for the CCZTO_8h, CCZTO_12h, CCZTO_16h and 
CCZTO_20h ceramics.  

199x286mm (150 x 150 DPI)  
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Fig. 18. Impedance plane plots Z" vs frequency at few selected temperatures for the (a) CCZTO_8h (b) 
CCZTO_12h (c) CCZTO_16h and (d) CCZTO_20h ceramics.  

199x286mm (150 x 150 DPI)  
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Fig. 19. Variation of Relaxation time (τgb) with inverse of temperature (1/T) for the (a) CCZTO_8h, (b) 
CCZTO_12h, (c) CCZTO_16h, and (d) CCZTO_20h ceramics.  

199x286mm (150 x 150 DPI)  
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Fig. 20. (a) variation of real part of M' with frequency at different temperatures; (b) variation of imaginary 
part of M" with frequency at different temperatures. (c) Cole–Cole plots between M' and M" for CCZTO_20h 

ceramics at different temperatures.  

199x286mm (150 x 150 DPI)  
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Fig. 21. (a) Normalized imaginary part of impedance (Z") (b) normalized imaginary part of    
              modulus (M") vs log f/fmax at different temperature: Inset show the representative plot of    

              Z″/ Z″max vs logf/fmax, and M'' /M''max vs log f/fmax for the CCZTO_20h at 448 K    

             (c) Master curves of normalized functions of impedance Z"/ Z"max vs log f of    
              CCZTO_20h ceramics.  
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• Nanocrystalline CaCu2.90Zn0.10Ti4O12 electro-ceramic synthesized 

first time using inexpensive TiO2 for energy storage capacitor. 
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