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5.1. Introduction

It has been discovered that CaCu3Ti40;, (CCTO) is characterized by very high permeability,
and it has opened up a new field of science of materials. The complex perovskite structure
of CaCu;Ti140; is independent of frequency and temperature [1]. CCTO ceramic has a high
dielectric constant (¢;) and good thermal stability over a broad temperature range. CCTO
ceramics are electrically heterogeneous and consist of semiconducting grains with insulating
grain boundaries, and its giant dielectric phenomenon is attributed to a grain boundary
(internal) barrier layer capacitance rather than an intrinsic property associated with the
crystal structure [24]. CCTO is a suitable material for use in electronic components,
including multi-layer capacitors, varistors, and resonators. In spite of the significant
technological advance, the application of CCTO is limited because of high dielectric loss,
which is correlated with the extremes of the electrical conductivity of the grains. Several
hypotheses have been given to elucidate the causes of the high dielectric constant [2].
Internal Barrier Layer Capacitance (IBLC) arising from grain boundaries was primarily
responsible for high &, in CCTO ceramics. Recently, a lot of work has been done with the
CCTO ceramics based on the partial substitution of Cu or Ti ions aimed at the improvement
of the dielectric properties and the understanding of the origin of the highly-insulating
materials [3-5]. Due to the change of the mixed-valence structure, the partial isovalent ion
substitution of Zn or Mg to the Cu site of CaCusTisO;, ceramics, the dielectric response
enhancement occurs [6,7]. It was found that &, of CCTO was increased as a result of the
doping of Mg*" and Zn*" ions on Cu®" sites, while the tan & was reduced [8-11]. The

microstructure of Mg® and Zn*" doped CCTO ceramics is likely attributable to the changes
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in the internal properties of the grain boundaries [12,13]. CCTO ceramics have shown the
best responses when the oxide mixture of this ceramic is heated at high temperatures i.e.
annealing at high temperature [14,15]. Physical deposition methods such as RF sputtering,
pulsed laser deposition, chemical gas-phase deposition, and sol-gel methods can be used to
develop a thin CCTO film at low temperatures [16, 17]. So far, there have been several
mechanisms, which have been proposed to describe the source of the high dielectric
constant and low dielectric loss (tan o) [18-23].The isostructural relationship between
Bi,3Cu3Ti4012(BCTO) and CCTO has been described in the literature. It has been found
that BCTO ceramics show significant similarities in the dielectric, electrical properties, and
large dissimilarity in microstructure to CCTO ceramics. Similar to CCTO, it showed
dielectric behavior. It has been found that BCTO ceramics prepared via conventional solid-
state reaction, show giant-g, values larger than 1.5 x 10° in the low frequency range at room
temperature [24]. Because of its low cost, the simplicity of the method, and low reaction
temperature, The Semi-wet route is one of the best routes in comparison with other methods
[25-27].

In this contribution, we used a semi-wet method to synthesize Zn doped BCTO ceramics.
The microstructure, dielectric and electrical properties of BCTO and BCZTO ceramics were
studied in detail.

5.2. Materials Synthesis and Characterization

Biy3CusxZn,Ti4O1; (x = 0, 0.05, 0.1, 0.2), designated as BCTO, BCZTO-0.05, BCZTO-0.1

and BCZTO-0.2, were synthesized by a chemical pathway. First, Bismuth nitrate
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Bi(NO3);.5H,0 (99% Merck, India), Copper acetate Cu(CH3COO),.H,O (99% Merck,
India), Zinc acetate Zn(CH;COO),.H,O (98.5% Merck, India) and Titanium oxide TiO,
(98.5% Merck, India) were taken in a stoichiometric ratio. Bi(NOj3)3;.5H,0,
Cu(CH3C00),.H,0, and Zn(CH3COO),.H,O were dissolved in distilled water. Then, the
stoichiometric amount of solid TiO, was mixed with this solution. As a chelating agent, the
estimated amount of citric acid (99.5%, Merck India) was mixed with the above solution.
The resulting solution was heated using a hotplate magnetic stirrer at 343-353 K to vanish
water and allowed for self-ignition. The dry powders of BCTO and BCZTO were obtained
after the removal of most of the gases. The resulting BCTO and BCZTO powders were
pulverized with a pestle and mortar until fine powders were obtained. The Powders were
calcined at 1073 K for 8 h. Cylindrical pellets were prepared using a pressure of 5 tons with
a hydraulic press for 90 s. PVA was used (as a binder) to prepare Pellets. This binder was
heated at 773 K for 3 h. Finally, BCTO and BCZTO pellets were formed and sintered at
1123 K for 8 h.

The phase formations of the ceramics were examined by using an X-ray Diffractometer
(Rigakuminiflex 600, Japan). Microstructure and elemental analysis of all samples were
determined by scanning electron microscopy (ZEISS model, EVO-18 research, Germany)
and energy-dispersive X-ray spectroscopy (Oxford instruments; Great Britain), respectively.
Bright Field TEM images were obtained by Transmission Electron Microscopy (TEM, FEI
Tecnai-20G). The FTIR spectra of sintered powder was characterized by ATR FTIR

(Bruker, ALPHA model) Spectrophotometer using KBr pellets in the frequency range 500—
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1500 cm™. The oxidation state of the elements present in the ceramic was confirmed by XPS
(X-ray Photoelectron Spectroscopy). For dielectric and electrical measurements, cylindrical
pellet surfaces were coated with silver paste, and dielectric data were recorded with LCR
meter (PSM 1735-NumetriQ, Newton 4th Ltd. UK) in the temperature range of 300-500 K
and frequency range of 100 Hz -10 MHz. The copper wire was taken as the current collector
and a substrate (carbon paper) was attached to the copper wire with the help of conductive
silver glue. The backside of the carbon paper and the exposed part of the copper wire was
insulated by using gluestick. Then a dispersion was prepared to have 5 mg of prepared
material, 2-propanol of 0.2 mL, Nafion of 12 pL, and drop cast on the carbon paper of 1 cm?
area. The active mass loading was 2 mg/cm”. Then the prepared electrode was dried for
around half an hour in a vacuum oven till the complete disappearance of the used solvents.
cyclic voltammetry (CV) in the three electrode systems of all samples was performed by
Versastat 3. In a three-electrode system Ag/AgCl, Platinum, and active material were taken
as reference electrodes, a counter electrode, and a working electrode, respectively.

5.3. Results and discussion

5.3.1. X-ray Diffraction (XRD) analysis

The single phase formation of BCTO was observed in the X-ray diffraction patterns of
Biy3CusxZn,Ti401, ceramics (x=0, 0.05, 0.1, and 0.2), as shown in Fig. 5.1 [24]. The
diffraction peaks of BCTO ceramic (JCPDS card no. 46-0725) are found to be (2 0 0), (2 1
1),(220),310),(1222),321),(400),(422),and (4 4 0) planes as same as CCTO

(JCPDS card no. 75-2188). Crystallite size (D) of BCTO and BCZTO ceramics was
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calculated by applying Debye-Scherrer formula [18] and the average crystallite size of all

ceramics is equal to 40.42 nm.
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Fig. 5.1. XRD Pattern of BCTO, BCZT0-0.05, BCZTO-0.1 and BCZTO-0.2 ceramics
sintered at 1123 K for 8 h.
5.3.2. Microstructural studies
5.3.2.1. Scanning Electron Microscopic (SEM) studies
SEM images of BCTO, BCZTO0-0.05, BCZTO-0.1, and BCZTO-0.2 ceramics are shown in
Fig. 5.2a-d, respectively. The doping insertion of different concentrations of Zn ions directly

interferes with ceramic formation. In the figure of the SEM images, we have seen some
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porosity. It also clears from the figures that grains exist in granular form with a polygonal
shape which is well parted by grain boundaries. The porosity may be due to gas evolution
during the combustion of citrate-nitrate precursor gel. Agglomeration of Bi,;3Cu; xZn,Ti4O12
(x=0, 0.05, 0.1, and 0.2) increased when the concentration of Zn was increased as seen in

the figures.

Fig. 5.2 SEM images of a BCTO; b BCZTO-0.05; ¢ BCZTO-0.1;d BCZTO-0.2 ceramics.

At the maximum concentration (x = 0.20), as shown in Fig. 5.2d, the highest agglomeration
and dense morphology were observed. The average grain sizes of BCTO, BCZTO-0.05,

BCZTO-0.1, and BCZTO-0.2 ceramics were found to be 0.70, 0.57, 0.50, and 0.53 pm,
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respectively. Fig. 5.3a-d shows EDX spectra of BCTO, BCZT0-0.05, BCZTO-0.1, and
BCZTO-0.2 ceramics, respectively. Stoichiometry and purity of above-mentioned samples
were examined by EDX data, as given in the tabular form, in Fig. 5.3. From the table given
in Fig. 5.3a, the atomic % of Bi, Cu, Ti, and O are 4.22, 18.97, 25.29, and 51.52

respectively, which gives a formula close to Biy;3CusTi4O15.
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Fig. 5.3 EDX images of aBCTO; b BCZTO-0.05; ¢ BCZTO-0.1; d BCZTO-0.2 ceramics.

From the table given in Fig. 5.3b, the atomic % of Bi, Cu, Zn, Ti, and O are 4.83, 21.37,

0.36, 28.98, and 44.46 respectively, which gives a formula close to Biy;3Cu;.95Zn¢ 0sT14012
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(i.e. BCZTO-0.05). From the table given in Fig. 5.3c, the atomic % of Bi, Cu, Zn, Ti, and O
are 4.66, 20.29, 27.99, and 46.36 respectively, which gives a formula close to
Biy3Cuj.9Zng 1 Ti4O01; (i.e. BCZTO-0.1). From the table given in Fig. 5.3d, the atomic % of
Bi, Cu, Zn, Ti, and O are 4.18, 17.58, 1.26, 25.11, and 51.87 respectively, which gives a
formula close to Biy3Cu, 3Zng,Ti4O1; (i.e. BCZTO-0.2). Thus, Stoichiometry of all samples

was verified by EDX data.

5.3.2.2. Transmission Electron Microscopic (TEM) studies

The bright-field TEM image and SAED patterns of Zn-doped BCTO ceramics are shown in
Figs. 5.4 and 5.5. The particle size was calculated from bright-field TEM, shown in Fig.
5.4a, b, and Fig. 5.5a. It was found at 43.19 nm, 54.68 nm and 64.60 nm for BCZTO-0.05,
BCZTO-0.1, and BCZTO-0.2 ceramics respectively. It is observed that particle size

increases with an increase in Zn concentration due to particle agglomeration [31].
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200 nm 200 nm

Fig. 5.4 a and b Bright-field TEM images;c and d SAED pattern of BCZTO-0.05, BCZTO-
0.1ceramics respectively.
The nature of particles was found to be crystalline, which can be seen from Figs. 5.4a, 5.4b,

and 5.5a. Figs. 5.4c, 5.4d, and 5.5b display the Selected Area Electron Diffraction (SAED)
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patterns of BCZTO-0.05, BCZTO-0.1, and BCZTO-0.2 ceramics respectively.

200 nm

Fig . 5.5a Bright-field TEM image; b SAED pattern of BCZTO-0.2 ceramic.

The crystal planes in the SAED pattern of the ceramics are indicated. The incidence of the
bright spot pattern in the SAED pattern shows the nano-crystalline nature of the particles.
5.3.3. X-Ray Photoelectron Spectroscopic (XPS) studies

The oxidation states of the elements present in the BCZTO-0.2 ceramic are confirmed by X-

Ray Photoelectron Spectroscopy (XPS) Studies. The XPS spectra of BCZTO-0.2 ceramic
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are shown in Fig. 5.6.
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Fig. 5.6 XPS spectra of a Bi;b Cu; ¢ O; d Ti; e Zn of BCZTO-0.2 ceramic.

In this ceramic, Bi, Cu, O, Ti and Zn elements are present and its XPS spectra are shown in
Fig. 5.6a, b, c, d, and e, respectively. In Fig. 5.6a, two peaks at binding energies of 159.1
and 164.5 eV are correlated to Bi 4f5/2 and Bi 4f7/2, respectively, which confirms the presence
of Bi*". The peak positions of Cu, Ti, O, and Zn observed in Fig. 5.6b, c, d and e confirm

the oxidation states of +2, +4, -2, and +2, respectively [20-23].
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5.3.4. Dielectric studies

Fig. 5.7a demonstrates the dependence of dielectric permittivity (€;) on the frequency at 310
K for the undoped and Zn-doped BCTO ceramics. In the figure, the variation of dielectric
permittivity with frequency is almost the same for all the ceramics. It is concluded that the
dielectric constant is optimum in the low-frequency region while with increasing frequency,
the dielectric constant decreases and remains constant in the higher frequency region [37].
In the low frequency region, space charge polarization occurs. This is due to the rapid
periodic reversal of the electric field, which prevents ion diffusions in the direction of the
field. The dielectric constant (g;) values for BCTO, BCTZTO-0.05, BCZTO-0.1, and

BCZTO-0.2 ceramics were measured as 356, 458, 189, and 243, respectively, at 310 K and

100 Hz.
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Fig. 5.7 Variation of a dielectric constant (&;) and b tangent loss (tan §) with frequency at
310 K for BCTO, BCZTO-0.05, BCZTO-0.1, and BCZTO-0.2 ceramics.

The highest dielectric constant was found in the BCZTO-0.05 sample. The variation of
tangent loss (tan §) with the frequency of samples BCTO, BCZT0-0.05, BCZTO-0.1, and
BCZTO-0.2 at a few selected temperatures is shown in Fig. 5.7b. In BCTO and BCZTO-
0.05, the relaxation peaks [32] are observed, while in BCZTO-0.1 and BCZTO-0.2, the
relaxation peaks may be observed only below 100 Hz. The dielectric loss is the lowest for
the BCZTO-0.05 (0.24), and, also, high dielectric constant is observed for this sample. The
tan 6 values of BCTO, BCZTO-0.05, BCZTO-0.1, and BCZTO-0.2 ceramics are found to
be 0.47, 0.24, 0.37, and 0.53, respectively, at 310 K and 10 kHz. The dielectric constant (&;)

vs temperature (T) plot at 10 kHz in the undoped and Zn-doped BCTO ceramics is shown in

Fig. 5.8a.
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Fig. 5.8 Variation of a dielectric constant(e;) and b tangent loss (tan §) with temperature at
10 kHz for BCTO, BCZTO-0.05, BCZTO-0.1, and BCZTO-0.2 ceramics.

It is observed that the dielectric permittivity is nearly constant up to 500 K at measured
frequency [38]. It is concluded that, among the measured samples, the dielectric constant is
the highest in BCZTO-0.05. Dielectric loss vs temperature (T) plots for BCTO, BCZTO-
0.05, BCZTO-0.1, and BCZTO-0.2 ceramics at fixed frequency are given in Fig. 5.8b.The
value of tandis nearly independent of temperature up to 500 K. It is seen in Fig. 5.8b that the
tangent loss is the lowest in the case of BCZTO-0.05 ceramic among all the measured
samples.

5.3.5. Impedance Spectroscopic studies

The complex impedance plot or Nyquist plot (Z" vs Z') at 350 K of Zn-doped and un-doped

BCTO ceramics is shown in Fig. 5.9a-d.
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Sample name grain Resistance (Ry) (Q) grain boundary Resistance
(Rgp) (MQ)

BCTO 280 8.8

BCZTO0-0.05 800 5.2

BCZTO-0.1 700 5.1

Fig. 5.9 Complex impedance plot or Nyquist plot (2" vs Z') at 350 K for a BCTO; b

BCZTO-0.05; ¢ BCZTO-0.1; d BCZTO-0.2 ceramics.

Table 5.1 The data of grain and grain boundary resistance for Zn-doped and un-doped
BCTO ceramics at 350 K.

The semicircular arc is observed in all the measured samples, which indicates the grain
boundary effect. The semicircular arcs for grains at high frequency get reduced due to the
high value of grain boundary resistance. The grain resistance is calculated by inset figures,

recorded in the high-frequency region. The data of grain and grain boundary resistances at
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BCZTO-0.2 900 8.1

It is also observed that the resistance of grain and grain boundaries are semiconducting. The
variation of the imaginary part of impedance (Z") with frequency at selected temperatures is

shown in Fig. 5.10a-d for BCTO, BCZTO-0.05, BCZTO-0.1, and BCZTO-0.2, respectively.
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Fig. 5.10 Frequency dependence of imaginary part of impedance (Z") at selected

temperatures for aBCTO; b BCZTO-0.05;c BCZTO-0.1; d BCZTO-0.2 ceramics.
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The magnitude of Z" decreases with increasing temperature. It shows the appearance of
relaxation peaks. The relaxation peaks were noticed at a lower frequency and peak
suppression was reached at higher frequencies. This confirms the existence of the relaxation

phenomenon of ceramics [39].

5.3.6. Electrical conductivity
The variation of In of conductivity (o) as a function of 1000/T (K™') at selected frequencies

for Zn-doped and undoped BCTO ceramics is shown in Fig. 5.11a-d.
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Fig. 5.11 Plots of conductivity (In o) with the inverse of temperature at selected frequencies
for a BCTO;b BCZT0O-0.05;¢ BCZTO-0.1; dBCZTO-0.2 ceramics.

It is observed from the figure that on increasing temperature, the conductivity behavior of
the ceramics linearly increases. The temperature dependence of conductivity obeys the
Arrhenius law. The activation energy for conduction is measured by the slope of the plot of
In 6 vs 1000/Tat 1 kHz. The calculated activation energy for BCTO, BCZTO-0.05, BCZTO-

0.1, and BCZTO-0.2 ceramics is found to be 0.25, 0.20, 0.27, and 0.36 eV, respectively.
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Fig. 5.12 Frequency dependence of AC conductivity (In c,.) at selected temperatures for a

BCTO; b BCZTO-0.05; ¢ BCZTO-0.1; d BCZTO-0.2 ceramics.
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The variation of AC conductivity with frequency for BCTO, BCZTO-0.05, BCZTO-0.1, and
BCZTO-0.2 ceramics is shown in Fig. 5.12a-d. The frequency-dependent conductivity can
be described by the Jonscher power law [40]

o(w)=0ptAw’ (5.1)

Where A is a constant and s is the power-law exponent.

The AC conductivity [41-44] primarily depends upon frequency. The value of power-law
exponent (s) was calculated by the slope of the curve for all measured samples at the
temperatures 310 K, 390 K, and 470 K, as shown in Table 5.2. It was observed from table
5.2 that on increasing temperature, s value decreases for all the measured samples.

Table 5.2 The value of power law exponent (s) for BCTO, BCZTO-0.05, BCZTO-0.1,

and BCZTO-0.2 ceramics at few selected temperatures.

Ceramic Samples T=310K T=390 K T=470 K
BCTO 1.18 1.15 1.14
BCZTO0-0.05 0.43 0.42 0.41
BCZTO-0.1 0.83 0.82 0.81
BCZTO-0.2 0.73 0.68 0.65

The conductivity mechanism in the ceramics is governed by the thermally activated hopping
between two sites separated by an associate energy barrier at the grain boundary. The
dielectric conduction process is temperature dependent, related to the hopping of charge

carriers [45].
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5.3.7. Cyclic Voltammetry

Fig. 5.13 displays the cyclic voltammetry, which was performed in three electrode system
[46].These three-electrode systems of Ag/AgCl, platinum and active metal were chosen as
the reference electrode, counter electrode and working electrode, respectively. Cyclic
Voltammetry of BCTO, BCZTO0-0.05, BCZTO-0.1, and BCZTO-0.2 ceramics were
performed at a scan rate of 2 mV/s. Two types of mechanisms are observed in the case of
supercapacitors, i.e., EDLC (electrical double layer capacitive) and pseudo capacitive. In
case of EDLC, the charges are stored in the form of surface adsorption-desorption. Pseudo
capacitive materials store charge in form of redox transitions. All the ceramics are
pscheudocapative in nature, which can be seen from the CV plot, shown in Fig. 5.13a-d. In
But in the figure, it can be seen that the curves are not rectangular which suggest the pseudo
capacitive nature of the systems. The maximum currents generated for BCTO, BCZTO-
0.05, BCZTO-0.1, and BCZTO-0.2 ceramics are 11.06 mA, 1.37 mA, 1.98 mA, and 67.8

HA, respectively, and the corresponding voltages are 0.996, 0.994, 0.911 and 0.80 V.
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In case of ideal -capacitors, the CV curves are rectangular in shape.
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Fig. 5.13 Cyclic Voltammetry plots for a BCTO; b BCZTO-0.05; ¢ BCZTO-0.1; d
BCZTO-0.2 ceramics.

5.4. Conclusions

The undoped and Zn-doped BCTO ceramics were synthesized by a semi-wet process and
sintered at 1123 K for 8 h. The XRD analysis verified the single-phase formation of BCTO
and BCZTO ceramics. The crystallite size of Biy;sCu;Zn,Ti4O1, (x = 0, 0.05, 0.1, 0.2)
ceramics, as observed by XRD is in the range of 45 + 5 nm. The average particle size of all
ceramics was found 60 £ 5 nm by TEM analysis. The oxidation states of the constituent
elements in the BCZTO-0.2 ceramic were confirmed by XPS. The dielectric constant of
BCTO, BCZTO0O-0.05, BCZTO-0.1, and BCZTO-0.2 ceramics were found as 356, 489, 189,

and 243 at 100 Hz and 470 K. The tangent loss was measured as lowest (0.24) in the case of
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BCZTO-0.05 ceramic at 10 kHz and 310 K. The existence of grain and grain boundary
effects was confirmed by impedance analysis of BCTO and BCZTO ceramics.The
conductivity of BCZTO ceramics increases with an increase in temperature obeying the
Arrhenius law. The AC conductivity of BCZTO ceramics increases with increasing
frequency, according to the Johncher power law. For Electrochemical characteristics, Cyclic
Voltammetry was operated for BCTO, BCZTO-0.05, BCZTO-0.1, and BCZTO-0.2
ceramics and the maximum generated current was found to be 11.06 mA, 1.37 mA, 1.98
mA, and 67.8 pA respectively.
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