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6.1. Introduction

The class of semiconductor materials that display high dielectric constant and low tangent
loss, and demonstrate these properties independent of frequency and temperature
independent, are used to construct microelectronic devices for capacitor applications, placing
them in the category of ideal materials [1]. Dielectric capacitors differ from electrochemical
capacitors in that they have less self-discharged and more heat stability [2]. Therefore, these
materials have great potential for utilization in high-power applications like energy systems,
commercial power systems, medical equipment, and variety of sensing devices [3]. A
suitable dielectric material, CCTO (CaCusTi4O;) ceramic has a high dielectric permittivity
at 1 kHz and 25 °C [4, 5]. It is widely accepted that an Internal Barrier Layer Capacitance
(IBLC) model is the basic cause of the giant dielectric response [6, 7]. Several methods have
been used in investigations of the grain boundaries of CCTO materials [8, 9]. The IBLC
hypothesis, which holds that a significant intrinsic potential barrier existed at the CCTO grain
boundaries, is supported by S. Y. Chung's proof of the insulator- semiconductor junction
assumption. For the gigantic dielectric permittivity, several theoretical models have received
widespread acceptance, although they are still debatable [10]. By dramatically lowering
tangent loss and raising the dielectric constant, there are several ways to enhance the
dielectric characteristics of CCTO for use in capacitor applicators. The production of highly
capacitive ceramics with low dielectric loss has been investigated via the replacement of
metal ions into the lattice. Dopants have been employed in several researches to enhance the

non-Ohmic and dielectric characteristics of CCTO ceramics. The Cu>" and Ti*" sites of the
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CCTO structure have been replaced with a variety of dopants, including Mg*", Zn*", Sn*’,
Zr*", and W®'. Rare reports of Ge*" substitution in

the Ti*" sites of CCTO ceramics exist. By doping CCTO ceramics with Ge*", extremely high
dielectric constant (10°) and minimal tangent loss (0.064-0.068) at 1 kHz and 25°C were
achieved when x was raised from 0 to 0.10, of the ceramic CaCusTisGexO1, while the
tangent loss was noticeably reduced. The resultant tangent loss, however, is still more than
0.06 [11]. The first significant issue for practical usage in electrical and energy storage
applications is the relatively high dielectric loss and low resistivity of CCTO ceramic.
Researchers have tried a variety of methods to reduce the tangent loss of ceramics to address
this serious issue. It is expected that the co-substitution of doping ions may boost the
dielectric and/or nonlinear electrical responses in the CCTO structure. Many scientists have
tried to figure out how to dope this ceramic composite system with metal ions like Zn* and
Sn*" to raise the dielectric constant value. Many ACu3Ti4O, (A= Ca, Sr, Biys, BijpNayp,
Lays, etc.) class of oxides have been identified in recent years, and it has been established
that they display enormous dielectric capabilities. Similar to CCTO, BCTO (Biy;3CusTi14012)
ceramic has BCC (Body Centered Cubic) structure [12]. According to P. Gautam et al., The
BCTO ceramic, sintered at 1173 K for 8 h, has a high dielectric constant (= 2.9 x 10%) at 323
K and 100 Hz, which was also effectively synthesized as a powder using the sol-gel method,
and when it was sintered for 20 h at 1273 K with this approach, was 1.1 x 10* and tangent
loss was 0.11 at 1 kHz [13]. Therefore, deeper comprehension of the physical characteristics
of BCTO is required to understand the doping impact of metal ions in BCTO.
Bi,3Cu3Tis«GeyO1o and BiysCusZngTiyGe,O12 (where x=0.05) ceramics were created in

the present study using the semi-wet method. The microstructure, dielectric, and electrical
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characteristics were examined and presented in the result and discussion part of this
manuscript.

6.2. Material Synthesis and Characterization

Semi-wet synthesis was used to create BCTGO-0.05 and BCZTGO-0.05, also known as
Biy3CusTisxGexO1, and Biy;sCusZngTis4GexO, (wWhere x= 0.05), respectively. First, the
following ingredients were measured in stoichiometric amounts: Bismuth nitrate
Bi(NO3).5H,0 (99% Merck, India), Copper acetate (CH3COO),Cu.H,0 (99% Merck, India),
Zinc acetate (CH3C0O0),Zn.H,0(98% Merck, India), Titanium (IV) oxide TiO2(98.5%
Merck, India), glycine (99.5%, Merck India),and Germanium (IV) oxide GeO; (99.99 %
Merck, India). Double distilled water was wused to dissolve Bi(NOj3);.5H;0,
Cu(CH3C00),.H;0, GeOsand Zn(CH3;COO),.H,O. Then, solid TiO, was added to this
solution in a stoichiometric proportion. The predetermined quantity of citric acid (99.5%,
Merck India) was added to aforementioned solution to operate as a complexing agent. The
obtained solutionwas heated on hotplate magnetic stirrer at 343—-353 K to remove water with
subsequent stirring. The dry powders of BCTGO-0.05 and BCZTGO-0.05 were produced
after the removal majority of the gases by self-ignition process. The resultant powders were
then processed via pestle and mortar to create fine powders. The obtained powder was
calcined at 1073 K for 8 h.5 tons of pressure was applied over 90 s by a hydraulic press to
create cylindrical pellets. Pellets were made using PVA (as a binder) and heated for 3 h at
773 K. In the end, pellets of BCTGO-0.05 and BCZTGO-0.05 were created and sintered for
8hat 1123 K.

Using X-ray diffractometer (Rigaku miniflex 600, Japan), the phase formation of the

prepared materials were checked. Scanning electron microscopy (ZEISS model, EVO-18
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research, Germany) and energy-dispersive X-ray spectroscopy (Oxford instruments, Great
Britain) were used to analyze the microstructure and elements of all samples respectively.
Transmission Electron Microscopy (TEM, FEI Tecnai-20G) was used to get Bright Field
TEM pictures. XPS (X-ray Photoelectron Spectroscopy)was used to validate the oxidation
state of the elements found in the ceramics. The pellet surfaces were silver coated for
dielectric measurements, and dielectric data were collected using an LCR meter (PSM 1735-
NumetriQ, Newton 4th Ltd. UK) in 300-500 K temperature range and 100 Hz- 1 MHz
frequency range. We bought iso-propanol, Nafion solution, and acetylene black (AB) from
Alfa Aesar. By combining 5 mg of active material, 0.625 mg of AB, 0.2 mL of isopropanol,
and 12 L of Nafion, the individual electrode was created. Glossy carbon paper with an area of
1 cm” was impregnated with the dispersion, which was then allowed to dry under normal
atmospheric conditions. Silver glue, which functioned as a current collector, joined copper
wire to the electrode. The different electrochemical characteristics of the manufactured
electrodes were assessed using Versastat 3. Utilizing a three-electrode mechanism,
electrochemical impedance spectroscopy (EIS) and cyclic voltammetry (CV) were performed
on the constructed systems. The working electrode (fabricated system/active material), the
reference electrode (Ag/AgCl), and the counter electrode (Platinum) made up the three-
electrode system. The working electrode in the three-electrode setup has a mass loading of 2
mg/cm®. The stable potential range was determined as -0.2 V to 0.8 V using CV graphs that
were recorded at a rate of 5 mV/s. At a 10 mV AC amplitude, the three-electrode setups

underwent EIS. The electrolyte used for the electrochemical tests was a 1M KOH solution.
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6.3 Results and Discussion

6.3.1. X-ray Diffraction (XRD)

The Phase development of BCTGO-0.05 and BCZTGO-0.05 ceramics were seen in the X-ray
diffraction pattern, as illustrated in Fig. 6.1. XRD peaks of these ceramics, which are
identical to BCTO (JCPDS card no. 46-0725), are identified as (2 00), (2 11),(220), (3 1
0),(222),(321),(400),(330),(420),(422),(440),(530),(600)and (61 1) planes.
The crystallite size (D) of the ceramics BCTGO-0.05 and BCZTGO-0.05 were determined by

using the Debye-Scherrer formula [14], which is given below in equation (6.1):

D=—= (6.1)

Bcosh
Where k is the crystal shape coefficient (k=0.89), A is the wavelength used in XRD, B is the
Full-Width Half Maximum (FWHM) and 0 is the diffraction angle. For the ceramics
BCTGO-0.05 and BCZTGO-0.05, the average crystallite size was determined as 39.52 nm
and 46.32 nm, respectively. The lattice parameter (a) for BCTGO-0.05 and BCZTGO-0.05
ceramics were calculated as 7.413A and 7.408 A respectively. The lattice volume of
BCTGO-0.05 and BCZTGO-0.05 ceramics were determined as 407.3634A° and 406.6157 A’

respectively.
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Fig. 6.1 XRD Pattern of BCTGO-0.05 and BCZTGO-0.05 ceramics sintered at 1123 K for 8

h.

6.3.2. Scanning Electron Microscopic (SEM) Studies

SEM images of BCTGO-0.05 and BCZTGO-0.05 ceramics are depicted in Fig. 6.2a and b,
respectively. Zn and Ge ion doping in BCTO ceramics directly affects the way that ceramics
develop. Some porosity may be noticed in the SEM images figure. The burning of citric-
nitrate precursor gel may have caused gas evolution, which might be the cause of the
porosity. The pictures also make it evident that grains are found in granular form, with
polygonal shapes that are clearly divided by grain borders. As seen in the pictures, particle

aggregation happens when Zn and Ge are doped in BCTO ceramics. Ceramics made using
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BCTGO-0.05 and BCZTGO-0.05 were found to have average grain sizes of 0.62 um and

0.68 wm, respectively.

Fig. 6.2 SEM images of (a) BCTGO-0.05 and (b) BCZTGO-0.05 ceramics sintered at 1123
K for 8 h.

The EDX spectra of the ceramics BCTGO-0.05 and BCZTGO-0.05 are shown in Fig. 6.3a
and b, respectively. EDX data were used to analyze the stoichiometry and purity of all the
samples. The atomic % and weight % of Bi, Cu, Ti, Ge and O were 4.52, 20.92, 27.70, 0.34,
46.52 and 21.62, 30.43, 30.35, 0.57, 17.03 respectively, which gives a formula close to

Bi2/3CU3Ti3,95G60_05012 (1e BCTGO-OOS)
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Fig. 6.3 EDX images (a) BCTGO-0.05 and (b) BCZTGO-0.05 ceramics sintered at 1123 K
for 8 h.

The atomic % and weight % of Bi, Cu, Zn, Ti, Ge, O are 4.46, 20.34, 0.32, 27.52, 0.33, 47.03
and 21.48, 29.79, 0.48, 30.36, 0.51, 17.38 respectively, which gives a formula close to
Biy3Cuz.95Zn¢,05T13.95Ge0.05012 (i.€., BCZTGO-0.05). Thus, Stoichiometry of all samples was
confirmed by EDX data.

6.3.3. Transmission Electron Microscopic (TEM) Studies

Fig. 6.4 displays the bright-field TEM micrographs along with the SAED patterns of the
ceramics BCTGO-0.05 and BCZTGO-0.05. The bright-field TEM data displayed in Fig.
6.4a, b were used to compute the particle size. For BCGTO-0.05, and BCZTGO-0.05
ceramics, it was found as 99 £ 5 nm, 112 + 10 nm, respectively using Image J software. Due
to particle agglomeration, it is shown that particle size rises as Zn concentration is added in
BCTGO-0.05 ceramic [15]. Fig. 6.4 (a), (b) demonstrated the crystalline character of the

particles.

Department of chemistry, IIT (BHU) Page 160



Emergence of dielectric properties by doping of semi-transition
metal in semi-conductor complex perovskite oxide

Fig. 6.4 (a), (b) TEM images and (c), (d) SAED pattern of BCTGO-0.05 and BCZTGO-0.05
ceramics sintered at 1123 K for 8 h respectively.

Fig. 6.4c, d demonstrates the Selected Area Electron Diffraction (SAED) patterns of
BCTGO-0.05, and BCZTGO-0.05 sintered ceramics respectively. The crystal planes of the
ceramics were obtained from the SAED pattern. The incidence of the bright spot of the

SAED pattern demonstrated the nano-crystalline nature of particles.
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6.3.4. X-Ray Photoelectron Spectroscopic (XPS) Studies

X-Ray Photoelectron Spectroscopy (XPS) Studies have verified the oxidation states of the

elements found in the BCTGO-0.05 and BCZTGO-0.05 ceramics. Fig. 6.5 displays the XPS

spectrum of BCTGO-0.05 ceramic. The XPS spectra of this ceramic, which contain the

elements Bi, Cu, Ti, Ge, and O are displayed in Fig. 6.5a, b, c, d, and e, respectively.
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Fig. 6.5 XPS spectra of (a) Bi, (b) Cu, (c) Ti, (d) Ge, and (e) O of BCTGO-0.05 ceramic

sintered at 1123 K for & h.
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Fig. 6.6 XPS spectra of (a) Bi, (b) Cu, (c) Zn, (d) Ti, (e) Ge, and (f) O of BCZTGO-0.05

ceramic sintered at 1123 K for 8 h.

Two peaks in Fig. 6.5a that correlate to Bi 4f5/2 and Bi 4f7/2, respectively, with binding
energies of 158.46 and 163.76 eV, support the existence of Bi*". Peak locations for Cu, Ti, O,
and Ge has seen in Fig.5b, c, d, and e support their respective oxidation states of +2, +4, -2,
and +2 [16]. Fig. 6.6 displays the XPS spectrum of BCZTGO-0.05 ceramic. The XPS spectra
of this ceramic, which contain the elements Bi, Cu, Zn, Ti, Ge, and O are displayed in Fig.
6.6a, b, c, d, e, and f respectively.

Two peaks in Fig. 6.6a that correlate to Bi 4f5/2 and Bi 4f7/2, respectively, with binding

energies of 158.46 and 163.76 eV, support the existence of Bi*". Peak locations for Cu, Zn,
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Ti, Ge, and O has seen in Fig. 6.6b, c, d, e, and f support their respective oxidation states of
+2, 42, +4, +4, and -2 [17,18].

6.3.5. Dielectric Studies

The relationship between the dielectric permittivity and frequency for the ceramics BCTGO-
0.05 and BCZTGO-0.05 is exhibited in Fig. 6.7a and b respectively at selected temperatures.
The fluctuation in dielectric permittivity with the frequency seen in the picture is nearly the
same for both ceramics. In conclusion, the dielectric constant (e;) exhibits higher value in
low-frequency region, whereas it drops with increasing frequency and becomes constant in
higher frequency zone. Space charge polarization takes place in the low frequency range. In
the higher frequency region, quick periodic reversal phenomena of the electric field occur,
which prevent ions from diffusing in the direction of electric field [19, 20]. The dielectric
constants of BCTGO-0.05 and BCZTGO-0.05 ceramics were 563 and 265 respectively at

423 K and 100 Hz.
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Fig. 6.7 Frequency dependence of dielectric constant(g;) of (a) BCTGO-0.05 and (b)

BCZTGO-0.05; Frequency dependence of dielectric loss (tan §) for (c) BCTGO-0.05 and (d)

BCZTGO-0.05 ceramics at few selected temperatures.

Fig. 6.7cand d display the fluctuation of tan & with frequency for the BCTGO-0.05 and

BCZTGO-0.05 ceramics respectively at few selected temperatures. The relaxation peaks

were observed in BCTGO-0.05 and BCZTGO-0.05 ceramics The BCZTGO-0.05 has the

lowest dielectric loss (0.18). The tan & values of BCTGO-0.05 and BCZTGO-0.05 ceramics

are found as 3.12 and 0.18 respectively at 303 K and 10 kHz. Fig. 6.8a and b display the

dielectric constant (g;) vs. temperature (T) graph of the BCTGO-0.05 and BCZTGO-0.05
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ceramics respectively at few selected temperatures. It is concluded that the €, does not change

up to 350 K and after that, it increases with increase in temperature.
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Fig. 6.8 Temperature dependence of dielectric constant (&) of (a) BCTGO-0.05 and (b)

BCZTGO-0.05; Frequency dependence of dielectric loss (tan §) for (c) BCTGO-0.05 and (d)

BCZTGO-0.05ceramics at few selected frequencies.

Fig. 6.8c and d show tan 6 vs. T graphs for BCTGO-0.05 and BCZTGO-0.05 ceramics at few

selected frequencies. The variation of tan 6 with T shows similar behavior as graph of &, vs.

T. It is observed that BCTGO-0.05 ceramic exhibited the lowest tangent loss.
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6.3.6. Impedance Spectroscopic Studies

The correlation of the imaginary impedance (Z") with change in frequency at specific

temperatures has been revealed in Fig. 6.9a and b for BCTGO-0.05 and BCZTGO-0.05

ceramics respectively. With increasing frequency, the value of Z" decreases in the higher

frequency regions and It was been collapse to each other. Two relaxation peaks were

appeared at all measured temperatures in case of BCTGO-0.05 sample. The first relaxation

peak in the lower frequency region was obtained due to the electrode phenomenon and

another peak was observed due to the grain boundaries effect. It shows the emergence of

relaxation peaks.
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(b) BCZTGO-0.05; Complex impedance plot (Z” vs Z') of (c) BCTGO-0.05 and (d)

BCZTGO-0.05 ceramics at few selected temperatures.

The relaxation behavior of ceramics were observed. Z" vs Z' plot at few selected
temperatures of BCTGO-0.05 and BCZTGO-0.05 ceramics are shown in Fig. 6.9c and d. The
semicircular arc is seen in both samples indicating the effect of the grain boundary. Due to
the higher value of grain boundary resistance, the semicircular arcs for grains get reduced at
high frequency. The grain resistance is determined with the help of inset figures, recorded in
the high-frequency region. The value of grain resistances at 303 K, 343 K, 383 K, and 423 K
are calculated as 310 €, 290 Q, 240 Q, and 180 Q respectively for BCTGO-0.05 ceramic.
The value of grain resistances at 303 K, 343 K, 383 K, and 423 K are calculated as 380 €,
375 Q, 365 Q, and 355 Q respectively for BCZTGO-0.05 ceramic. It is seen that the
resistance of grain along with the grain boundaries are semiconducting [21].

6.3.7. Electrical Conductivity

Fluctuation of In & vs 1000/T (K™') at selected frequencies of BCTGO-0.05 and BCZTGO-
0.05 ceramics are given in Fig. 6.10a and b respectively. It can be concluded from the figure
that the conductivity behavior of the ceramics linearly increase with increase in temperature.
The temperature dependence of conductivity is governed by Arrhenius law. From electrical
conduction data, the activation energy has been calculated the slope of the plot of In 6 vs
1000/T. The calculated activation energy is found as 0.47, 0.38, 0.37, and 0.35 eV at 100 Hz,
1 kHz, 10 kHz, and 100 kHz respectively for BCTGO-0.05 ceramic. The calculated
activation energy is found as 0.54, 0.49, 0.39, and 0.36 eV at 100 Hz, 1 kHz, 10 kHz, and

100 kHz respectively for BCTGO-0.05 ceramic. It was observed in both samples that the
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activation energy slows down on raising frequency. This occurs because of the improvement
of electronic jumps on increasing the applied frequency, which is responsible for hopping

charge carrier mechanism.
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Fig. 6.10 Plots of Conductivity ( In o) with the inverse of the temperature of (a) BCTGO-
0.05 and (b) BCZTGO-0.05; frequency dependence of AC conductivity of (c) BCTGO-0.05
and (d) BCZTGO-0.05 ceramics

The variation of AC conductivity with frequency for BCTGO-0.05 and BCZTGO-
0.05ceramics are shown in Fig. 6.10c, d respectively. The frequency-dependent conductivity
can be described by the Jonscher power law [31].

o(w)=0)+Aw’ (6.2)

Where A is a constant and s is the power-law exponent.
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The AC conductivity [22, 23] mainly depends on frequency. The power-law exponent (s) was
estimated from the slope of the curve In ¢ vs. In ® for BCTGO-0.05 and BCZTGO-0.05
ceramics. It is determined as 0.48, 0.17, 0.16, and 0.14 at 303 K, 343 K, 383 K, and 423 K
respectively for BCTGO-0.05 ceramics. It is calculated as 0.92, 0.84, 0.61, and 0.51 at303 K,
343 K, 383 K, and 423 K respectively for BCZTGO-0.05 ceramics. The temperature
dependence of the dielectric conduction process is related to the hopping -charge mechanism
[24]. The conduction mechanism can be illustrated by the thermally activated hopping
process in BCTGO-0.05 and BCZTGO-0.05 ceramics over the potential barrier at the grain
boundary.

6.3.8. Cyclic Voltammetry

Cyclic Voltammetry results (Fig. 6.11a) show that in the case of BCZTGO-0.05 more current
is generated than BCTGO-0.05. So, it can be concluded that BCZTGO-0.05 has more
conducting nature than BCTGO-0.05. There is no significant redox peak for both materials.
The plateaus are non-rectangular, which reflect the pseudo capacitive behavior of the

materials [25].
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Fig. 6.11(a) Cyclic voltammetry, (b) Nyquist plot, (c) Frequency vs total impedance plot, (d)
Frequency vs net capacitance plot of BCZTGO-0.05 and BCTGO-0.05 ceramics

The specific capacitance of BCZTGO-0.05 and BCTGO-0.05 were found to be 15.7 F/g and
13.05 F/g, respectively. Resistances given by various constituents in the electrochemical
systems were obtained from electrochemical impedance spectroscopy (EIS). In the real Z
axis of the Nyquist plot, the intercept point gives the value of equivalent series resistance
(Rs). Rg is the contribution of resistances obtained from electrolyte or solution, current
collector and electrode, intrinsic resistance present in the composite, and chemically inactive
components of the composite. The semicircular diameter in the Nyquist plot exhibits charge
transfer resistance (Rcr), which is the reason for obstruction in faradaic transitions and

charge mobility in the time of electrochemical reactions [26]. BCZTGO-0.05 and BCTGO-
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0.05 have charge transfer resistances of 70 Q and 192 Q, respectively (Fig. 6.11b and Fig.
6.11c )exhibits that with the increase in frequency, the impedance is decreasing for both low
and high frequency. With the increase in frequency, the mobility of electrolyte ions increases
resulting less impedance. Fig. 6.11d exhibits a decreasing trend of capacitance with increase
in frequency, which could be due to the incomplete transitions and less residence time of the
electrolyte ions during electrochemical reactions [27].

6.4. Conclusions

Biy3Cu3TisxGeyO1p and  BiysCusxZngTisxGexOpn,  (where x= 0.05) ceramics were
successfully synthesized by semi-wet route and sintered at 1123 K for 8 h. Phase formation
of these ceramics was confirmed by XRD. The crystallite size of BCTGO-0.05 and
BCZTGO-0.05 ceramics were in the range of 39-47 nm. The particle size of BCTGO-
0.05and BCZTGO-0.05 ceramics were found as 99 + 5 and 112 + 10 nm. The oxidation state
was validated by XPS. The dielectric constant for BCTGO-0.05 ceramic was found as 563 at
100 Hz and 423 K. For the BCZTGO-0.05 ceramic, the tangent loss at 303 K temperature
and 10 kHz frequency was 0.18.The conductivity variation of BCTGO-0.05 and BCZTGO-
0.05 ceramics with temperature support the Arrhenius law in the temperature range 300-500
K. AC conductivity of BCTGO-0.05 and BCZTGO-0.05 ceramics increase with increasing
frequency satisfying Johncher’s power law. The specific capacitance of BCTGO-0.05 and

BCZTGO-0.05 were found to be 13.05 F/g and 15.7 F/g, respectively.
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