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4.1. Introduction

There is a continuous effort to downsize electronic devices such as dynamic random-access
memory and multilayer ceramic capacitors to reduce the size and cost by investigating
materials with giant dielectric-constant [1-6]. A variety of materials have been investigated
in the past two decades, including BaTiO;, NiO, SrTiO3, CaCusTi40;, (CCTO), and TiO,
[7,8]. Among all ceramics, the dielectric performance of CCTO has shown an extremely
high dielectric constant. This system can be further improved and properties can be greatly
enhanced by cation doping and substitution. CCTO class of materials have an
extraordinarily high dielectric constant &~10"-10" and show good thermal stability in a
wide temperature range from 100 K to 600 K and broad frequency region (10%-10" Hz). 1t
has great potential for electronic components such as multilayer capacitors and electrical
devices due to its high dielectric constant. Doping has proven to be a useful way to improve
loss and performance. The dielectric characteristics and the microstructure have a strong
correlation [9,10]. The ionic size and nature (acceptor/donor) of the dopant play a significant
role in controlling the microstructure and dielectric properties of CCTO ceramic [11].
Because of the correction of the mixed-valent structure, partial isovalent ion substitution of
Zr, Zn, and Y in CCTO ceramics enriched the dielectric response. For the wide application
of this compound further improvement in the dielectric loss is needed. Several theories have
been proposed to explain the source of high dielectric constant and low dielectric loss. Some
of these mechanisms involve the internal domain, electrode polarization effect, bimodal

grain size model, and the internal barrier layer concept (IBLC) [12-18]. The Internal Barrier
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Layer Capacitance (IBLC) model has been accepted to be reliable for explaining high
dielectric constant and loss in the material. This mechanism assumes that polycrystalline
compounds are made up of semiconducting grains separated by insulating grain boundaries
[19,20]. Microstructural features are very important in explaining the IBLC model. As a
result, the dielectric permittivity of CCTO ceramics can be altered by fine-tuning their
microstructure via processing parameters and/or metal ion doping [22,23]. The high
permittivity exhibited in this class of compounds has been also explained based on the
Maxwell-Wagner (M—W) relaxation mechanism associated with an interfacial polarization,
which appears in electrically heterogeneous materials (grains enclosed by grain boundaries
of different conductivity) [21]. This has been supported by impedance spectroscopy and
revealed that the perovskite material has insulating grain boundaries that separate the
semiconducting grains, similar to a single-step internal barrier layer capacitor. The
isostructural relationship between Biy3CuszTisOp, (BCTO) and CCTO has already been
documented in the literature. Yang et al. employed a solid-state reaction method and
synthesized BCTO, and reported a dielectric constant of approximately 3.3 x 10> at 1 kHz
[23]. We have used a cost-effective chemical method to synthesize Ni-doped Bi,3Cu3Ti40,,
(BCNTO) ceramics at relatively low temperatures and measured their microstructural,
dielectric, and electrical properties. These results are discussed using current mechanisms

for high dielectric constant.

Department of chemistry, IIT (BHU) Page 101



Low temperature synthesis, dielectric and electrical characteristics
of Bi,;Cu;.Ni . Ti,O;, (where x=0.05, 0.1, and 0.2) ceramics for the
dielectric and electrical properties

4.2. Materials synthesis and characterization

A low-temperature low cost chemical synthetic process was used for Biy;Cu;sxNixT1401,
(where x= 0.05, 0.1, and 0.2)ceramics. The ceramics were termed as BCNTO-0.05,
BCNTO-0.1 and BCNTO-0.2 for x= 0.05, 0.1 and 0.2, respectively. In this synthesis,
Bismuth nitrate Bi(NO3);.5H,0 (99% Merck, India), Copper acetate Cu(CH3COO),.H,O
(99% Merck, India), Nickel Nitrate Ni(NO3),.6H,O (99% Merck, India), and Titanium
oxide Ti0,(98.5% Merck, India) were used as the source materials. These source materials
were mixed in the equivalent ratio. The solution of Bi(NOj3);.5H,O, Cu(CH3;COO),.H0,
and Ni(NOs),.6H,0 was prepared by dissolving in the distilled water. Then The solid TiO,
was added to the solution. As a chelating agent, the stoichiometric quantity of citric acid
(99.5 %, Merck India) prepared solution in the distilled water was added to the solution. In
the ignition process, citric acid was also used as a fuel. The resulting solution was heated at
343-353 K on a hotplate. A magnetic stirrer was used for the mixing of solution as well as
for evaporation of some gases. A fluffy mass of BCNTO powders was recovered after
eliminating a substantial amount of gas. The obtained BCNTO particles were pulverized
into a fine powder using a pestle and mortar. The powders were calcined for 8 h at 1073 K.
Using calcined powders and 2% PVA as a binder, cylindrical pellets were made using a
hydraulic press at 5 tons of pressure for 90 s. This binder was burned out for 3 h at 773 K.
Finally, these BCNTO pellets were sintered for 8 h at 1123 K.

The crystalline phase of sintered material was characterized by X-ray Diffractometer (XRD)

(Rigaku miniflex 600, Japanusing CuKa radiation waves, A = 1.54059 A).The elemental
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analysis and microstructure of all samples were examined by Scanning Electron Microscope
model EVO-18 research from ZEISS from Germany and Energy-Dispersive X-ray
spectroscopy, supplied by Oxford instrument, respectively. Transmission electron
microscopy, model FEI Tecnai-20G. 20 kV accelerating voltage was used to determine the
bright-field TEM morphology. X-ray Photoelectron Spectroscopy was used to determine
composition. The sintered pellets were polished on both sides and care was taken to make
parallel surfaces. The silver paste was used as an electrode on both faces for the electrical
and dielectric measurements. An LCR meter, model PSM 1735-NumetriQ, supplied by
Newton 4th Ltd.UK was used for the dielectric measurements for the temperature range of
300 K to 500 K. The data was taken for the frequency range of 100 Hz to 10 MHz.

cyclic voltammetry (CV), charge-discharge (CD), electrochemical impedance spectroscopy
(EIS) of the three and two-electrode systems were performed by Versastat 3. In a three-
electrode system, Ag/AgCl, Pt, and active material were taken as reference electrodes,
counter electrodes, and working electrodes respectively. The mass loading of the working
electrode was 2 mg/cm®. For Electrochemical Impedance Spectroscopy (EIS), 10 mV
amplitude of AC voltage was applied over 100 kHz — 0.01 Hz frequency. For all the
Electrochemical analyses, 1M KOH electrolyte was taken. 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
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paper of 1 cm” area. The active mass loading was 2 mg/cm?. The scan rate was 5 mV/s.
Then the prepared electrode was dried for around half an hour in a vacuum oven till the
complete disappearance of the used solvents.

4.3. Results and discussion

4.3.1. X-ray Diffraction (XRD)

Fig. 4.1 shows the X-ray diffraction pattern of Ni-doped Bismuth Copper Titanium Oxide
(Bip3Cu3.xNixT1401,, x= 0.05, 0.1, and 0.2) respectively. It is observed that the XRD pattern
of the ceramic is very much similar to undoped BCTO ceramic (JCPDS card no. 46-0725),
which confirms the single-phase formation. The primary XRD peaks of these ceramics were
comparable to the planes (200),(211),(220),(310),(222),(321),(400),(422),and
(4 4 0), and were found to be the similar as CCTO (JCPDS card no. 21-0140). The average
crystallite size was calculated to be 42.07 nm, 42.08 nm, and 42.10 nm for BCNTO-0.05,
BCNTO-0.1, and BCNTO-0.2 ceramics, respectively. The Debye-Scherrer’s formula given

below was used to determine the crystallite size of Ni-doped BCTO

kA
- BcosO

4.1)

Department of chemistry, IIT (BHU) Page 104



Low temperature synthesis, dielectric and electrical characteristics
of Bi,;Cu;. Ni . Ti,O;, (where x=0.05, 0.1, and 0.2) ceramics for the
dielectric and electrical properties

90000

| e —— BCNTO-0.2
| $ —— BCNTO-0.1
i _|—— BCNTO-0.05
700004 . _ = & = = S _
g 5 = 8 oa = I S
1 & B o 8 o s
60000 et o a g d A
‘;“ .
@ 50000 -
> I
% 40000 - | A
% 1 A A JL A
£ 30000 4
20000 -
10000 l
0 I A A _JL A A A ll A
Ll | T I T | Ll ] T | T
20 30 40 50 60 70 80

20 (degree )
Fig. 4.1. XRD Pattern of BCNTO-0.05, BCNTO-0.1, and BCNTO-0.2 ceramics sintered at

1123 K for 8 h.

Where k= 0.89 is the crystal form coefficient,A is the XRD wavelength, B is the Full-Width
Half Maximum (FWHM), and 0 is the diffraction angle. The crystal structure of the material
was found to be body centered cubic (bcc).The lattice parameter (a) of BCNTO-0.05,
BCNTO-0.1, and BCNTO-0.2 ceramic were calculated and found to be 7.393A, 7.389 A,

and 7.363 A respectively from XRD data. The volume of the unit cell is calculated to be
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404.076 A°, 403.420 A* and 399.178 A’ for BCNTO-0.05, BCNTO-0.1, and BCNTO-0.2
ceramic.

4.3.2. Microstructural studies

4.3.2.1. Scanning Electron Microscopic (SEM) studies

The SEM morphologies are shown in Fig. 4.2a-c for BCNTO-0.05, BCNTO-0.1, and
BCNTO-0.2 ceramics sintered at 1123 K for 8 h respectively. SEM images show surface
morphology and surface characteristics of the samples. The average grain size of BCNTO-
0.05, BCNTO-0.1, and BCNTO-0.2 ceramics are observed to be 0.43 um, 0.39um, and
0.41um respectively. It clears from the figure that grains exist in granular form with the
polygonal shape which is well parted by grain boundaries. Fig. 4.3a—c shows the Energy-
Dispersive X-ray spectra (EDX) of the BCNTO-0.05, BCNTO-0.1, and BCNTO-0.2

ceramics, which agree with the presence of Bi, Cu, Ti, Ni, Ti, and O elements.
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Fig. 4.2 SEM images of a BCNTO-0.05; b BCNTO-0.1; e BCNTO-0.2 ceramics sintered at

1123 K for 8 h.
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Fig. 4.3 EDX spectra of a BCNTO-0.05; b BCNTO-0.1; ¢ BCNTO-0.2 ceramics sintered

at 1123 K for 8 h.

4.3.2.2. Transmission Electron Microscopic (TEM) studies

Fig. 4.4a— shows the bright-field TEM images of BCNTO-0.05, BCNTO-0.1, and BCNTO-
0.2 ceramics sintered at 1123 K for 8 h respectively. The average particle sizes were found
to be 52.01 nm, 56.44 nm, and 65.28 nm for BCNTO-0.05, BCNTO-0.1, and BCNTO-0.2
ceramics respectively. Fig. 4.4d-f depicts the Selected Area Electron Diffraction (SAED)

pattern of BCNTO-0.05, BCNTO-0.1, and BCNTO-0.2 ceramics respectively. We have
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shown the crystal plane of the SAED pattern of the ceramic. The existence of a few clear
rings with small dots in the SAED pattern shows the formation of crystalline Ni-doped

BCTO ceramic.

Fig. 4.4 a-c TEM images and (d-f) SAED pattern of BCNTO-0.05, BCNTO-0.1, and

BCNTO-0.2 ceramics sintered at 1123 K for 8 h respectively.

4.3.3. X-Ray Photoelectron Spectroscopic (XPS) studies
XPS spectra of Biy;sCusxNixT1401, (x=0.2) ceramic is presented in Fig. 4.5. Fig.4. 5a

indicates the XPS spectrum of Bi, having Binding Energy (B.E.) 158.71 eV and 164.01 eV
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were obtained for the states 4f5/2 and 4f7/2, This result indicates the existence of bismuth ion in
the +3 oxidation state. The binding energy of copper-related to Cu *p spectra at the peak of
933.98 ¢V and 953.95 eV belonging to *ps and “py)» respectively, confirms the presence of
+2 oxidation state of Cu as shown in Fig. 4.5b [17, 24]. The XPS spectra of Ni, Ti, and O,
shown in Fig. 4.5c, d, e, confirms the presence of oxidation states of +2, +4, and -2

respectively in the ceramic, which was confirmed by XPS studies [18].
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Fig. 4.5 XPS spectra of a Bi;b Cu;e Ni;dTi;e O of BCNTO-0.2 ceramic sintered at 1123 K

for 8 h.
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4.3.4. Dielectric studies

Fig. 4.6a shows the measured data on the frequency dependence of the dielectric constant &,
for sintered Ni-doped BCTO ceramics sintered at 1123 K for the period of 8 h. The values
of &, for BCNTO-0.05, BCNTO-0.1, and BCNTO-0.2 ceramics measured at the temperature

470 K and 100 Hz, were found to be 852, 1352, and 1940 respectively.
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Fig. 4.6 Frequency dependence of a dielectric constant(e;) at 470 K; b dielectric loss (tan §)

for BCNTO-0.05, BCNTO-0.1, and BCNTO-0.2 ceramics at 310 K.

As seen in Fig. 4.6a, the dielectric constant (g;) drops fast in the lower frequency range
while remaining constant in the higher frequency range. The value of tan o is shown as a
function of frequency. It declines smoothly in higher frequency regions, as seen in Fig. 4.6b.
At 310 K and 10 kHz, The dielectric losses of BCNTO-0.05, BCNTO-0.1, and BCNTO-0.2

ceramics were determined to be 0.21, 0.08, and 0.07 respectively. As the Ni content
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increases, the dielectric constant increases, and dielectric loss decreases due to the

conductivity decreasing.
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Fig. 4.7 Temperature dependence of a dielectric constant(e;); b tangent loss (tan &) of

BCNTO-0.05, BCNTO-0.1 and BCNTO-0.2 ceramics at 10 kHz.

Fig. 4.7a and 4.7b show the variation of &, and tangent loss as a function of temperature for
the applied frequency of 10 kHz. The value of €, and tangent loss grows at first, reaches a
maximum, and then gradually drops to a smaller value, as seen in the graph. Both show a
reduction until becoming practically self-sufficient. This type of behavior can be explained
based on the space charge model of Maxwell-Wagner [25].

4.3.5. Conductivity measurement

From the conductance data obtained from the LCR meter, the conductivity of the
synthesized ceramics was calculated. The dependence of the conductance on temperature

and frequency of different compositions of BCNTO is shown in Fig. 4.8. It is observed from
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Fig. 4.8a that the sample shows semiconducting, observed at 10 kHz frequency. The
activation energy was found to be 0.15 eV, 0.14 eV, and 0.11 eV for BCNTO-0.05,
BCNTO-0.1, and BCNTO-0.2 ceramics respectively with the help of Arrhenius law.

The frequency-dependence of the conductivity obeyed the Johncher's power law [26];
o(w)=0¢tAw’ 4.2)

Where A is a constant and s is the power-law exponent.
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Fig. 4.8a Plots of Conductivity (In o) with the inverse of temperature at 10 kHz; b
frequency dependence of AC conductivity at 310 K for BCNTO-0.05, BCNTO-0.1, and

BCNTO-0.2 ceramics.

Fig. 4.8b shows the variation of conductivity with frequency observed at 310 K. It was
concluded that the AC conductivity [27] mainly depends upon frequency. Fig. 4.8b shows
the AC conductivity as the function of the frequency at a temperature of 310 K. With the

help of power law, calculated slope s of In g, vs Inw was 0.81, 0.71, and 0.48 for BCNTO-
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0.05, BCNTO-0.1, and BCNTO-0.2 ceramics respectively, which suggest the conduction in
the material via the thermally activated process.

4.3.6. Electrochemical studies

There are two types of electrochemical capacitors based on electrochemical activities, i.e.
electrical double-layer capacitors (EDLCs) and pseudocapacitors. EDLC based materials
undergo surface adsorption-desorption during the charging-discharging (CD) and
pseudocapacitive materials show redox behavior during the CD process [28]. The cyclic
voltammetry (CV) testing was performed to find out the current response with the change in
voltage. In the case of EDLC, the CV is rectangle or quasi-rectangle, but for

pseudocapacitive materials, we get peaks due to redox processes.
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Fig. 4.9 Cyclic Voltammetry plot of BCNTO-0.05, BCNTO-0.1, and BCNTO-0.2 ceramics

sintered at 1123 K for 8 h.

Fig. 4.9 demonstrates the CV curve of all the prepared electrodes. The maximum current
was generated for BCNTO-0.05, but BCNTO-0.1 and BCNTO-0.2. The stable potential
window was found to be 1 Volt. The calculated specific capacitances of BCNTO-0.05,
BCNTO-0.1, and BCNTO-0.2 based electrodes are 71 F/g, 38 F/g, and 32 F/g, respectively

indicating that they can be used to fabricate supercapacitors.
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Fig. 4.10 Frequency dependence of real part of impedance of BCNTO-0.05, BCNTO-0.1,

and BCNTO-0.2 ceramics.

From Fig. 4.10, it can be seen that the total impedance for all the BCNTO is decreasing with
an increase in frequency, which tells that the material can be used for energy storage. The

Nyquist plot has been given in Fig. 4.11.
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Fig. 4.11 Nyquist plot of BCNTO-0.05, BCNTO-0.1, and BCNTO-0.2 ceramics.

From the semicircle part, we have calculated charge transfer resistances by measuring their

diameters. The calculated charge transfer resistances of BCNTO-0.05, BCNTO-0.1, and

BCNTO-0.2 are 5 Q, 27 Q, and 27.7 Q, respectively.

4.4. Conclusions

Ni-doped BCTO ceramics were synthesized by a chemical route at low temperatures. The

single-phase formation of BCNTO ceramics was verified by XRD. There was a slight

difference in sizes due to dopant concentration. The crystallite size of Ni-doped BCTO
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ceramics was in the range of 42.07-42.10 nm. The particle size of BCNTO-0.2 ceramic
(higher Ni-doped sample) was found to be 65.28 nm. The oxidation state was validated by
XPS. As expected, a high value of dielectric constant (g;) was observed at a low-frequency
range. However, low tangent losses were observed at high frequency. The dielectric constant
for BCNTO-0.2 ceramic was found to be 1940 at 100 Hz frequency and 470 K temperature.
For the BCNTO-0.2 ceramic, the tangent loss at 310 K temperature and 10 kHz frequency
was 0.07.The conductivity of BCNTO ceramics increases with an increase in temperature
supporting the Arrhenius law. AC conductivity of BCNTO ceramics increases with
increasing frequency satisfying Johncher’s power law. The charge transfer resistances of

BCNTO-0.05, BCNTO-0.1, and BCNTO-0.2 are 5 €, 27 Q, and 27.7 Q, respectively.
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