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4.1 Introduction

Over the last few years, elevated worldwide attention is directed toward harvesting solar
energy to remedy environmental pollutions and wastewater, which are the foremost threat to
civilizations. Approximately 10-20 percent of dye synthesized in industries is lost during
manufacturing and dyeing processes and thus, a considerate amount of non-fixed dye is released
as wastewater by this industries (Naresh and Mandal 2014). Release of these colored textile
effluents in the ecosystem is an explicit source of aesthetic pollution, eutrophication and cause of
ample disruption in aquatic life, making it is a matter of serious concern as freshwater present on
earth is only 0.5 % of total water present. Besides, every 20 years, the global consumption of
water is doubling, which is surpassing twice the human population growth rate (Han et al. 2009).
Thus, to ensure constant water supplies recycle, reuse and reclaiming of wastewater becomes
quite crucial. Conventional anaerobic or chemical degradation of organic dyes readily yields
carcinogenic products like aromatic amines, which are potentially hazardous and moreover, it
creates more concentrated secondary pollutants that further alleviates the conundrum (Han et al.

2009).

Consequently, a better promising technology of chemical treatment of wastewaters based on
oxidative degradation of organic dyes dispersed or dissolved in the aqueous medium is emerging
as advanced oxidation process (AOP). Heterogeneous photocatalytic is of particular interest of
such chemical-oxidative processes which are characterized by the generation of strongest oxidant
known 1i.e. hydroxyl radicals and superoxide anion radicals, photogenerated by semiconductor
photocatalyst in the presence of both water and atmospheric oxygen (Rana et al. 2005). The

aromatic ring present in dyes undergoes successive attacks by radicals to finally evolve CO; and
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H>0, leading to complete mineralization of organic molecules into CO2 and other simpler

inorganic ions (Lachheb et al. 2002).

Key to the practical application of photocatalytic technology is to develop a photocatalysts that
could efficiently utilize solar energy and prevent charge recombination -effectively.
Heterogeneous photocatalysis utilizing single-phase bulk and nanostructured metal oxides
semiconductors sought interest in this regard (Naresh and Mandal 2014). The irradiated
semiconductors generate holes and electrons, which may recombine before being employed in
subsequent reactions. Thus, to sustain charge separation, strategies such as the formation of
heterostructures, doping or enhancement of crystallinity are adopted (Li et al. 2017). Also, many
other application in bio-related problems such as anti-microbial (Girase et al. 2011; Ma et al.
2015), elevation of biocompatibility (Ramos-Corella et al. 2019), disruption of biofilm (Depan

and Misra 2014; Nune et al. 2017) has also been reported.

One category of materials exhibiting impressive high oxide ion conductivity and charge
separation stable even around 900°C were bismuth layered pervoskites reported in 1949 by
Aurivillius (Kendall et al. 1996). Aurivillius oxide semiconductors
have recently evoked curiosity due to their unique electronic and complex layered crystal
arrangement. Chemical formula of this Aurivillius phase of Bismuth Layered Perovskite
ferroelectric materials is (Bi202)*"(Am-1BmOsm+1)>" forming alternating layers , where A denotes
large 12 co-ordinate cation (K*, Na*, Pb**, Ca?", Ba?*, Sr**, Bi*") and rare earth elements, B
represents small 6 co-ordinate cation (Ti*", Nb>*, Ta>", Mo®*, W% etc.) and m=1- 5 indicates to
the BOs octahedral number amidst adjacent (Bi2O2)*" layers(Liu et al. 2014). Besides, this

peculiar crystalline structure governs the growth pattern in these materials. Polarization is thus
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viable in two possible directions along the c-axis and a-axis, generating anisotropy as vectors
keep switching the directions and by virtue of this behavior, these materials possess a high
dielectric constant (Galasso and Kestigan 2007). The growth is also anisotropic, as platelets
favoring the grain alignment parallel to the c-axis that permits crystal orientation and texture
(Moure 2018). This layered structure, apart from providing better charge separation also shows
enhanced feasibility for the separation as well as diffusion of electrons-holes pairs created by
photons in comparison to the bulk non-layered photocatalysts (Liu et al. 2014). Pure titania as a
semiconductor photocatalyst is characterized by low quantum efficiency and high rate of e and
h+ recombination (Rana et al. 2006; Sunkara and Misra 2008; Venkatasubramanian et al. 2008).
Separation is favorable as the lattice sites of oxidation and reduction are located in a secluded
fashion on the edges and surface of the sheets of the ultrathin units. The photogenerated hole in
layered crystalline structures just diffuses through the sub-nanometer length to reach the surface
of sheets where interlayer water molecules trap them allowing the electron to freely and
efficiently reach the sheets edges, thus enhancing charge separation (Liu et al. 2010). It has been
also known now that presence of metal act as reservoir for photogenerated electrons (Misra et al.
2012; Liang et al. 2017). These features make them highly efficient photocatalyst. Moreover,
many efficient photocatalyst is observed to be having Bi** as its one component: Bismuth plays
an crucial as valence shell s orbital of Bi (6s) hybridize with valence shell p orbital of O (2p) to
form hybridized valence band (VB) of relatively lesser energy and facilitates higher mobility of
photogenerated holes, accelerating the oxidation reaction responsible for elevated photocatalytic
efficiency aurivillius oxides which belong to the bismuth-layered perovskite ferroelectric
materials family (Zhang et al. 2011 May). Aurivillius family not only sought great attention in

recent years due to their photocatalytic activity but also in regards to the high range of dielectric
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constant and low loss, and good fatigue endurance. Also, the occurrence of Bi** lone pairs on the
A site of Aurivillius structure aids the distortion of perovskite instigates ferroelectricity in the
materials and it has been witnessed that A-site cations are more effective in controlling the
dielectric properties than BOs octahedra owing to the smaller size of B-site cations (Benedek et
al. 2015). Few other mentionable potentials are their applications in various devices like random
access memory (RAM), transducer, actuators, oxygen ion conductors, multiferroics, lead-free
relaxor photoluminescent films and as already discussed it is an efficient photocatalyst for water

purification and hydrogen production as well (Moure 2018).

Barium Titanate BisTi3012 i1s one best-known typical compounds of Aurivillius oxides
owing to its credible application in ferroelectric memories and optical devices and it has been
intensively studied as a photocatalyst for water splitting and for degradation of organic
pollutants. Regrettably, the conductivity of BisTi3012 hinders the polarization and low
photocatalytic efficiency of individual phase BisTi3012 nanomaterials is obtained due to the rapid
recombination of photoexcited electron-hole pairs (Liu et al. 2014). Thus, to improve the polling
processes by structural modification, various other pervoskites have been added. BaTiO3, one
such pervoskite with colossal polarization spawning excellent ferroelectric and dielectric
properties, is opted to add in Bi4Ti3012 to yield a new ceramic material BisBaTi4O15 (BBTO) in
the present work (Maradudin). BBTO belongs to the Aurivillius family where m = 4, which
suggests it is even layered and thus, polarization only exists in the a-b-axis and missing along the
c-axis. A-site in the perovskite is occupied by Ba and Bi ion while B-site by Ti ion (Nayak et al.

2015). Due to its peculiar crystal structure, BBTO exhibits anisotropic ferroelectricity and novel
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electrical properties and with increased light harvesting, the prolonged lifetime of carriers

enhanced catalytic performance as well as higher chemical stability.

4.2 Experimental Section

For chemical route synthesis of Bi4BaTi40;s, starting materials taken were barium nitrate
Ba(NO3)2(99% Merck, India), Bi(NO3)3.5H>0 (99% Merck, India), Titanium oxide (oxide TiO2
99% Merck, India) and citric acid (Citric acid C¢HgO07,99.5%, Emparta, India). The
stoichiometric amount of Ba™?, Bi*3, Ti*' and ions were dissolved in distilled water and citric
acid, equivalent to metal ions was also added to this reaction mixture. The obtained reaction
mixture was heated on a hot plate with continuous stirring at 70—80 °C to evaporate water. After
removing water, a fluffy mass was obtained, which burnt with sooty flame at a higher
temperature. The resulting ash was crushed with the help of agate and mortar to make a fine
powder. The powder was calcined at 950 °C. Calcined powder was used to make cylindrical
pellets with the help of a PVA binder on applying 5 tons of pressure for 60 seconds. The pellet

was sintered at 950 °C for 8 h and further used for characterization and measurements.

4.2.1 Photocatalytic Experiment

Evaluation of the photocatalytic activity of the synthesized sample (BBTO) was done by
analyzing the aerobic degradation of RhB in solar light. To execute the photocatalytic test, 0.6
mg photocatalyst and 3 ml aqueous solution of RhB (dye concentration 8.38 mg/L) were mixed
in a quartz cuvette measuring path length of Icm. To achieve the adsorption equilibrium prior to
solar light irradiation, the reaction solution was stirred in the dark for 60 min and then the sample
solution was exposed to solar light. The extent of degradation after specific time intervals was

measured by recording the UV-Vis absorption spectra at wavelength 554 nm specific for RhB.
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With the interest of identifying the active species responsible for the photocatalytic activity, 0.5
mM of isopropyl alcohol (IPA), parabenzoquinone (PBQ), and potassium iodide (KI) were added
as scavengers for superoxide radicals (O*™), hydroxyl radicals ((OH), and holes (h") in reaction

mixture, respectively.

4.3 Characterization

The diffraction pattern of sintered Bi4BaTi4O15 (BBTO) ceramic was recorded by X-ray
diffractometer (XRD, Rigaku miniflex 600, Japan) using Cu-Ka radiation (A = 1.54 A) with
2°/min scan rate. The FTIR spectra were characterized using KBr pellets by ATR FTIR (Bruker,
ALPHA model) Spectrophotometer in the frequency range 500—1500 cm™!. UV-visible (UV-Vis)
spectrum of sintered powder was examined by a UV-Vis spectrophotometer (UV2600,
Shimadzu). The surface morphology of ceramic pellet was observed by scanning electron
microscope (ZEISS model, EVO18 Germany) whereas its elemental compositions were analyzed
by Energy dispersive X-ray (EDX) spectroscopy (Oxford instrument; USA). For determination
of particle shape and size Transmission electron microscope (TEM, FEI TECANI G2 20 TWIN;
USA) was employed. The zeta potential of the material was measured by a dynamic light
scattering technique using a Zetasizer Nano-ZS (Malvern Instruments, Malvern, UK). The
Brunauer—-Emmett—Teller (BET) surface area was examined by nitrogen adsorption-desorption
isotherm measurements at 77.350K on a Quantachrome NOVA2000E device. The pore size
distribution plot was attained by the Barret—Joyner—Halenda (BJH) model. X-ray photoelectron
spectra (XPS) was recorded using PHI 5000 Versaprobe II photoelectron spectrometer (ULVAC-
PHI) using Al Ka X-ray beam. Magnetic measurements were accomplished with a Quantum

Design MPMS-3, at applied a magnetic field of £2 T over a temperature range 5-300 K.
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Additionally, temperature dependent field cooling (FC) and Zero field cooling (ZFC)
magnetization were recorded at 100 Oe applied field using SQUID VSM dc magnetometer at the
same range of temperature.

4.4 Results and Discussion

Figure 4.1 displays high-resolution x-ray diffraction (HR-XRD) patterns of BBTO
ceramic sintered at 950 °C for 8 h. The figures confirmed the single-phase formation of pure
BBTO ceramic. All the diffraction patterns of HR-XRD spectra matched correctly with JCPDS

card no (35-0757).
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Figure 4.1 HR-XRD patterns of BBTO ceramic sintered at 950 °C for 8 h.
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The crystal structure for BBTO ceramic was found to be an orthorhombic structure with space
group: Fmm?2. The average crystallite size of BBTO ceramic is found to be 39.24 nm, which was
obtained by taking the mean of five intense XRD peaks of the ceramic using the Debye-Scherrer

formula.
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Figure 4.2 Le-Bail fitting of BBTO ceramic; black line indicates calculated data, the red line
indicates experimental observed data and the blue line represents the difference between
observed and calculated ((Yca— Yobs) data.

kA
o B cosb

4.1)

where k taken as 0.99 refers to shape coefficient. 0, A and B are the diffraction angle, the
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wavelength of X-ray and peak width of the diffraction peak at half-maxima (FWHM) in
radians,respectively.

Figure 4.2 indicates Le-Bail fitting of BBTO ceramic, which was obtained by using Fullprof
software in the 20 range from 20° to 80°. The observed data (Yobs) and experimentally calculated
data (Yca) indicated by red color line and black color line, respectively, overlaps precisely on
each other. The low value of y2, Weight profile factor (Rwp), expected weight factor (Rexp),
Braggs R-factor (Rg) for BBTO ceramic enlisted in table 4.1 confirms the best fitting of the
XRD results(Tellier et al. 2004).

Table 4.1 Refined lattice parameters and space group of BBTO ceramic sintered at 950 °C for 8

h.
x%2=3.56 Rp: 17.3 Ryp: 20.0 Rexp:  7.23
Phase Orthorhombic
Space group Fmm?2
Lattice Parameter a=41.823677 A
b =15.460870 A
c=5.458066 A
Angle a=B=y=90°
Bragg R-factor 1.106
RF-factor 0.9969
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Figure 4.3 FT-IR spectra of BBTO ceramic.

Figure 4.3 depicts the FTIR spectra of the BBTO ceramic sintered at 950 °C for 8 h, recorded in
500—1500 cm™! frequency range. Bands appear at 822 and 582 cm™! are associated with metal-
oxides bonds. The peak observed around 550 cm™ is the characteristic peak of (Ti-O) bond

vibration(Sun et al. 2007; Kumar et al. 2018), whereas the peak near 822 cm™ is as a result of

stretching vibration of Bi—O bond (Hou et al. 2011).
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128, 10nm

Figure 4.4 (a) SAED patterns (b) HR-TEM images showing d spacing, and (c) Bright Field
TEM Images of BBTO ceramic.

In figure 4.4(a) we can observe Selected area diffraction (SAED) pattern of the single crystal of
BBTO ceramic having distinct bright spot patterns corresponding to planes (0 0 20), (1 1 10), (1
0 15), (00 6), (1 01)and (0 0 10). High-resolution imaging by TEM is displayed in figure
4.4(b), it exhibits inter-planer spacing d = 6.63 A of the corresponding planes of BBTO ceramic.
Bright field TEM images of the BBTO ceramic sintered at 950 °C for 8 h is shown in figure
4.4(c) confirms the orthorhombic structure of the ceramic as concluded by HR-XRD analysis.
The mean particle size observed is 122 £2 for BBTO ceramic. The particle size obtained by

TEM analysis outsize the average crystallite size measured by XRD results. The explanation of
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this can be accredited to the formation of particles with the combination of few crystallites. The

zone axis of the diffraction pattern between (0 0 20) and (1 1 10) planes is obtained as [20 20 0].
The planes observed in SAED pattern and HR-TEM are in agreement with XRD, which supports

the orthorhombic nature of the BBTO ceramic.

The surface morphology was observed on the gold-coated surface is depicted in figure 4.5(a)
reveals the presence of pellet-like grains separated by grain boundaries. The average grain size of
BBTO is calculated using ImageJ software and found to be 447.27 nm. SEM analysis witnesses a
larger average grain size than that of crystallite size obtained from XRD measurement as the
former is formed by aggregation of the latter. Figure 4.5(b) illustrate the EDX spectrum for
BBTO ceramic, which reveals the presence of Ba, Bi, Ti, and O elements in BBTO ceramic,

which confirms the purity of materials.
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Figure 4.5 (a) SEM micrograph and (b) EDX spectra of BBTO ceramic.

AFM analysis of BBTO ceramic was done using tapping mode is depicted in figure 4.6.

Histogram of grain size of particles is shown in figure 4.6(a), indicating that most of the grains
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are in the size range of 0.6-0.8 um in BBTO ceramic, which is in accordance with SEM and
TEM results. The distributions of particles on the surface are illustrated by a 3-dimensional AFM
image on the scanned area of 20 um x 20 um in figure 4.6(b). Comparable grain size with clear
grain boundaries is observed in 2-dimensional AFM images for BBTO ceramic is explained in
figure 4.6(c). The observed value of average roughness (Ra), root mean square roughness (Rq),
maximum profile peak height and maximum profile valley depth for the 3-dimensional image of
BBTO ceramic are mentioned in table 4.2.

Table 4.2 Data of AFM analysis of BBTO ceramic sintered at 950 °C for 8 h.

Average roughness (Ra) 164.53 nm
Root Mean Square roughness (Rq) 184.07 nm
Maximum Profile Peak Height 325.21 nm
Maximum Profile Valley Depth 393.3 nm

The zeta potential of the material was determined by dynamic light scattering depicted in figure
4.7. The zeta potential value is a decisive particle characteristic as it can influence particle
properties such as stability of particle suspension. Theoretically, distinct zeta potential values,
being negative or positive, confers the stabilization of particles in suspension (Shukla et al. 2013
Apr). The same electric charge on particles creates the electrostatic repulsion between them
which prevents their aggregation and sedimentation (Feng and Huang 2001). In the present
study, the zeta potential was —21.3, as can be seen in figure 4.6. The negative value of zeta

potential indicates the formation of the stable ceramic particles. (polydispersity index [PDI] = 1
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Figure 4.6 (a) Histogram graph for the particle size distribution, (b) 3-D for surface roughness

and (c) 2-D watershed images for grain boundary of BBTO ceramic.
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Figure 4.7 Zeta potential distribution of BBTO ceramic
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To acquire information regarding the oxidation state of individual elements present in the BBTO
ceramic and their electronic environment, X-ray photoelectron spectroscopic (XPS) analysis was
conducted (Bantawal and Krishna Bhat 2018). The Cls peak at 284.6 eV was taken as a
reference for the correction of the binding energies for specimen surface charge obtained from
the XPS analysis (Singh et al. 2020). The high-resolution XPS spectrum of the BBTO ceramic is
portrayed in figure 4.8(a)—(d). The presence of elements such as titanium, bismuth, oxygen, and
barium in the ceramic was confirmed. Figure 4.8(a) reveals that the Ti 2p high-resolution XPS
spectrum can be deconvoluted into three peaks. Among the three peaks, two are the characteristic
peaks of Ti(IV), the peak present at 457.5 eV is due to Ti 2p3,2 while the peak at 463.5 eV is due
to T1 2p1. The third peak at 465.9 eV is characteristic of Bi 4d3,» binding energies. Broad hump
in the vicinity of 464.5 eV is witnessed as the peaks of Ti 2p1/2 and Bi 4d3/2 are partially
overlapped (Chu et al. 2002; Hou et al. 2013). The existence of Bi**is confirmed by the High-
resolution XPS spectra of bismuth shown in figure 4.8(b). The spectra can be deconvoluted into
two distinct peaks. One at 159.1 eV binding energies is due to Bi 4fs» and other at 164.5 eV is

attributable to Bi 4f72. (Hou et al. 2013; Zhao et al. 2019).
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Figure 4.8 (a)—(d) High-resolution XPS spectra of the BBTO ceramics.

An asymmetric and wide spectrum of O 1s is noticeable from figure 4.8(c), surmising the
existence of varied chemical state of O in the ceramic. This broad Ols spectrum is deconvoluted
into two components: lattice oxygen species (Olatice) at 524.5 eV binding energy and surface
adsorbed oxygen (Oadsorbed) species around binding energy 530.0 eV. A higher ratio of
concentration oxygen species adsorbed (Oadsorbed) at the surface to lattice oxygen (Olatice) Would
aid in the enhancement of catalytic activity (Arandiyan et al. 2013; Hou et al. 2013). In figure
4.8(d), deconvolution of the spectrum gives two peaks at 793.65 eV and 778.35 eV binding
energies that could be attributed to the splitting of the spin states Ba 3d3,y and Ba 3dg/y

respectively (Panchal et al. 2017).
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4.5 Magnetic studies

All the constituents of the ceramic, i.e., Bi, Ba, TiO., are diamagnetic, and therefore,
ceramic is also expected to be diamagnetic (Delekar et al. 2012) It is also confirmed
experimentally by the plot of measured magnetization versus applied magnetic field (M-H) curve
at different temperatures as illustrated in figure 4.9(a) for BBTO ceramic using Superconducting
Quantum Design MPMS Magnetometer Interference Device (SQUID) observed from 5 K to 300

Kat£2 T for. It is well lucid from the figure that magnetic nature is oppressed by diamagnetism.
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Figure 4.9 (a) M-H hysteresis loop from 5 K to 300 K and (b)Temperature-dependent ZFC and
FC at H =100 Oe for BBTO ceramic.

.Howbeit a small loop of ferromagnetism is observed at a very low temperature of 5 K, this shift
can be credited to spin flop, which caused due to reversal of magnetic superlattices and their

orientation is oppositely aligned with the magnetic field (May et al. 2014; Bhattacharya et al.).

Variation of magnetization as a function of temperature at a constant applied field of 100 Oe was
analyzed during the cooling process up to 5 K from room temperature (300 K). From figure

4.9(b), it is observed that a substantial difference exists between the magnetization curve of zero
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field cooled (ZFC) and field cooled (FC) for BBTO ceramic at lower temperatures. This ample
gap implies that material is a frustrated spin system (Sultan et al. 2015). Average interactions
like thermally induced disorders, ferromagnetism, anti-ferromagnetism and canted spins
structure generate frustrated spin system. Peaks observed at 80 -100 K in both FC and ZFC at
100 Oe is due to magnetic phase transition (Biswal et al.). An inverse relation of magnetization
and temperature is evident from figure 4.9(b) as both FC and ZFC magnetization increases with
decreasing temperature. However, increase at a lower temperature is exponential and this feature
is explained by Monte Carlo; according to him, alignment of disordered spins ensue along the
normal axis to the material surface at lower temperature insinuating a net exponential increase in
the magnetic moment (J. Rawat et al. 2007; Jagdish Rawat et al. 2007; Chakrabarti et al. 2013).
4.6 Impedance studies

It is an effective approach for assessing the electrical properties of polycrystalline
materials and determining how their microstructures govern them. It also includes information
regarding the coexistence of multi-polarization and their relaxation processes. The pragmatic
participation of electrode interface, grain boundaries and grains to the total resistance and
capacitance can also be estimated (Wang et al. 2017). Three semicircular arcs attained in
complex impedance spectroscopy plot [(Z") imaginary part of impedance versus (Z') real part of

impedance] signifies their contributions.
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Figure 4.10 (a) represents plot of the real part of impedance as a function of frequency at
different temperatures and (b) Plot of the imaginary part of impedance as a function of frequency
at different temperatures. (c) Complex impedence spectroscopy in a range of temperature (313
K-488 K) for BBTO ceramic and the inset is exhibiting an enlarged view of the higher
frequencies. (d) Normalized imaginary part of impedance as a function of frequency for BBTO
ceramic.

Variation of the real part of impedance and imaginary part of impedance at few selected
temperatures are illustrated in figure 4.10(a) and figure 4.10(b), respectively. Both the plots
exhibited similar behavior, a decrease in the values of Z' and Z" as there was a rise in frequency,

implying an increase in ac conductivity (Thomas et al. 2017). The existence of relaxation peaks
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can also be seen in the plots, the reason for the occurrence of relaxation peaks at the lower
frequency region is attributed to the contribution of the electrode, while grain boundary effects
cause relaxation at the higher frequency region. Figure 4.10(c) shows the complex impedance
spectroscopy of BBTO ceramic sintered at 950° C for 8 h and only two semicircular arcs are
evident due to the contribution of grain boundaries and electrode surface effects. The inset in the
figures exhibits data at a higher frequency and on extrapolation of arc on Z’ axis, the intercept
does not find to pass through origin, implying the presence of another arc in higher frequency
region that is beyond the range of measurement. The intercept obtained at Z' axis is the
resistance offered by grains (Rg). The resistance exerted by grain boundaries (Rgp), the grain
capacitance (Cg) and grain boundary capacitance (Cg,) were calculated and mentioned in table
4.3. The impedance offered by the grains and grain boundaries is expressed by the following

equation (Kumar et al. 2018).

. 1 1 ot o
Z" = Ryl+iwCy + Ryp+iwCgy Z—-iz (42)
R R
h z'=—-1 £ :
Where, 1+(wR,yCy)° + 1+(wRgp Cgp )? (4.3)
Ry C WRgp C
And Z"=R [M] R [%] )
t 9 |14(wrycy)” * Rgb 1+(wRgp Cgp )? 45

where, R 1s grain resistance, Ry, 1 grain boundary resistance, C; and Cy), are the capacitance of

grain and grain boundary, respectively and w is the angular frequency. The repressions of grain's
contribution were due to the larger contribution of grain boundaries. It is observed from the
table 4.3 that the value of grains for BBTO ceramic is lower than that of grain boundaries, which
justifies the semiconducting nature of grains with insulating grain boundaries, as explained by

the Inter-barrier layer capacitance (IBLC) mechanism.
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Table 4.3 The resistance and capacitance exerted by grain boundaries and grains of BBTO
ceramic at a few selected temperatures.

Temperature (K) Rg (Q) Cq (pF) Rebh(Q) x 10° Ce (pF)
313 438.37 0.182 16.124 0.1323
368 340.38 0.234 10.45 0.0111
428 158.32 0.503 4.657 0.148
488 140.25 0.568 3.204 0.122

Suppression and shifting of relaxation peaks occurring at higher frequency regions
provide evidence for the existence of temperature dependent Maxwell-Wagner dielectric
relaxation phenomenon as can be seen from the inset of figure 4.10(b).

Variation of the normalized imaginary part of impedance (Z"/Z"max) with frequencies at few
temperatures in BBTO ceramic can be seen in figure 4.10(d). Single relaxation peaks are evident
in each case. At the same time, a short tail in the lower frequency range is also noticed at 368 K,
which can be ascribed to the contribution of electrode and grain boundary that offers more
considerable resistance (Zhang et al. 2018). Single relaxation peaks are witnessed to shift slightly
towards higher frequency region as the temperature increases, this incongruity in peak frequency
accredited to the movement of charge carriers to short-range indicating toward thermally
activated non-Debye like relaxation phenomena (Ke et al. 2010; Thomas et al. 2017). Peaks
obtained at a higher frequency and lower frequency range highlight the character of grain and

grain boundaries, respectively.
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Figure 4.11(a) portrays the reliance of AC conductivity on frequencies of the BBTO ceramic at
few selected temperatures. Conductivity in low frequency region primarily depends
on temperature on the contrary, ata higher frequency region it primarily frequency driven
(Shehata and Abdelhady 2018). Hitherto it has been validated that frequency driven ac

conductivity is akin for both disordered or ordered state of solids, as it is mainly an outcome of
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Figure 4.11 Frequency dependent AC conductivity at different temperatures for BBTO ceramic.

hopping charge carrier conduction, which is ineffectual at lower frequency range. The movement
of charge carriers is assumed to be in discontinuous jumps, "hopping" from one well defined

localized site to another within the solids.
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It can be seen in figure 4.11 that there is a portion of the plot where conductivity shows a
monotonical increase as a function of frequency, which fits appropriately by "Joscher’s universal

power law".

O-ac X a)n (45)

Where the power-law exponent is denoted by n, whose value lies within 0 < n <1 range. The
values of the power-law exponent obtained by fitting plots at a few selected temperatures are

shown in table 4.4 for BBTO ceramic.

Table 4.4 The value of power-law exponent found for BBTO ceramic from the plots shown in
figure 4.11 at a few selected temperatures.

Temperature 313K 368 K 428 K 488 K

BBTO ceramic 0.39 0.42 0.66 0.67

These values validate the presence of Maxwell-Wagner effects induced by a thin oxide layer on
the electrode at the same time excludes the existence of Debye-type relaxation as for such

relaxation, the values of the power-law exponent should be around 2 (Jonscher 1972).

4.7 Dielectric Studies
The dependency of dielectric constant for BBTO ceramic on the frequency at four different

temperatures is displayed in figure 4.12(a).
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Figure 4.12 (a) Dielectric constant (&) as a function of frequency; (b) Dielectric constant (&) as
a function of temperature for BBTO ceramic; (c) Dielectric loss (tand) as a function of
frequency; (d) Dielectric loss (tand)) as a function of temperature for BBTO ceramic.

It is well evident from the figure that with increasing frequency, the value of the dielectric
constant decreases. Although a steep fall in the values is witnessed in low frequency range, it can
be ascribed as, at the interface, space charge gets accumulated, ensuing the polarization of the
ionic medium. Conversely, at higher frequency region, rapid switch of field recurs, which

prevent the accumulation of space charge at interface. Thus, almost constant value of the
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dielectric constant is perceived (Sharma et al. 2014). The value of dielectric constant at 100Hz
and 368 K was found to be 3081 for BBTO ceramic.

Figure 4.12(b) demonstrates the dependence of dielectric constant on the temperature at a
few specific frequencies for BBTO ceramic. As expected for a typical ferroelectric material,
BBTO ceramic also reach maxima then decreases, the temperature corresponding to this maxima
is referred to as Curie temperature, where the ferroelectric phase transforms to paraelectric
phase. Phase transitions are also seen to vary slightly with frequency, which unveils the existence
of diffuse phase transition verifying the relaxor ferroelectric nature of the material. The

explanation of this shift is supported by Modified Curie-Weiss law (Zn et al. 2017).

Lo (T 4.8)

£ C

¢ symbolizes Dielectric constant; T is temperature; Tm is the shift in maximum temperature,
which correspond to maxima; C is the Curie temperature.

If y = 0, then phase transition is frequency independent. However, if y> 0, then it means that
transition temperature is frequency driven and it exhibits diffuse behavior.

Figure 4.12(c) illustrates the effect of frequency on dielectric loss (tan d) at four different
temperatures. The inverse behavior of dielectric loss was observed to decrease with increasing
frequency because energy dissipation occurs as polarization lags behind the applied electric field
frequency(Yadava et al. 2017; Rani et al.). The occurrence of relaxation peaks is also evident,
which arises from the resonance of the hopping frequency of charge carriers with the frequency
of applied field (Delekar et al. 2012; Murugesan et al. 2015). The dielectric loss obtained for
BBTO ceramic at 313 K and 100 Hz is 1.89. Figure 4.12(d) portrays the plots of dielectric loss

(tan o) with the temperature at four different frequencies. It is observed that the value of
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dielectric loss (tan d) increases first and then attains maximum value, from where it decreases
swiftly, more lucid at lower frequencies. Such behavior again confirms the occurrence of

Maxwell Wagner relaxation (Sharma et al. 2014).

10
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N ) —— 428K
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Figure 4.13 The imaginary part of dielectric constant (¢”) as a function of frequency for BBTO
ceramic.

The validation for the relaxor behavior in BBTO ceramic is confirmed by analysis of the
imaginary part of dielectric constant (&"). Its variation with frequency is depicted in figure 4.13.
The massive value of €" is measured at a lower frequency, which declines steeply with the rise in
frequency (Wang et al. 2017). The infection point obtained in this plot is similar to the infection

point in the plot Z" versus frequency shown in figure 4.10(b), strongly indicating the existence of
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Maxwell-Wagner relaxation (Sharma et al. 2015). It is obvious from the inset of figure 4.13 that
relaxation exists even in the higher frequency range that once again affirms the occurrence of
Maxwell-Wagner relaxation. Maxwell-Wagner equation explains the relationship of &" with

frequency, as follows-:

e — 1 1-w?TgpTg+w?t(tgp+1y) (4.9)
wco (Rgp+Rg) 1+w272 '
where,
143 = CgRy and 14, = CypRyp (4.10)
TgpRg+ TgR A
=20 8B (=g~ (4.11)
Rgp+Rg t

Where, 7 - relaxation time; o - angular frequency; A- area of the cylindrical pellets; t - thickness
of the cylindrical pellet; subscript g and gb symbolizes grains and grains boundaries,
respectively(Wang et al. 2017).
4.8 Bandgap Analysis

Bandgap analysis is imperative for deducing the mechanism of photocatalysis and
concluding which segment of solar radiation is functional for the procedures. The data from UV-
DRS was utilized to construct Tauc’s plot for the estimation of bandgap using the following

relation.

(ahv)/n = (hv - E,)) (4.12)
In equation 12, a is the molar absorption coefficient, and the value of exponent 1/n is 2 for
direct transition (Viezbicke et al. 2015). The intercept of the linear fit on the x-axis(hv) construes
the optical band gap (Eg), which corresponds to 3.1 Ev, as can be seen in figure 4.14. This

bandgap suggests the use of UV radiation for photocatalysis(David et al. 2018).
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Figure 4.14 Tauc’s Plot for BBTO ceramics.

4.9 BET Surface Area Analysis
The isotherms of nitrogen adsorption-desorption have been employed to attain the specific
surface area of BBTO ceramic and its distribution of pore size. The isotherm shown in figure

4.15 exhibits a hysteresis loop(distorted) at a relative pressure (P/P ) close to unity is, revealing

the existence of a mesoporous structure, which can be categorized as type IV according to
IUPAC classification with characteristic H3-shaped hysteresis loops (Kruk and Jaroniec 2001).
The H3 hysteresis loop corresponds with pellets-like grains forming slit-like pores, the same can
be verified by SEM analysis(Xiang et al. 2011). The specific surface area of BBTO ceramic
obtained with the analysis is 1.325 m?g!. The inset of the figure 4.15 displays the BJH pore size

distribution curve acquired from the desorption branch. The range BJH pore size distribution is
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obtained wide encompassing macropores as well as mesopores. However, the maximum pores
are in the range of 10~25 nm, indicating the predominance of mesopores. Pore-diameter of
mesoporous pores facilitates capillary condensation phenomena as they are much capacious than
the size of adsorbate molecules, thus augmenting the catalytic activity (Kim and Ehrman 2009;

Hall et al. 2012).
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Figure 4.15 N adsorption-desorption isotherms and the inset corresponding to pore-size
distribution curves for BBTO ceramic.

4.10 Photocatalytic Efficiency:

Evaluation of the photocatalytic activity of BBTO ceramic was done by the degradation of

organic dye, a common water pollutant, under solar radiation. This activity is well illustrated in
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figure 4.16(a), which depicts that the BBTO photocatalyst in 60 minutes of the time period
degrades up to 80% of RhB dye. In figure 4.16(b), the kinetic plot of In(A/Ao) for degradation
of RhB versus irradiation time is shown, the experimental data was obtained to fit well with 1
order kinetics and along with it, it can be seen that no significant degradation in the absence of
either the BBTO ceramic or the solar radiation was observed. The correlation coefficient (R?)
and kapp was found to 0.9920 and 0.0279 min" respectively, for the photodegradation of RhB

with BBTO.

In the photocatalytic experiment involving the degradation of many organic recalcitrant, a key
role is played by various active species, like hydroxyl radical (OH-), superoxide radical (O2"),
and (h™). To release the active species acting in the present case, a scavenging operation for these
species was performed. The scavengers such as p-benzoquinone (PBQ), isopropyl alcohol (IPA),
and potassium iodide (KI) were utilized to trap active species Oz~ radicals, OH- radicals, and
holes (h*), respectively (Singh et al. 2020 Jun 5). The outcome of scavenging experiments for
BBTO ceramic is displayed in 4.16(c). The graph shows that PBQ substantially inhibits RhB
degradation in comparison to other trapping agents. KI also has a negative effect on the
photodegradation of RhB, while the addition of IPA displays a minimum negative impact over
the degradation of RhB. Therefore, O~ and h* are inferred to be the major reactive species in

order of O>~>h*> OH:, generated in the photocatalytic reaction.
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Figure 4.16 (a) UV-Vis absorbance spectra of RhB degradation by BBTO photocatalyst, (b)
Kinetic first-order kinetic plot for RhB degradation by BBTO, (c) percentage degradation of RhB

with different scavengers.
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