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5.1 Introduction

Efficient Solar energy harvesting to produce green hydrogen through water splitting and
degradation of organic pollutants is one of the critical aspects which needs urgent development.
Transition metal based oxide for the above purposes has been extensively used under UV light
irradiation, however, catalysts active under visible light conditions are relatively rare. Rhodamine
B is a type of xanthene dye that is extensively used in the textile industry as a coloring agent.
Natural degradation of Rhodamine B in anaerobic conditions produces harmful and carcinogenic
chemicals like aromatic amines. Therefore, other ways of elimination, such as photochemical
degradation of Rhodamine B from industrial wastewater, are the demand of the time (Naresh and

Mandal 2014; Viswanathan 2018).

A large number of reports using metal oxides in bulk or in nanostructure form have been introduced
for photocatalytic applications. Perovskites are a class of oxide known to exist in two- and three-
dimensional structures. Notably, Bi has been used in a majority of the perovskite based
photocatalysts that are active in visible region. Introduction of Bi in Perovskite structure provides
a few major advantages such as (I) It shifts the absorption adage to the visible region by Bi 6s and
O 2p hybridization, (I) Increased mobility of holes on dispersed band facilitate photo-oxidation

(Benedek et al. 2015).

Among the photocatalytic activity of the Bi** containing materials in visible light, the
Aurivillius phases are notable. The Bismuth Layered Perovskite Aurivillius phases are layered

perovskites where the layered structure (Am-1BmOsm+1)>” exists in alternating layers of perovskite

slabs, and the fluorite-like structure of (Bi»O2)*" units. Where m represents m-octahedra thick
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perovskite 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.),.
Study of single layer (m = 1) Aurivillius type perovskite oxides such as BixMoQOs and Bi2WOs
(Shang et al. 2011; Zhang et al. 2011 May) in photocatalytic activities have been extensively done.
In recent times, the four-layer (m = 4) Aurivillius phase, Bi4XTi4O15 (where X is any large above-
mentioned cations occupying A site in the perovskite), has sought much attention for its
photocatalytic and ferroelectric properties (Hervoches et al. 2002). The layered structure of this
Aurivillius oxide, besides providing an improved charge separation, also exhibits enhanced
probability for the not only separation but also for the diffusion of photogenerated electrons-holes
pairs when compared to the non-layered photocatalysts (Liu et al. 2014; Rana et al. 2006; Sunkara
and Misra 2008; Venkatasubramanian et al. 2008). The reason for this separation and diffusion is
the occurrence of lattice sites of reduction and oxidation in an isolated fashion on the surface and
edges of the ultrathin units of layers sheets. In a layered crystalline structure, the photogenerated
holes diffuse through the sub-nanometer length and reach to the surface of the sheet. On the surface
of the sheet, the holes are trapped by the water molecules, which allows the electrons to effectively
reach the sheet edges, enhancing the charge separation(Liu et al. 2010). These features of layered
Aurivillius oxides make them efficient photocatalysts whose efficiency can be improved by the
addition of metal, acting as a reservoir of the photogenerated electrons (Misra et al. 2012; Liang

et al. 2017).

Besides, Aurivillius oxides has a peculiar crystalline structure allowing polarization
possible in two directions, i.e., along the a-axis and c-axis, resulting in anisotropy. These

polarization vectors switch directions, thus enabling these materials to possess a high dielectric
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constant (Galasso and Kestigan 2007). Photocatalytic activity of BisXTi4sO15 towards organic
pollutants degradation by visible-light irradiation such as isopropyl alcohol, RhB and acetaldehyde

is already reported with not-so satisfactory results

Thus, in the present work, we explored a member of Aurivillius oxide Bi4SrTi4015(BSTO),
synthesized by the chemical route and studied its photocatalytic activity in the degradation of
Rhodamine B dye. Due to its unique crystal structure, BSTO exhibits high dielectric constant,
peculiar electrical properties and enhanced light harvesting properties with the prolonged lifetime

of carriers facilitating improved catalytic performance and higher thermal and chemical stability.

5.2 Experimental Section

BisSrTi4O15 (BSTO) ceramic was synthesized employing chemical route synthesis.
Starting materials used were strontium nitrate Sr(NO3)2 (99% Merck, India), Bi(NO3)3 5H20 (99%
Merck, India), Titanium oxide (oxide TiO2 99% Merck, India) and for complexating fuel citric
acid (Citric acid C¢Hs07,99.5%, Emparta, India) is taken. The Sr*2, Bi** ions in their stoichiometric
amount of salt and TiO> in stoichiometric amount of Ti** along with citric acid, equivalent to metal
ions, were dissolved in distilled water to form the reaction mixture. This reaction mixture was
heated at 70-80 °C on a hot plate for approximately 24 to 48 hours with continuous stirring. After
the water was completely evaporated, the fluffy mass left, burnt with sooty flame. Finally, we
obtained dry ash, which was crushed to fine powder employing agate and mortar. This fine powder
was calcined at 950 °C. The PVA binder was then added to calcined powder to transform
cylindrical pellets by adding on applying 5 tons of pressure for 50-60 seconds. The pellet of
specific diameter and thickness was sintered at 950 °C for 8 h and then used for characterization

and measurements.
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5.2.1 Photocatalytic Experiment

The BSTO ceramic was tested for its application in hetero-photocatalytic activity in dye
degradation. Aerobic degradation of Rhodamine B dye in solar light was examined using the
material synthesized. The hetero-photocatalytic test was conducted using 0.6 mg BSTO and 3 ml
aqueous solution of Rhodamine B dye (dye concentration 8.38 mg/L) in a quartz cuvette of the
path length of 1cm. The reaction mixture was continuously stirred for 60 min in the dark preceding
solar irradiation to attain adsorption equilibrium. Then, the reaction mixture was exposed to
irradiation by solar light. The hetero-photocatalytic efficiency of BSTO was evaluated by

recording the UV-Vis absorption spectra at 554 nm (RhB) at a fixed time interval.

In order to detect the active species generated due to photo-irradiation on the material during the
experiment, 0.5 mM of some chemical scavengers were added in separate reaction mixtures and
tested. Scavengers used were potassium iodide (KI) for holes (h"), parabenzoquinone (PBQ) for
superoxide radicals (O2~) and isopropyl alcohol (IPA) for hydroxyl radicals ("OH).
5.3 Characterization

The diffraction pattern of sintered BisSrTi4O15 (BSTO) ceramic was recorded by X-ray
diffractometer (XRD, Rigaku miniflex 600, Japan) using Cu-Ko radiation (A= 1.54 A) with 2°/min
scan rate. The Fourier Transform Infrared (FTIR) spectra were characterized using KBr pellets by
ATR FTIR (Bruker, ALPHA model) Spectrophotometer in the frequency range 500—1500 cm™!.
The 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;
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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 Ko 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. 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.
5.4 Results and Discussion

High-resolution x-ray diffraction (HR-XRD) patterns of BSTO ceramic sintered at 850 °C
for 8 h is displayed in figure 5.1. The diffraction pattern obtained in HR-XRD spectra correctly
matches with JCPDS card no (43-0973) and all the peaks were indexed referring to it. Thus, the

single-phase formation of pure BSTO ceramic is validated.
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Figure 5.1 HR-XRD patterns of BSTO ceramic sintered at 950 °C for 8 h.

The crystal structure for BSTO ceramic was found to be an orthorhombic structure. The average
crystallite size of BSTO ceramic is found to be 38.53 nm, which was obtained by taking the mean

of six intense XRD peaks of the ceramic using the Debye-Scherrer formula.

KA
D= B cos0 (5.1

where k is the crystal shape coefficient taken as 0.99. A is the wavelength (1.54 A) of the X-ray
used, 0 is Bragg's diffraction angle, and B (in radians) represents peak width of the diffraction peak

at half-maxima (FWHM), respectively(Drits 1997).
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Figure 5.2 FT-IR spectra BSTO ceramic

FTIR spectra for BSTO ceramic is available in figure 5.2, recorded in the fingerprint range of 500—
1500 cm™! frequency. Only bands that appear are due to metal-oxides bonds of the metals present
in the ceramic. The peak at 582 cm™ is associated with Ti-O bond vibration(Sun et al. 2007; Kumar
et al. 2018), and another peak at 810 cm™ is observed due to the stretching vibration of Bi-O

bond(Hou et al. 2011). It indicates towards purity of the ceramic.

Figure 5.3 (a) depicts Selected area diffraction (SAED) pattern of the polycrystalline BSTO
ceramic with distinct bright spot patterns matching to planes (1 19), (1 17), (00 12), (0 0 6) and

(1 1 1). Bright field TEM image of the BSTO is illustrated in figure 5.3 (b). It validates the
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orthorhombic structure of the material as discussed in HR-XRD assessment. The mean particle
size for BSTO ceramic was measured to be 114 £2 nm..High-resolution TEM images can be seen
in figure 5.3 (c). The value of inter-planer spacing d was obtained to be 3.87 A for the

corresponding planes of BSTO ceramic (Giannuzzi and Stevie 1999).

Figure 5.3 (a) SAED patterns (b) Bright Field TEM Images of BSTO ceramic and (¢). HR-TEM
images showing d-spacing.

SEM images in figure 5.4 illustrate the surface morphology of BSTO ceramic. It clearly indicates
bimodal grain distribution The surface morphology observed on the gold-coated surface is
depicted in figure 5.4 (a), reveals the presence of pellet-like grains separated by grain boundaries
(Mohammed and Abdullah). The average grain size of BSTO is calculated using ImagelJ software

and found to be 447.27 nm. SEM analysis witnesses a larger average grain size than that of
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crystallite size obtained from XRD measurement as the former is formed by aggregation of the
latter. Figure 5.4 (b) illustrates the EDX spectrum for BSTO ceramic, which reveals the presence

of Ba, Bi, Ti, and O elements in BSTO ceramic, which confirms the purity of materials.

Spectrum 3

EHT = 20.00 kv Signal A = SE1 Date 8 Aug 2018 ZEIY| .
i sy EOOUKX T 11440 e |Full Scale 124 cts Cursor: 0.000 ke

Figure 5.4 (a) SEM micrograph and (b) EDX spectra of BSTO ceramic.

AFM analysis of BSTO ceramic was done using tapping mode as depicted in figure 5.5.
The histogram of grain size of particles is shown in figure 5.5 (a), indicating that most of the grains
are in size range of 0.6-0.8 um in BSTO 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 pm x 20 pm in figure 5.5 (b). Comparable grain size with clear grain
boundaries is observed in 2-dimensional AFM images for BSTO ceramic is explained in figure 5.5
(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 BSTO

ceramic are mentioned in table 5.1.
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Table 5.1 Data of AFM analysis of BSTO ceramic sintered at 950 °C for 8 h.

Average roughness (Ra) 36.116 nm

Root Mean Square roughness (Rq) 46.161 nm

Maximum Profile Peak Height 145.521 nm

Maximum Profile Valley Depth 108.791 nm
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Figure 5.5 (a) Histogram graph for the particle size distribution, (b) 3-D for surface roughness and
(c) 2-D watershed images for grain boundary of BSTO ceramic.

The zeta potential of the material was determined by a Zetasizer Nano-ZS employing the dynamic
light scattering technique shown in figure 5.6 (a). The zeta potential of a particle is characteristic
particle property as it is decisive for the stability of the particle in suspension form in the solution

phase(Hoo et al. 2008). A distinct zeta potential value, either positive or negative, theoretically
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informs the stabilization of particles in suspension(Shukla et al. 2013 Apr). As a consequence of
like electric charges on particles, electrostatic repulsion exists among them, thus preventing them
from coagulation and precipitation (Feng and Huang 2001). The zeta potential of BSTO was
obtained to be —28.3 mV. This high negative value confirms the existence of the stable particle
suspension, which facilitates its photocatalytic activity in dye degradation. Zetasizer Nano-ZS
employing dynamic light scattering technique is also helpful in determining the particle size of the
material. It can be witnessed from figure 5.6 (b) that the mean particle size is 41.87 nm [PDI] =

0.34)

(X-ray photoelectron spectroscopic (XPS) analysis was led to attaining the knowledge of
the oxidation state of the elements composing the BSTO ceramic along with the electronic
environment around them (Bantawal and Krishna Bhat 2018). The correction for
the binding energies of the specimen surface charge acquired through the XPS analysis, reference
was set to the Cls peak at 285.6eV (Singh et al. 2020). The high-resolution X-ray photoelectron
spectroscopic (HRXPS) spectrum of the BSTO ceramic is depicted in figure 5.7 (a)—(d). The
presence of elements such as bismuth, titanium, oxygen, and strontium in the material was
verified. In figure 5.7 (a) high-resolution XPS spectrum of Ti 2p has been deconvoluted, resulting
in three peaks. Among the three, the first two peaks are characteristic of Ti(IV), while the third
one is caused due to Bi 4d. The peaks at 457.5 eV and 463.5 eV are characteristic of Ti 2p3, and
Ti 2p12 binding energies, respectively. Another peak at 465.9 eV is characteristic of the binding
energies of Bi 4d3p. In the vicinity of 465.5 eV, a broad hump is observed, formed due to the
partially overlapped peaks of Ti 2p1/2 and Bi 4d3/2 (Chu et al. 2002; Hou et al. 2013). Figure 5.7

(b) illustrates the High-resolution XPS spectra of bismuth confirming the presence of Bi*>. Two
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distinct peaks are obtained on deconvolution of the spectra. The peaks at 159.1 eV and 165.5 eV
are characteristics of the binding energies of Bi 4fs» and Bi 4172, respectively,(Hou et al. 2013;
Zhao et al. 2019). Another peak seen at 162.5 eV may be assigned to Bismuth metal (Bi’) (Li et

al. 2017).
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Figure 5.6 Zeta potential distribution(a) and particle size distribution(b) of BSTO ceramic.

Figure 5.7(c) depicts High-resolution XPS spectra of oxygen, revealing a widely asymmetric
spectrum of O 1s, postulating the existence of all sorts of chemical states of O present in the
material. The deconvolution of asymmetric broad O1s spectrum results in two main components:
lattice oxygen species (Oratice) at 529.8 eV binding energy and surface adsorbed oxygen (Oadsorbed)
species around binding energy 531.5 eV. Peak at 235.4 eV corresponds to O of adsorbed water

(ref-Polyoxomolybdate anchored graphite oxide: Noble metal-free electrocatalyst for oxygen
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reduction reaction. It is reported that a higher ratio of the concentration of surface adsorbed oxygen
species (Oadsorbed) to Oxygen present in the lattice(Olatice) Would assist in the augmentation of
catalytic activity (Arandiyan et al. 2013; Hou et al. 2013). Figure 5.7 (d) shows the high-resolution
XPS spectrum confirms the existence of strontium. This spectrum has been deconvoluted in three
peaks. The first among three is the characteristic peak of Sr 3ds. (lattice) at 133.0 eV, while the
second broad peak at 135 eV is obtained by an overlap of Sr 3ds»(surface) and Sr 3ds. (lattice).

The third peak at 138 eV is characteristic of Sr 3d3(surface).

5.5 Magnetic studies

Figure 5.8 (a) illustrates the plot of measured magnetization versus applied magnetic field
(M-H) curve at various selected temperatures for BSTO ceramic using Superconducting Quantum
Design MPMS Magnetometer Interference Device (SQUID) observed from 5 K to 300 K at +2 T.
It is quite clear from the figure that magnetic nature is dominated by ferromagnetism at all the
temperatures. The shift observed among the loops is attributed to spin flop, which relates to the
disorderness generated in magnetic super lattices with the increasing temperature (Garcia-Landa
et al. 1999).
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 5.8
(b), The temperature dependences of ZFC and FC showed a sharp change of slope to a much faster
decrease of magnetization in the range of 175 K. Thus, a sudden change in magnetic phase is
observed. The origin of such variation in magnetization has been related to the large

magnetocrystalline anisotropy (Singh et al. 2014).
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Figure 5.7 (a)—(d) High-resolution XPS spectra of the BSTO ceramics.
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Figure 5.8 (a) M-H hysteresis loop from 5 K to 300 K and (b)Temperature-dependent ZFC and
FC at H= 100 Oe for BSTO ceramic.
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5.6 Impedance studies

Assessment of the electrical properties exhibited by the polycrystalline materials and
understanding the role their microstructures natures in affecting them is effectively done by
impedance analysis. Along with this, it also provides information on the co-occurrence of multi-
polarization with their relaxation processes. The estimation of the participation of grains, grain
boundaries and electrode interface to the overall capacitance and resistance can also be performed
(Dumbrava and Svilainis). The complex impedance spectroscopy of the concerned BSTO ceramic
can be seen in figure 5.9. However, instead of three, the only contribution of grain boundaries and
electrode surface effects as only two semicircular arcs are witnessed in the figure. Inset of figure
5.9 shows data taken at a higher frequency, extrapolated on Z' axis, the intercept of it is found to

pass the Z' axis ahead of origin.

Z" x 10° (ohm)

Z' x 10° (ohm)

Figure 5.9 Complex impedence spectroscopy in a range of temperature (313 K-488 K) for BSTO
ceramic and the inset is exhibiting an enlarged view of the higher frequencies.
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Since the intercept doesn't pass through the origin, it can be said that another arc due to the
contribution of grain is also present in higher frequency range, only it is beyond our measurement
range. This intercept at Z' axis is regarded as the grains resistance (Rg). The grains capacitance
(Cyp), the resistance offered by grain boundaries (Rgb), and the capacitance of the grain boundary
(Cgb) were evaluated and reported in table 5.3. The expression of impedance exerted by the grains

and their boundaries is given by the following equation(Kumar et al. 2018).

1 1

* —_ I __ 37"
Z" = Rg'+iwCy ~ Ryp+iwCgy Z -z (52)
R R
Where, 7' = g + g 5.3
1+(wRyCy)°  1+(WRgh Cgp ) (5.3)
R, C, WRgp Cyp
And  Z"=R [M] +R [#] 5.4
9 [1+(wrycy)? 9b | 1+(wRgp Cgp )? (5.4)
where, R, and R, are grain resistance and grain boundary resistance, respectively. C; and
C4p are the grain capacitance and grain boundary capacitance, respectively; w is the angular

frequency. From the data calculated (as shown in table 5.3), it is witnessed that the contribution of
grains for BSTO ceramic is less than that in case of grain boundaries, this validates the
semiconducting behavior of grains having insulating boundaries, in accordance with the Inter-
barrier layer capacitance (IBLC) mechanism.

The real and imaginary part of impedance varies as the function of temperatures, their
variation at particular temperatures are shown in figure 5.10 (a) and figure 5.10 (b), respectively.
The variation in both parts of impedance showcases similar behavior, the values of Z' and Z”

decrease with a rise in frequency, inferring an increment in ac conductivity (Thomas et al. 2017).
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Figure 5.10 (a) variation of real part of impedance with temperature; (b) variation of imaginary
part of impedance with temperature

Table 5.2 The resistance and capacitance exerted by grain boundaries and grains of BSTO ceramic
at a few selected temperatures.

Temperature (K) Ry (Q) Ce (pF) Rep(€2) x 10° Ce (pF)
313 146.53 0.543 5.13 0416
368 45596 0.175 18.35 0.632
428 263.27 0.302 46.5 1.48
488 238.72 0.334 63.14 6.42
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Figure 5.11 Normalized imaginary part of impedance as a function of frequency for BSTO
ceramic.

The behavior of the normalized imaginary impedance part (Z”/Z"max) with the variation of
frequencies at selected temperatures in BSTO ceramic can be seen in figure 5.11. at all the
temperatures, single relaxation peaks are witnessed, but in the plot at 368 K in the lower frequency
range, a short tail is also evident. The reason for the short tail can be attributed to the ample
resistance exerted by electrode and grain boundary (Zhang et al. 2018). Another observation made
is that single relaxation peaks shifts slightly in a higher frequency range with an increase in
temperature, this deviation in peaks frequency is a result of the short-range motion of charge
carriers suggesting the presence of thermally activated non-Debye like relaxation phenomena(Ke
et al. 2010; Thomas et al. 2017). Peaks obtained in the lower frequency range highlight the
contribution of grain boundaries, while in the higher frequency, it indicates more contribution of

grains.
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5.7 Dielectric Studies
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Figure 5.12 (a) Dielectric constant (&) as a function of frequency; (b) Dielectric constant (g;) as a
function of temperature for BBTO ceramic.

The effect of frequency on the dielectric constant for BSTO ceramic at four specific temperatures
is portrayed in figure 5.12 (a). An increase in frequency causes the value of the dielectric constant
to decrease, as can be seen in the figure. However, the fall in the values is steep in the lower
frequency range because at the interface, accumulation of space charge occurs, which further
causes the ionic medium to get polarized. In contrast, at a higher frequency range, a rapid switch
in the field occurs, which makes it impossible for space charge to get accumulated at the interface
leading to almost a constant value of the dielectric constant (Sharma et al. 2014). The value of

dielectric constant at 368 K and 100Hz was found to be 2786 for BSTO ceramic.

The variation in the values of the dielectric constant with the temperature at few specific
frequencies can be visualized in figure 5.12(b) for BSTO ceramic. Like other typical ferroelectric

materials, BSTO ceramic also seems to reach maxima, and the corresponding temperature is
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termed as Curie temperature, which indicates the phase change to paraelectric from the
ferroelectric phase.

Figure 5.13 (a) portrays the influence of frequency on dielectric loss (tan 9) at four selected
temperatures. The dielectric loss was observed to be decreasing with an increase in frequency. This
inverse relationship was an outcome of energy dissipation due to the polarization that lags behind
the frequency of the applied electric field (Yadava et al. 2017; Rani et al.). The presence of
relaxation peaks is evident from the figure, arising due to the resonance of the frequency of the
applied field with the hopping frequency of charge carriers (Delekar et al. 2012; Murugesan et al.
2015). The dielectric loss for BSTO ceramic at 100 Hz and 313 K is 4.3. Figure 5.13 (b) shows
the variation of dielectric loss (tan ) at four selected frequencies with the temperature. The plot
gives the idea that the value of dielectric loss (tan §) increases to attain maxima, then reduces

swiftly. This behavior is in agreement with the Maxwell Wagner relaxation (Sharma et al. 2014).
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Figure 5.13 (a) Dielectric loss (tand) as a function of frequency; (b) Dielectric loss (tand) as a
function of temperature for BBTO ceramic.
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Figure 5.14 Frequency dependent AC conductivity at different temperatures for BSTO ceramic.

Figure 5.14 shows the activity of AC conductivity as a function of frequencies for the BSTO
ceramic at four selected temperatures. It has already been established that for both states of solids,
either disordered or ordered, the behavior of frequency driven ac conductivity resembles. The
reason for the similarity in behavior is a consequence of the mode of conduction, that is, hopping
charge carrier conduction, this mode is less favorable at a lower frequency range. Thus, in the
lower range of frequency, AC conductivity is more temperature driven, while
at a higher frequency range, frequency plays a major role (Shehata and Abdelhady 2018). The
motion of charge carriers in hopping charge carrier conduction is considered to have discontinuous
jumps, i.e., "hopping" among the well-defined localized sites present in the solids. The plot in
figure 5.14 reveals that conductivity increases monotonically with frequency, which fits properly

with "Joscher's universal power law" given in the equation below.
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Oge X " (5.5)

Where, n denotes the power-law exponent, within 0 <n <1 value range. The power-law exponent

values evaluated by fitting the plots in figure 5.14 are reported in table 5.4.

Table 5.3 The value of power-law exponent found for BSTO ceramic from the plots shown in
figure 5.14 at a few selected temperatures.

Temperature 313K 368 K 428 K 488 K

BSTO ceramic 0.31 0.44 0.87 0.93

These evaluated values eliminate the possibility of Debye-type relaxation, as for this relaxation,
the value of the power-law exponent must be approximately 2. Thus, it confirms the existence of
the Maxwell-Wagner relaxation process, also the thin oxide layering on the electrode induces the

relaxation phenomena (Jonscher 1972).

5.8 Bandgap Analysis

For the analysis of optical properties and efficiency of the material, bandgap determination
is necessary for clarifying the mechanism involved in photocatalysis and resolving which
wavelength band of solar radiation will be appropriate for the procedures. The band gap of BSTO
was evaluated by plotting the Tauc's plot using the data obtained from UV-DRS utilizing the

following relation.
1,
(ahv) /n = (hv — E,) (5.6)
where, a is the molar absorption coefficient, Eg is the optical band gap. Since it is the case of direct

transition, thus the value of the exponent n is 1/2 (Viezbicke et al. 2015). Figure 5.15 unravels the

optical band gap (Eg) to be as 3.14 eV, which is attained by extrapolating the linear fit of the plot

Department of chemistry, IIT (BHU) Page 171



Synthesis, characterization, and hetero-photocatalytic studies of Bi4SrTi4015
ceramic

to intercept on the x-axis(hv) at a point, which corresponds to the band gap (Burnside et al. 1999).

This value of the bandgap suggests that UV radiation is needed for photocatalysis.
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Figure 5.15 Tauc's Plot for BSTO ceramics.

5.9 BET Surface Area Analysis

For the analysis of BET specific surface area of BSTO, along with the information regarding its
pore size distribution, we employed the nitrogen adsorption-desorption isotherms. The isotherm

exhibited by BSTO is a distorted hysteresis loop at a relative pressure (P/P ) close to unity as can

be seen in figure 5.16, revealing the existence of a microporous structure, which can be categorized
as type III according to IUPAC classification with characteristic H3-shaped hysteresis loops
corresponds with pellets-like grains forming slit-like pores (Qi et al. 2017). The presence of
pellets-like grains is also evident from the SEM images. The specific surface area of BSTO

ceramic obtained with the analysis is 1.257 m?g’.

Department of chemistry, lIT (BHU) Page 172



Synthesis, characterization, and hetero-photocatalytic studies of Bi4SrTi4015

ceramic

The inset of the figure displays the BJH pore size distribution curves derived from the desorption

branch. The BJH pore size distribution displays a wide range encompassing micropores,

mesopores as well as macropores. However predominance in the range of 2~50 nm is evident,

indicating mainly pores are mesoporous as pore-diameter within 1-100 nm limits are mesopores

(Universiti Kebangsaan Malaysia et al. 2017). This range of Pore-diameter is enough to engulf the

adsorbate molecules facilitating the phenomena of capillary condensation, thus boosting the

catalytic activity (Kim and Ehrman 2009; Hall et al. 2012).
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Figure 5.16 N adsorption-desorption isotherms and the inset corresponding to pore-size

distribution curves for BSTO ceramic.
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5.10 Photocatalytic Efficiency

The photocatalytic activity of BSTO was assessed by degradation of Rhodamine B (RhB) dye, a
common organic water pollutant, using solar light irradiation. Figure 5.17 (a) illustrates the
Ultraviolet-Visible (UV-Vis.) Absorbance spectra for the RhB dye degradation in the presence of

sunlight and absence of BSTO in 60 minutes, no considerable degradation took place.
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Figure 5.17 (a) UV-Vis absorbance spectra of BSTO photocatalyst, (b) UV-Vis absorbance
spectra of RhB degradation by BSTO photocatalyst, (c) Kinetic first-order kinetic plot for RhB
degradation by BSTO, (d) percentage degradation of RhB with different scavengers.

However, in figure 5.17 (b), it can be seen that it degraded almost 84% in 60 minutes in

the presence of the material. The kinetic plot of In(Ai/Ao) against irradiation time for RhB dye
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degradation is displayed in figure 5.17 (c). The experimental data of the plot was found to fit well
with the kinetics of first-order and Kapp Was calculated to be 3.0x107 while correlation coefficient

(R?) was found to be 0.98 for RhB dye degradation

In the photocatalytic experiment, various active species like superoxide radical (O27),
hydroxyl radical (OH*), and holes (h*) contribute a major role in the degradation of many organic
recalcitrant. The scavengers like p-benzoquinone (PBQ), isopropyl alcohol (IPA), and potassium
iodide (KI) were used to trap O~ radicals, OH: radicals, and holes (h*) respectively formed during
the degradation experiment. Figure 5.17 (c¢) displays the result of scavenging experiments for
BTO-BT. The graph shows that RhB degradation was greatly inhibited by IPA than other trapping
agents. [PA also has a negative effect on the photodegradation of RhB, while the addition of KI
displays a minimum negative effect on the degradation of RhB. The above results show that OH-
radicals and O>~ are the major reactive species generated during the photocatalytic reaction. The

order of active species generated during the catalytic experiment is OH' > O~ > h™.

The recyclability test shown in figure 5.18 was performed to test the stability of the material as a
photocatalyst and its degradation efficiency. The result obtained can be seen in the table shown in
the figure, it can be observed that only approximately 6% decrement is observed after three cycles

confirming the stability and high efficiency of the material (Wang et al. 2021).
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Figure 5.18 Recyclability test of BSTO photocatalyst.
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