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ABSTRACT

A;BB/Og double perovskite oxides earned remarkable praise for obtaining good-quality
solar light conversion efficiency. The large option to choose elements in A and B
positions in this structure and their hybridization provides versatile scope in designing a
unique photocatalyst. Numerous photocatalysts with strong photocatalytic activities have
been reported. However, the charge separation mechanism related to band gap energy and
the right band energy location to support photocatalytic electrochemical reactions
(oxidation and reduction reactions) made them less effective as catalysts. To get an
effective photocatalyst, other aspects such as surface characteristics and structural
stability are also important. In this research, these important factors were considerably
taken into account, and two steps have been performed to obtain excellent photocatalytic
activity. In the first step, a rare-earth based double perovskite Ba;Th(Bi1xShx)Os (x=0,
0.1, 0.5, 0.6, and 1.0) was synthesized by citrate pyrolysis technique. The choice of rare-
earth elements is because their mixed valence states exhibit exceptional charge separation
ability, which plays an important role in the photocatalysis process. However, the use of
rare-earth elements is cost-effective, and considering this issue, in the next step, a rare-
earth free Ba,Bi3*Bi37,,Sb3f 04 (x=0, 0.1, 0.2, 0.3, 0.4, and 0.5) double perovskite oxide
was prepared using Solid-state technique. The effect of Sb substitution on the structural,
optical, and photocatalytic properties of both samples was investigated. Rietveld
refinement of X-ray diffraction pattern analysis confirmed the formation of single
crystallite phases (monoclinic, rhombohedral, and cubic). The presence of Th mixed
valence states (Th®*" and Tb*") in the Ba;Th(Bi1xShx)Os samples, a typical feature of
lanthanoids (Ln), was confirmed by magnetic measurement. The structural stability for
both the investigated compounds was properly analyzed through tolerance factor

estimation and found to be good stability under Sb substitution.



The effect of Sb substitution on B-site ordering in the Ba>Th(Bi1xSbx)Os double
perovskite oxide analyzed through least square fitted X-ray diffraction data suggested a
partial disordering phenomenon. Optical properties were investigated through band gap
estimation by applying Kubelka-Munk function revealed band gap is a function of Sb
concentrations. A band gap widening effect was seen as a result of partial Sb substitution
at the Bi site, which can be attributed to the relativistic effect of the Sb 5s electronic state
having a relatively higher energy than the Bi 6s electronic state. A comprehensive study
based on the theoretical inquiry of density functional analysis suggested that increasing
Sh values in the Ba,Tb(Bi1xShx)Os and Ba,Bi3*Bi3*,,Sb3} 0, compounds caused a
substantial shift of the bottom portion of the conduction band toward higher energies. The
replacement of bottom part of conduction band associated with Bi**(6s) by the higher

Sb°*(5s) reflected to this result.

Finally, the catalytic activities were carried out from visible light facilitated reductive
methylene blue (MB) degradation. The former research on Pr-based BaPr(Bi,Sb)Os
double perovskite and parent BaBiOs perovskite are also considered in this research to
make an analytical comparison. In case of Ba,Th(Bi1.xShx)Os, the higher MB degradation
performance obtained in the highly Sb substituted samples, while maximum degradation
(100%) was found for 60% Sb concentration. Machine learning program introduced to
this research previously suggested for 60% Sb concentration as a suitable combination
satisfactorily matched with the experimental result. Comparing with other relevant
compounds, Bax(Pr,Th)(Bi1xShx)Os exhibited even better photocatalytic conversion
efficiency. The high-quality powder samples with improved surface morphology and the
presence of mixed valence states of Th and Pr ions reflected this performance. However,
in Ba,Bi3*Bi3¥,,Sb3} 04 case, the maximum degradation (50%) observed for 20% Sh
incorporated sample. The unique surface morphology and reduced particle size in the Sb-

substituted samples account for their improved photocatalytic performance. Although the



Ba,Bi3*Bi3*,,Sb3f 0, performance is not up to par, it is relatively good compared to Sb-
free rare-earth based compounds and indicates future possibility of designing a novel
photocatalyst. Sample preparation technique and charge separation mechanism are

expected to be affected for Ba,Bi3*Bi3T,,Sb3f 04 samples.

Furthermore, photocatalytic IPA decomposition was carried out to support the catalytic
activities of the investigated compounds. However, IPA decomposition result showed a
controversial relation to the MB degradation. Using band edge potential calculations on
the normal hydrogen electrode potential scale (NHE), these typical behaviors were
elucidated. According to NHE, it was observed that the CB edge position of heavily
substituted Sb samples promoted a more efficient reduction process. As a result, samples
with a higher Sb content exhibited better photocatalytic MB degradation. In contrast, the
lower Sb substitute samples' band edge positions were found to be suitably promoted to
more holes in the VB due to the smaller band gap that contributed to the IPA
decomposition result. The findings indisputably emphasized the effectiveness of band
edge position in promoting more reduction processes for excellent photocatalytic MB
degradation. This research conveys a clear message about the Sh substitution-dependent
possibility of tunning an oxidative to a reductive photocatalyst in the preparation of a

unique photocatalyst.
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Chapter 1

Introduction

1.1 Background

Discovery of TiO2 photocatalyst by Fujishima and Honda (in 1972) is a great relief for
current and future environmental concerns regarding water contamination and the rapid
depletion of natural resources [1]. Following the commercial TiO, photocatalyst,
numerous alternative photocatalysts have been developed [2-4], owing to the higher band
gap of TiO», which restricts its consumption to a negligible fraction (3%) of the entire
solar spectrum. Besides, researchers continue to investigate this issue in an effort to

develop a more effective solution.

In general, a photocatalyst is a material has the ability to convert light energy into
electrochemical energy by supplying charges. The process of photocatalysis involves the
emission of a photon with an energy equivalent to or greater than the band gap of the
semiconductor, which induces electrons in the conduction band and holes in the valence
band. These electrons and holes take part in a variety of chemical reactions with the
adsorbed spices, water, oxygen, and other organic and inorganic species in the reactor.
However, due to a number of factors associated with the semiconductor, photo-excited
electrons and holes may recombine, releasing heat into the medium during the
photocatalytic process. The electrons and holes that only migrate to the semiconductor
surface without recombination undergoes catalytic reduction/oxidation reactions. An

illustration of a basic photocatalysis process is shown in Figure 1.1.

However, the photocatalytic mechanism encompasses a multitude of additional factors,

rendering this a truly formidable undertaking [5, 6]. As of now, the majority of published



research pertains to the structural stability [7], surface properties [8-10], and band gap
mechanism [11, 12] of photocatalysts. These key factors are prerequisites for preparation
of an effective photocatalyst. Here, the concept “band gap mechanism” corresponds to
the photoexcited charge separation process relating to the band edge potentials associated
with the photocatalytic oxidations and reduction reactions. It has been reported that for a
photocatalyst to effectively carry out a photocatalytic reaction, its band edge potential
must be in the minimum suitable position. Although, there are tremendous research
reported on this field, photocatalyst only those band edge potentials are suitably located
on that potential can be considered as an actual one. Accordingly, Suzuki demonstrated
that photocatalytic reduction performance can be improved by adjusting the CB edge

position to a semiconductor with a higher reduction potential [13].

2k
TN \

1 ; Products
% 'Y electrons .
— B  © e @ Reduction
«
g 0 SR Reactants
2
-1

L R o T T T Reactants

O-0O-0—0 s ;
~ VB holes Oxidation
2 -
Products
3 .

Figure 1.1: Photocatalysis process in a simplified illustration



In the recent research history, pseudo-cubic perovskite with the structure ABO3 found in
the top of the leading photocatalytic research [14-16]. The suitability of this structure in
selecting larger and smaller cations and their combination in A and B site occupancy
makes the compound interesting in designing a novel functional material. Another
important feature of ABOg structure is it can be extended in a twice form like AA'BB/Os
known as double perovskite oxides [17, 18]. The versatile options and flexibility on
selecting cations at AA and BB/ site in this frame offers wider scope to extract some
unconventional physical properties. There are numerous researches with diverse
properties especially photocatalytic and optoelectronic properties has been established
depending on the selective cations [19]. However, the utmost properties are drawn from
the A2,BB'Os double perovskite oxide. It is noted that BB’ site cations and their size plays
an important role in the physiochemical properties of double perovskite oxide structure.
The order and disorder type structure are determined from the B and B/ sites cations size
and oxidation state difference which influence to its properties. Recently, Ba,BB/Os
double perovskite where rare-earth element in B-site and Bi in B'-site i.e., Ba2LnBiOs
(Ln=rare-earth elements) has been investigated and obtained good photocatalytic
activities [20]. However, further research is required to explain the reason for high
photocatalytic performances accurately. Recent research on Ba;PrBiOs semiconductor
found improvement in photocatalytic performance under the presence of mixed valence
state of Pr (Pr3* and Pr**) [20, 21]. The mechanism of charge separation and their effective

contribution in the catalytic process are displayed in Figure 1.2.

The confirmation of Pr mixed valence state was made from the magnetic measurement of
susceptibility data where the average Pr ion are found in the intermediate of Pr3* and Pr*
state [22, 23, 24]. Nevertheless, the mixed valence state has a great influence on
photocatalytic properties, others intriguing factors and their mechanism in improvising

the catalytic activities should need to be considered. In addition, to date there are no much



research reported on Ba;LnBiOs semiconductor photocatalyst offers outstanding
opportunity to work on this material. Moreover, the band gap magnitude is also found to
be approximately in the visible range of solar spectrum. Therefore, it is expected that

Ba,LnBiOs can exhibits visible light driven unique photocatalytic properties.

electron

9 2 Reduction

Ln**

Figure 1.2: Ba,LnBiOs double perovskite oxide with mixed valence states and their

charge separation mechanism.
1.2 Research Motivations and objectives

The aim of this thesis is to develop visible light driven enhance photocatalytic
performance of double perovskite oxide semiconductors. The exceptional charge
separation ability of rare-earth elements, as explained above, made them superior for
enhanced catalytic activities. Hence, rare-earth-based Ba.LnBiOg double perovskite oxide
photocatalyst is expected to be a great option for synthesis. In contrast, the expensiveness
of rare-earth elements, it is utmost important to make an effort to prepare a rare-earth free
semiconductor and compare their photocatalytic efficiency. Hence, an isostructural rare-
earth free double perovskite oxide Ba,Bi**Bi**Og can be a good option to prepare and

4



compare its performance with the rare-earth based Ba,LnBiOs semiconductor. As
discussed, crystal structural stability, surface modification, and band gap functions are
the significant factors contributing to the photocatalysis reaction process considered in
this research. It is expected that these factors can remarkably affect the catalyst's
performance towards better efficiency. Furthermore, several efforts have been devoted to

understanding the basic principle of photocatalysis.

A. Rare-earth-based double perovskite oxide

As introduced, Ba2PrBiOg exhibits higher photocatalytic efficiency with the existence of
Pr ion mixed valence state effectively separated the charge carriers. In connection with
Pr ion, Tb ion from the rare-earth series can be considered as for the next potential

candidate in the preparation of good photocatalyst.

B. Rare-earth free double perovskite oxide

Photocatalyst cost is an important factor in utilizing its properties on a large scale. In this
regard, Ba,Bi**Bi°*Og a rare-earth free double perovskite semiconductor having a similar
structure of Ba:LnBiOs, would be a great option to emphasize their photocatalytic

properties.

C. Tuning band edge potential

Band edge potential in the photocatalyst plays a key role in accelerating the photo-
electrochemical reaction as discussed. It is a desirable fact to position CB and VB in order
to make a photocatalytic oxidation reduction reaction. In this research, the suitable
position of the CB and VB edge potential and their separation at an optimum level where
the visible light-induced photoexcited electrons can easily migrate to the CB as well as
the surface of the catalyst before recombination have been considered. By partially

incorporating Sh because of its higher energy orbital in Bi, it is expected that it will be

5



possible to achieve the goal. The improvisation of CB potential upon Sh substitution

towards higher reduction can be reflected in better catalytic performance. An expected or

proposed electronic band edge structure mechanism is illustrated in Figure 1.3. In addition,

Bi and Sb exist in the same group of periodic table, having similar electronic structures,

while the Sb 5s orbital is relatively higher than the Bi 5s orbital due to the relativistic

effect, which can be a good option for tuning the semiconductor band gap.
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Figure 1.3: Schematic illustration of Band edge tuning higher photocatalytic reduction

reaction of a semiconductor catalyst



1.3 Research objectives

X/
°e

X/
°

To prepare Ba2ThBi1-xSbxOs and Ba, Bi*Bi$*,, Sb3} 0,double perovskite oxide
following Citrate Pyrolysis and solid-state synthesis technique

To demonstrate the Sb substitution dependent crystal structures, magnetic, optical
and photocatalytic properties Ba;ThBiu-SbxOs and Ba,Bi**Bil*,, Sb31 0,
double perovskite oxide semiconductors

To explore Tolerance factor dependent phase stability diagram

To harvest maximum solar energy by optimizing band gap and promoting more
charge separations in the semiconductors

To control band edge position towards making suitable oxidative to reductive

photocatalyst.



Chapter 2

Experimental Work

2.1 Sample Preparation

A. preparation of Ba2TbBi@-xSbxOs

Polycrystalline Ba>Th(Bi1-xSbx)Os high quality powder samples with various composition
of Sb (x=0.0, 0.1, 0.2, 0.5, 0.6, and 1.0) was prepared using citrate pyrolysis synthesis
method [22, 25]. A schematic flow chart diagram of citrate pyrolysis route followed to

prepared Ba>Th(Bi1.xShx)Os double perovskite oxide are represented in Figure 2.1.

Nitric acid solution

Tb,0.+Ba(NO,), + Bi,0,+Sb

+citric acid

+NH,

Neutralization pH=6.9

i Halogen lamp heater

Pyrolysis procedure

(Self-ignition)

Sintered at 1000°C °for 48h in air or N2

I

Final product

Ba.Tb(Bi,Sh)Os

Figure 2.1: Citrate pyrolysis synthesis flow chart diagram
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Initially, the stoichiometric proportion of high purity powder precursor materials
Ba(NOs)2, Th4O7, Bi20O3, and Sb were weighted and placed in beaker containing nitric
acid. The beaker was then kept at temperature 70-80 °C under vigorous magnetic stirring
using a hot plate magnetic stirrer until receive complete mixture solution. After that citric
acid as a chelating agent was added to get a stable solution under acidic reaction.
Subsequently, aqueous ammonia for the neutralization of the solution were added
carefully. The final yellow-brown solution was then slowly heated using a halogen lamp
stirrer. As the water evaporates the solution becomes more viscus and started self-ignition
process that yielded porous products. It is noted that, in the present research, the amount
of metal cations (Ba>Th(Bi,Sb)Os ), citric acid, and nitric acid were used following the
molar ratio Ba2Tb(Bi,Sb)O0s:CeHsO7:HNO3 = 1:6:10. In the next step, the obtained porous
product were grounded and prepared for heat treatment. Finally, the double-perovskite
phase was synthesized by grinding the precursors into fine powders and then annealing

them at 900-1100 °C in air (or nitrogen gas) for 48-96 hours.

B. Preparation of Ba,Bi’*Bi}’,,Sb3} 0,

Solid-state synthesis [26] method was followed to prepare Ba,Bi*Bij*,,Sb3} 04(x=0,
0.1, 0.2, 0.3,0.4, and 0.5) double perovskite oxide semiconductor. A systematic sample
preparation flow chart process is presented in Figure 2.2. In the early stage, the
appropriate stoichiometric proportion of 8g of high-purity BaCOs (100%), Bi-Oz (99%),
and Sb (100%) raw chemicals were collected and placed in an agate mortar for hand
mixing for few minutes. The precursor sample was then transferred to machine grinding
device for homogenous mixing about an hour. Finally, the polycrystalline
Ba,Bi3*Bi37,,Sb3f 04(x=0, 0.1, 0.2, 0.3,0.4, and 0.5) powder samples were obtained

under heat treatment at 700-800° C for 24 hours.



BaNO, + Bi,0,+Sb

Total of 8g sample

{

Mixed in an agate Mortar for 1h

!

Heat Treatment

Air atmosphere
700-800 °C for 24 h

!

Final product

Figure 2.2: Solid-state synthesis flow chart diagram

2.2 Characterization
A. Ba:TbBi-xSbxOs

To study the crystallographic phase diagram of Ba,Th(Bi,Sh)Os by means of X-ray
diffraction patterns the data were collected from a diffractometer (Ultima 1V, Rigaku).
Rietveld refinement FP-RIETAN program [27] were adopted to this research to obtained

the crystal related details information like lattice parameters, atomic position, and other
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parameters, listed in Table 1. Powder samples' surface area was calculated using BET
analysis of N2 absorption at 77 K (BELSORPmini Il, Microtrac). The particle size
distribution properties of Ba>Th(Bi1-xShx)Os polycrystalline samples were determined
from scanning electron microspore (SEM) images. In this process, a film sample from
powder Ba>Th(Bi1-xSbx)Os fabricated through electrophoretic deposition technique
(EPD) [28] to obtain clear SEM images. Optical properties were measured through Band
gap estimation data following Kubelka-Munk function [17, 20, 22]. In the Kubelka-Munk
equation of absorption coefficient, the required diffuse reflectance data were collected
from a spectroscopy device (V550, JASCO Co.). Finally, the band gap energies were
calculated from the extrapolation of absorption coefficient vs photon energy curve.
Moreover, to study the Sb substitution effect in electronic properties theoretical
investigation of density functional theory implemented ‘Quantum ESPRESSO’ package
was applied [29, 30]. In this calculation, to estimate the exchange-correlation effect,
Perdew—Burke—Ernzerhof (PBE) functional [31] scheme was applied. The fundamental
electrical states were represented using pseudopotentials from the ‘pslibrary' [32].
Monkhorst—Pack grid of 4x4x4 with cut off energy 40 Ry were employed for K-point
sampling.

Next, to examine the Th-ions ratio (trivalent and tetravalent state) in the present
Ba>Th(Bi1-xSbx)Os compounds, magnetic measurement was carried out using a
superconducting quantum interference device magnetometer (MPMS, Quantum Design).
From this experiment, temperature dependence dc magnetization susceptibility data were
collected in colling process under the applied magnetic field of 0.1 T. Applying Curie—
Weiss law, the effective magnetic moment values were calculated from the susceptibility
data. Here, it is mentioned that the effective magnetic moment calculated for each
BaxTh(Bi1-xSbx)Os compound represent the Tb ion’s magnetic moments as only Tb is

magnetic in the whole compound.
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B. Ba,Bi3*Bi3*,,Sb3; 0,
X-ray diffraction patterns were obtained from a high-resolution multifunctional X-ray
diffractometer (SmartLab 3G, Rigaku, Tohoku Univ.). The crystallographic phase purity
of the powder Ba,Bi3*Bij*,,Sb3} 0, samples are analyzed through well fitted X-ray
diffraction patterns using FP-RIETAN program [27]. The quality of fitness was ensured
from the optimization of reliability factors, as shown in Figure 3.5 and Table 4. Structural
related parameters are also obtained from Rietveld refinement analysis of fitted data, as
displayed in Tables 3, 5, 6, and 7. Following the same experimental procedure of
Ba>Th(Bi,Sb)Oe as mentioned in the earlier section, SEM images and optical properties
as well as band gap energy [17, 20, 22] of Ba,Bi3*Bi}*,,Sb5; 0, were measured. Next,
to investigate the Sb substitution effect in the electronic structure of
Ba,Bi3*Bi3*,,Sb3f 0, samples, density functional theory implemented Quantum
ESPRESSO was conducted [33, 34]. For the exchange correlation, hybrid functional
Heyd-Scuseria—Ernzerhof (HSEO06) [35, 36] are adopted. The computation was
performed using WANNIER90 package [37], [38], [39], [40]. For the Brillouin zone
sampling, 4 x 4 x 4 Monkhorst—Pack grid through the cut-off energy 40 Ry is used to this

calculation.

2.3 Photocatalytic activity measurement
A. MB degradation

Photocatalytic properties of powder Ba,Tb(Bii1xShx)Os and Ba,Bi3*Bi}*,, Sb3f 0,
samples as a catalyst was examined through the methylene blue dye (MB) degradation
performances under visible light illumination [24]. The experimental set up for graphical
representation are displayed in Figure 2.3. A 300 W Xenon lamp was considered as a
light source, while only visible light incident to the target was ensured by placing two
cut-of filters (UV and IR, Cermax LX300F, Excelitas Technologies) in front of the source.

Next, a glass beaker containing 50 ml of 10 ppm MB dyes with 0.2 g of powder catalyst
12
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was placed in a dark condition about 30 minutes under vigorous stirring to finalized the
absorption desorption process. Finally, it transferred for visible light irradiation reductive
MB degradation. The degradation of MB understands through the decolorization of
aqueous MB into colorless leuco-MB under reduction process [41, 42]. This is a common
property of MB and used widely for photocatalytic measurement purpose. The bleaching
of MB with the presence of catalyst under electromagnetic radiation was measured from
the UV-Vis spectrometer (V730, JASCO Co.). Every 30 minutes interval of 210 minutes,
3 mL from the main solution was taken for the MB degradation measurement into the test

cell.

0, TMB

Degradant ¢
OH' +MB

BUpoIT filters

Visible light

- i
= DiE o o
!:, ol { ,);:f

» "y, i— - o
= 90 minutes -
- EE— l Purified water

Figure 2.3: Graphical representation of Photocatalytic MB degradation experimental

arrangement
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B. IPA decomposition

Next to MB degradation, photocatalytic gaseous 2-propanol (IPA) decomposition was
conducted, in order to make comparison. In this experiment, IPA was injected into a glass
reactor containing Ba;Th(Bi1-«Shx)Os or Ba,Bi3*BiZ,,Sb3f 0, powder catalyst. After
that, the reactor was placed under visible light illumination. In Figure 2.4, the
photocatalytic IPA decomposition catalytic reaction mechanism has been made for
graphical demonstration. The oxidation of IPA decomposition took place on the surface
of powder catalyst, resulted in COz evolution. Using a Gas chromatograph device CO-

concentration were detected and recorded in a regular time interval [22, 35].

Xe Lamp

i= @ IPA adsorption
Visible light

%
$ Y
71—

R : IPA
e : CO,

IPA

ST

Catalyst

++

Figure 2.4: Photocatalytic IPA decomposition mechanism
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Chapter 3

Results and Discussion
3.1 Structural Analysis

A. Ba2TbBi(1-xSbxOs

The crystallographic phase purity of the as-prepared powder samples synthesized by
citrate technique was carried out from X-ray diffraction (XRD) analysis. Rigaku (Ultima
UV) diffractometer were used to collect the diffraction related patterns of polycrystalline
Ba>Th(Bi,Sb)Oe samples. Figure 3.1 revealed the obtained XRD patterns for all
BaxTh(Bi1-xSbx)Oe samples, ranging from (Sb)x=0 to 1.0. In the lower Sh (x=0.0 and 0.1)
samples, the peaks obtained for both compounds are found to be symmetric and well
matched with the monoclinic crystal structure, can be crystalized in a monoclinic phase,
confirmed from the literature review [25]. On the other hand, for higher Sb(0.5<x<1.0)
values, the samples are well crystalized in a cubic crystal structure. Crystal phase changes
properties for Ba;Pr(Bi,Sh)Og is observed at a certain concentration Sb(x)=0.5. The effect
of Sb substitution on phase transition (monoclinic to cubic) at a particular concentration
(x=0.5) was previously observed in Pr-based Ba:Pr(Bi,Sh)Os double perovskite
compounds [22]. This indicates the consistency of the present research with similar work
and Sb(x)=0.5 can be considered as a critical point for Bax( Pr,Tb)(Bi,Sb)Oe double
perovskite oxide. Furthermore, to obtain all crystal related information, the data was fitted
in Rietveld refinement using FP RIETAN program. Table 1 and Table 2 list the obtained
structural parameters and their changes upon Sb substitution in Ba,Th(Bi1-xSbx)Os double
perovskite oxide. Previously reported lattice parameters (for x=1.0) strongly supported
these obtained data [23, 30]. In Figure 3.2, the changes in lattice parameters as well as
structural phase under Sb substitutions are plotted. The figure shows monotonic decreases

in lattice parameters over Sb incorporation.
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Table 1 Crystal structure and lattice parameters of Ba,Th(Bi1-xSbx)Oe as a function of Sb

Sh(x) Crystal symmetry  a (A) b(A) c(A)

0.0 Monoclinic 6.1223 6.0903  8.6110
0.1 Monoclinic 6.1069 6.0809  8.5916
0.5 Cubic 8.4814 8.4814  8.4814
0.6 Cubic 8.4611 8.4611 8.4611
1.0 Cubic 8.4506 8.4506  8.4506

BaBiO3[14] Monoclinic 6.1910 6.1407 8.6780

Table 2 Wyckoff positions and atomic coordinates of Ba,Th(Bi1xShx)Os for x=0.0 and

1.0 compounds

For Sb(x)=0.0, Ba,TbBiO¢ (monoclinic 1/2m phase)

atom Wyckoff positions X y z
Ba 4i 0.5036 0.5 0.25
Tb 2c 0.5 0 0
Bi 2b 0 0.5 0
01 8j 0.24210 0.25400  -0.03340
02 4i 0.43610 0 0.25890

For Sb(x)=0.0, Ba,ThSbOs¢ (cubic Fm3m phase)

Ba 8c 0.25 0.25 0.25
Tb 4b 0.5 0.5 0.5
Sb 4a 0 0 0
@) 24e 0.237 0 0
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Figure 3.1: X-ray diffraction patterns of Ba>Th(Bi1-xSbx)Os for (a) x=0.0 and 0.1 (inset),
(b) x=0.5, (c) x=0.6, and (d) x=1.0. The black dots represent experimental data and

Rietveld refinement data are represented by red color line
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Figure 3.2: Lattice parameters of Ba>xTh(Bi1-xSbx)Os as function of Sb (x=0.0, 0.1, 0.5,
0.6, and 1.0). " (a* = a/+2) and ¢"(c* = c¢/+/2) represents the reciprocal of a and b

lattice parameters
B. Ba,Bi3*Bi3*,,Sb3; 0,

The phase purity of the polycrystalline powder Ba,Bi3*Bi3*,,Sb3f04(x=0,0.1,0.2,0.3,
0.4, and 0.5) samples are made from the X-ray diffraction pattern analysis. To obtain
precise structural information, X-ray data are collected from a high resolution based
multifunctionalized SmartLab 3G (Rigaku) diffractometer. Figure 3.3 illustrates the X-
ray data of the prepared samples, revealed the formation of monoclinic (with 1/2m phase)
in the x values from 0 to 0.4 and rhombohedral (with R3 phase) for x=0.5. According to

the literature review, these data are good agreement to the formation of monoclinic and
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rhombohedral phases. For instance, the monoclinic phase has been detected according to
the previous reports [44, 45]. In case of x=0.5, the formation of rhombohedral phase
confirmed from the previous research [46]. The presence of impurity phases with the main
phase for the partial Sb (x= 0.1, 0.2, 0.3, and 0.4) substitution is a common property,
reported in former researches [47]. The generation of excessive Sb®* during the sample
preparation may lead to the formation of these extra phases. However, in this present
research, successfully achieved single phase monoclinic structure. It is expected that
unique sample preparation technique may reflected to this result. Nevertheless, the
assigned peaks as marked in asterisk sign (*) in case of x=0.3 and 0.4 are responsible for
R3 phase phase, reported by Yasukawa et al. [48]. The lattice parameters obtained from
the X-ray data analysis are depicted in Table 3. For the parent compound, these values
are found to be = 6.1964(2) A, b = 6.1506(1) A, and = 8.6857(3) A. The substitution
of smaller Sb® (0.60 A) in place of Bi®*(0.76 A) resulted in a lattice parameter decrement
as well as cell volume contraction. In Figure 3.4, the change of lattice parameters as a
function of Sb is demonstrated, which indicates a monotonic decrease behavior. Neutron
diffraction pattern analysis of Rietveld refinement data in the earlier research ensured the
placement of Sb°* at Bi®* position [45, 49].

Table 3 Sb dependent crystal phase, lattice parameters, and unit cell volume of

Ba,Bi3*Bij*,,Sb3f 0,

Sb  Space a b C o B \%

X group (A) (A) (A) ©) ©) (A%)
0.0 I2/m 6.1964(2) 6.1506(1) 8.6857(3) 90 90.180(2) 331.03(1)
0.1 12/m 6.1843(4) 6.1417(1) 8.6800(6) 90 90.117(4) 329.68(4)
0.2 12/m 6.1354(11) 6.1331(9) 8.686(2) 90 90.25(1) 326.83(1)
03 12/m 6.1035(8) 6.1182(5) 8.652(1) 90 90.436(7) 323.09(7)
04 12/m  6.0965(4) 6.0806(3) 8.6529(6) 90 90.443(3) 320.77(3)
05 R3 6.0575(2) 6.0575(2) 6.0575(2) 60.126(1) 60.126(1) 315.24(2)
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Table 4 FP-RIETAN program utilized optimized R-factor parameters for different Sbh

values
Sh Rwe Rp Rs
Crystal phase
X (%) (%) (%)
0.0 Monoclinic(12/m) 8.95 6.32 2.93
0.1 Monoclinic(12/m) 7.20 4.86 2.99
0.2 Monoclinic(12/m) 11.56 8.50 2.96
0.3 Monoclinic(12/m) 9.84 7.09 3.05
0.4 Monoclinic(12/m) 8.72 6.11 3.33
0.5 Rhombohedral(R3) 9.50 6.18 2.95

Table 5 Estimated bond lengths and bond angles for Ba,Bi3*Bi%*,,Sb5F 0

- Bond lengths (A) Bond angles (°)
. Bi(- Bi()- Bi@)/Sb- BIi(/Sb- Bi(1)-0(1)-  Bi(1)-0(2)-
o1 0@ o) 0(2) Bi(2)/Sh Bi(2)/Sb
00 229(2) 2260(4) 2.12(2) 2.160(8) 160.4(8) 162.0(6)
01 2292 2302(6) 212(2)  2.080(9) 160.5(7) 168.0(7)
02 234(4) 229(1) 208@3) 2.07(2) 158(1) 168(1)
03 229(2) 230(1) 210Q2)  2.03(1) 160.2(8) 170.1(9)
04 2293) 235(1) 2053)  1.95(2) 172(2) 172.2(4)
X Bi-O Sbh-O Bi-O-Sh
05 2.323(6) 1.983(6) 169.3(3)

Rietveld refinement FP-RIETAN program is performed to collect the crystallographic
phase related other structural parameters. All the estimated parameters including lattice
parameters, cell volume, bond lengths, bond angles, and Wyckoff positions are depicted

in Tables 3, 4, 5, 6 and 7. It is worth noted that a clear crystallographic point view can be
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made from the perfect fitting of XRD patterns. Here, the quality of fitness carefully
measured from the reliability factor (R) optimization, considering negligible difference
between experimental and calculated data. The detailed of Rietveld refinement XRD
patterns are delineated in Figure 3.5. For all samples, the values of R factors are
maintained at Rwp = 7.20 ~ 11.56, Rp = 4.86 ~ 8.50, and Rg = 2.93 ~ 3.33, indicates good
fitness. Table 4 listed the fitting related parameters with the corresponding crystal phases.
The bond length and bond angles of the constituent atoms in the present
Ba,Bi3*Bij*,,Sb3f0, compounds are estimated and displayed in Table 5. Here,
different bond lengths for Bi/Sb with oxygen represents the ionic states of Bi and Sb and
types of adjacent oxygen atom in the octahedral junction making the crystal. Although,
in the present investigation observed a single bond of pentavalent of state of Sb, as
described above. However, comparatively lower and higher bond lengths for Bi(1)-O and
Bi(2)-O in Table 5 are reasonable for pentavalent (Bi°*) and trivalent (Bi**) lower ionic
states of Bi. The result comprises strong covalent nature for Bi°* significantly attract the
O atom closer than Bi** and reduces the interatomic distance. It is a common property for

mixed valence states.

Table 6 Atomic Wyckoff positions and fractional coordinates for the monoclinic

Ba,Bi3*Bij*,,Sb3F 0, (x=0 to 0.4) phases

Ba,Bi*Bi3t,,Sb3f 0

12/m site X y z
Atom (x=0, 0.25, 0.5)
Ba 4 0.5029 0 0.2487
Bil 2a 0 0 0
(Bi2, Sb) 2d 0 0 0.5
02 8 0.2611 0.2574 -0.0327
01 4 0.0606 0 0.2604
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Table 7 Atomic Wyckoff positions and fractional coordinates for the rhombohedral
Ba,Bi3*Bijt,,Sb3f 0, (x=0.5) phase

Ba,Bi3*Sb>* 0, _
12/m site X y z
Atom (x=0.5)
Ba 2C 0.2566 0.2566 0.2566
Bi la 0 0 0
Sb 1b 0.5 0.5 0.5
02 6f 0.2319 0.2984 0.7271

Moreover, lowering the bond length due to Sb substitution is the reason for small ionic
size of Sb®* (0.60 A). According to previously reported average bond lengths of 2.29 A
(for Bi**-0) and 2.12 (for Bi®*-O) for the parent compounds from neutron diffraction
analysis [50], present estimation shows good agreement. The octahedral tilting due to
charge compensation in crystals lattice responsible for structural distortion plays

important role in the physical properties of a solids can be understand through bond angles.

The effect of Sh substitution on structural distortion of Ba,Bi®*Bi%*,, Sb3} 0, double
perovskite oxide in terms of bond angle is calculated which is displayed in Table 5.
Furthermore, to obtain insight of the crystal structure, the crystallinity for the
Ba,Bi3*Bijt,,Sb3F 0,(x=0, 0.1, 0.2, 0.3, 0.4, and 0.5) samples are estimated in terms of
crystallite size. Following Williamson-Hall method, the crystallite sizes as a function of
Sb concentration are calculated using FP-RIETAN program. In the whole range of x (0
to 0.5), the crystallite sizes are found to be 70 nm, 65 nm, 132 nm, 135 nm, 52 nm, and
49 nm, as shown in Table 8. It is obvious that high crystallinity observed for Sb

substituted samples.
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Figure 3.3: X-ray diffraction pattern of Ba,Bi®*Bi>*,,Sb3} 0, for (a) x=0.0, (b) x=0.03,
(c) x=0.4, and (d) x=0.5. The black dots and solid red lines represent the experimental

and refined data, respectively. For refinement FP-RIETAN program are used
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Figure 3.5: FP-RIETAN program used refined XRD data of Ba,Bi®*Bi}*,,Sb3;} 04 for
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3.2 Magnetic measurement

A. Ba2TbBi(1-xSbxOs

Next to understand the valence state of Th ion and its changes in terms of Sb concentration,
magnetic susceptibility data was determined from a SQUID magnetometer device. Using
Curie-Weiss law of effective magnetic moment (u. ) calculation formula [22], the p. s f
value for each compound is then estimated from the magnetic susceptibility data. The
estimated values of u.., are effectively 8.98 ug, 8.89 up, 8.86 up, and 9.13 g
respectively, for x =0, 0.1, 0.5, and 0.6 samples. Figure 3.6 (a) illustrates the calculated
effective magnetic moment of Ba,Th(Bi1.xSbx)Os compounds. Theoretically estimated
magnetic moment values of Tb3+(ueff =9.72 ug) and Tb“*(yeff = 7.94 ug) are also

included in Figure 3.6(a) (top dash-dot line and bottom black line).
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Figure 3.6: (a) Calculated effective magnetic moment and (b) Estimated ratio of Th®" and
Th* for Ba,Th(Bi,Sb)Os double perovskite. Data obtained from magnetic susceptibility
measurement not shown in here. Tb** (uorr = 9.72 pp) and Tb™ (uerr = 7.94 up) are

known values
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It is obvious from Figure 3.6 (a) that the calculated effective magnetic moment value
stands in the intermediate between Th®*" and Tb* magnetic moments, referring to the
possibility of mixed valence state. For confirmation, the ratio of Tb** and Tb** ions can

be calculated following the formula [22, 52] of effective magnetic moment,

W2rr = yulrr(TH3Y) + (1 — y)ul s (Th*) Equ. (1)

Where y and (1-y) represents the percentages of Th* and Tb*" ions respectively.

The calculated ratio of Th* and Tbh*" and corresponding effective magnetic moment data
are displayed in Table 8. It is observed that the ratio of Th** and Th** changes significantly
with Sb concentrations and is found to be 0.51:49 to 0.64:0.36 from x = 0.1 to 0.6.
Furthermore, the values are plotted as a function of Sb content to see their variations over
the whole sample and are depicted in Figure 3.6 (b). It can be seen that the Th** amount
considerably increases with Sb values compared to Tb*. This finding confirms the
presence of mixed valence states of Th ions in the present examine BaxTh(Bi1-xSbx)Os
double perovskite. The properties indicate a common characteristic of rare based double
perovskite which has been previously observed in different rare earth double perovskite
[22]. Further support is provided by the observation of a shoulder structure of the
tetravalent ion accompanied by a dominant peak of the trivalent ion on the Pr-based

sample as determined by an X-ray photoemission spectroscope [53].

Table 8 Effective magnetic moment and ratio of Tbh ion in
Basz(B',Sb)OG [:u'eff(Tb3+) = 972 Up, ,ueff(Tb3+) :794 ‘LlB]

Sb(x) 0.0 0.1 05 0.6
terr(Up) 8.91 8.89 8.86 9.13
Th%*: Tb* 0.52:0.48 0.51:0.49 0.49:0.51 0.64:0.36
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3.3 Phase stability calculation

A. Ba2TbBi(1-xSbxOs

A polycrystalline solid material's physical properties are largely affected by the structural
stability factor [7]. In this research, the phase stability of Ba>Th(Bi1-xShx)Os double
perovskite oxide is explained by means of tolerance factor estimation. It is possible to
measure lattice distortion in ABOs perovskite as it has a direct connection with the
tolerance factor. Under proper charge consideration, an accurate picture of
crystallographic phase can be identified through tolerance estimations. Considering the
mixed valence of Tb ions as ensured in the earlier section of magnetic measurement, the

tolerance factor values can be calculated using the formula,

t = rBatT0
- T +r
\/E(—sz M+To)

Equ. (2)

Where 154 , 7o, Trp, and Ty—(gisp) are the respective ionic radii of the constituent
atoms [54]. In the calculation process, few attempts has been made to describe the
chemical formula constituting particular ionic states formed Ba>Th(Bi1-xSbx)Os double
perovskite oxide. All probable ionic states that may appear in the studied compound are
considerably accounted to this research. In the first step, considering mixed valence state
of Tb, the chemical formula can be evaluated as Ba5*Tb3tTbgtBifi—,, , Sby/
M1¢,/2M24/,06 where M1**and M2** set as M1** = BigiBigs , and M2** =
Sb3tSbat, respectively [25]. Next, considering the individual (trivalent and tetravalent)
ionic state of Tb in BaxTh(Bi1-xSbx)Os. Although, there is no possibility of single valence
according to the experimental analysis. However, for further confirmation and in order to
check the reliability of this investigation estimated the tolerance factor data points with

the chemical formula Ba3*Tb3*Bi3*,Sb3*04 and BaZ*Tb**M1j{+ M2%*04 . The
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estimated values of tolerance factor for all three cases are listed in Table 9. In addition,
the data are also plotted as a function of Sb for crystallographic representation, and shown
in Figure 3.7. Depending on the t values, Figure 3.7 can be divided in three separated
regions on the view point of monoclinic, rhombohedral, and cubic phase, respectively.
The tolerance factor for Ba,Ln(Bi, Sb)Os as a function of the ionic radius of Ln (Ln: rare-
earth element) has been reported in previously [51]. Although, estimated tolerance factor
values for all three cases well-supported by the reported data in lower Sb incorporated
samples, confliction arises for higher Sb values. However, the data estimated for mixed
valence states (red line in Figure 3.7) perfectly matched with the phases obtained in the

entire Sb values.
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Figure 3.7: Tolerance factor estimation of Ba,Tb(Bi1-xSbx)Os as a function of Sh
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The results show a clear relation of ionic states dependent phase stability measurement
and confirm mixed phases (Tb3tTbg%) in the studied Ba,Tb(Bi1-xShx)Os compound. For
x=0.5 sample, the estimated tolerance factor value t=0.973 which is just located on the
boundary line of cubic phases represent the stability of cubic phases for higher Sb
substitution [55]. The rise in t values for the higher contribution of Tb** and Tb*" in
responds to the Sb values towards unity indicates phase stability enhanced under Sh
substitution [56]. Therefore, current investigation confirms the presence of Th mixed

valence state and support the magnetic analysis report.
B. Ba,Bi®*Bi3*,,Sb3; 04

The phase stability is an essential parameter for a catalyst to support its long-time
photocatalytic activities. The phase stability can be measured through the tolerance factor
estimation as its directly related to the crystal structure of a solid. In double perovskite
the octahedral tilting due to many aspects especially cationic size mismatch reflected in
the system towards structural distortion. In previous, Otsuka et al, explained the structural
distortion as a function of ionic radii through tolerance factor calculation [57]. Here, the
tolerance factor (t) values of Ba,Bi*Bi3¥,,Sb3} 04 double perovskite are calculated
with the different Sb(x) values. Following the same equation used in the earlier section

for tolerance factor calculation, the formula of ‘t> can be written as

I'pa + I'g

t=
I'gij +r
\/E( Bi3t 2 M5+ + ro)

where rg,, I+, and rys+=p;spyrepresent the ionic radii of the specific ions. These

values are considered as rg, = 1.61 A(Ba?*), rg;s+ = 1.03 A, rg;s+ = 0.76 A, rgps+ =
0.60 A, and ro2- = 1.4 A, respectively, in appropriate to the Shannon ionic radii [54].
Finally, the ‘t’ values are calculated and listed in Table 9. The values are found to be
increasing trend with Sb concentration towards unity, indicates the stability upon Sh

substitutions.
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Table 9 Crystallite size, tolerance factor, and crystal phase of Ba,Bi*Bi}*,,Sb55 04 as

a function of Sb

Sb Crystallite size Tolerance factor Crystal phase
X (nm)
0.0 70 0.927 Monoclinic
0.1 65 0.934 Monoclinic
0.2 132 0.941 Monoclinic
0.3 135 0.947 Monoclinic
0.4 52 0.954 Monoclinic
0.5 49 0.961 Rhombohedral

For the parent and end member compound, the estimated ‘t’ values are found to be 0.927
in the monoclinic phase region and 0.96 in the rhombohedral phase boundary. According
to the literature review, these values clearly support to the formation of monoclinic and
rhombohedral phases. Furthermore, to demonstrate the effect of B/-site ionic radii
difference on crystal distortion, tolerance factor values of rare-earth based other double
perovskite Bax(Pr,Th)(Bi,Sb)Os are plotted along with the
Ba,Bi3*Bij*,,Sb3F 0,compound and delineated in Figure 3.8. The data showed a good
relation of crystal phase formation with B’-site ionic radii changes. The rise in ‘t’ values
observed for lower ionic radii in highly Sb substituted samples. In case of rare-earth based
compound (Pr, Tb), the maximum values are obtained in the cubic region, while
rhombohedral region for Ba2Bi**Sh°*Os compound. However, other compounds are
found in the monoclinic region of lower ionic radii. The present investigation shows good

relation with the previously reported data [57].

30



1.00

I A :
0.99 |- A Bi
I ) A Tb
Cubic
0.98 | Pr
A
____________________ A_ _ _ _ __________J
= 097 F
‘g I rhombohedral
=
0 096 = A oo o e e oo -
Q A
5 A A
S 095}
5] A
F -
0.94 A
I . A
0.93 L monoclinic
’ A
0.92 1 i | s 1 " 1 i | s
0.60 0.65 0.70 0.75 0.80 0.85

Bsite ionic radius/A
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3.4 B-site Order and Disorder structure analysis

A. Ba2TbBi1-xSbxOs

B-site cation order and disorder structure is an important feature of A2BB/Os double
perovskite oxide. The intriguing properties can be determined depending on this
arrangement of B-site cations in the A2BB/Os structural phase. The case becomes a little

more complex when more than two cations are placed in these two positions (BB). In this
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research, this order and disorder issue is studied with reasonable facts. At first, the case
can be distinguished from X-ray diffraction patterns of Ba>Th(Bi1-xSbx)Os by identifying
a peak that corresponds to the Bragg position 20=18°, responsible for order double
perovskite [22]. Looking at Figure 3.9, no peak in particular can be seen at the angle
(26=18%) in the whole range of Sb(x) indicates B-site cations are not well organized in
Ba>Th(Bi1-xSbx)Os phase. However, Rietveld refinement pattern, as shown in Figure 3.5
(inset), suggested the peak intensity at the concerned angles (26=18°) is a function of Sb
concentration. The result indicates progression of disordering at higher Sb instead of
complete disordering fact, means partial disordering effect. Another possible reason for
low X-ray scattering power difference between Th and Sb may be reflected in this

disappearing phenomenon.

In the next, the phenomenon of order and disorder can be described through B-site cations
size mismatch and charge differences. In general, B-site cations (B and B') ordering
depends mostly on their ionic radius difference Arg, (Arg = | rg — rg/| ) and oxidation
state difference AZg (AZg =| Zg — Zg/| ). For order double perovskite, these values are
maintained to be Arg > 0.17A and AZg>2. In particular, for trivalent state of Tb i.e.,
AZ*B3*B/5*0, case AZg=2 and tends to order structure with increasing Arg(> 0.17)
values [19]. For the tetravalent state of Tb i.e., AZ*B**B/4*0, case, AZg=0 and Arg <
0.17 suggested disorder structure double perovskite. It is clear from the above discussion
that both the individual Th% and Tb* cannot explain the ordering and disordering
phenomena in relation to the experimental result. Therefore, we expected that the present

mixed valence state of Th would reflect a partially disordered phase.
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Figure 3.9: Least square fitted X-ray diffraction pattern for x=0.5. Inset shows only the
calculated data (for x=0.0, 0.5, and 1.0), indicates the appearance of peak intensities as a

function of Sb
3.5 SEM Analysis

A. Ba2TbBi(1-xSbxOs

Particle size distributed physical properties of Ba> Th(Bi1-xSbx)Os as a function of Sb
under citrate technique was evaluated from the SEM images analysis obtained from SEM
device. The well-crystallized, uniformly distributed identical particles deposited

electrophoretically on the film substrate are clearly represented in Figure 3.10.
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In Figure 3.10 (a), SEM image of parent Ba>Tbh(Bi, Sb)Os compound is presented,
collected from the previous research [25]. The ability to produce high quality powder
samples using the citrate method has been proven for a long while and is utilized in many

cases where sample quality is of the utmost importance.

Figure 3.10: Particle size distribution SEM images of Ba;Th(Bi1-xSbx)Os at (a) x=0.0
[25] and (b) 0.5

For example, in the preparation of Ba:Pr(BiixSbx)Os double perovskite oxide, two
different synthesis approach was considered [22]. In the first step, followed by citrate
method average particle sizes were obtained in the order of 0.2-0.5 um. However, it was
at least one order higher than citrate when the same sample was prepared in conventional
solid-state technique. Furthermore, the quality of particle size distributions was found to
be enhanced remarkably while Sb was incorporated into Bi site. Accordingly, for the
present case of Ba;Th(Bi1-xSbhx)Oes samples, seen in the SEM photograph of Figure 3.10(b),
the result is reflected in the Sb substituted compound. This enhancement in the quality of
powder samples indicates Sh substitution at Bi site promotes the refinement of
polycrystalline samples. In photocatalysis process, this refinement of powder samples is

of great importance in the preparation of a unique photocatalyst.
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B. Ba,Bi3*Bi3*,,Sb3; 0,

The particle size distribution morphological analysis of solid state synthesized
Ba,Bi3*Bi3*,,Sb3F 0, samples are made from SEM images collected from scanning
electron microscope equipment. Figure 3.11 represent the corresponding SEM images for
parent, 20% Sb incorporated, and end member compound, respectively. It is obvious from
Figure 3.11(a) that large crystallite sizes with irregularly distributed grains are formed in
the parent sample, suggested poor crystallinity. However, literally smaller particles with
improved morphology obtained when Sb is partially substituted in the parent compound.
The high crystallinity for the Sb contained samples is the result of formation of fine
particles. Using ImageJ program [58], the average particle size distributions for all
samples are counted from their respective images. Figure 3.11 (b), (d), and (f) displayed
the Gaussian fitted histogram data of the estimated particle size distributions. For the
parent compound, the large particles are found in the micrometer (um) order, while
nanoparticles with the average sizes of 100~300 nm formed in Sb incorporated sample.
The result shows the effect of Sb substitution in the good quality powder sample
preparation. In fact, the particle size obtained in the present research are relatively smaller
than previous reported [47]. In photocatalysis, nanoparticles with higher crystallinity are
accountably considered as a good catalyst for high light conversion efficiency due to the

guantum confinement effect.
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3.6 Band gap estimation

A. Ba2TbBi(1-xSbxOs

In order to measure the optical properties of Ba,Th(Bi1-xSbx)Oe double perovskite band
gap data were calculated with the help of Kubelka-Munk (KM) function [17, 20, 22]. At
first, the data of diffuse reflectance from a spectroscopy (V550, JASCO Co.) were
collected. Then it was transferred to the KM equation, and by drawing a tangent to the

line, band gap was measured. In the KM formula of (aep)” o« (ep—Eg), the power ‘n’ of
absorption coefficient (aep) used to determine the types of photo-electronic transition

processes, like direct or indirect. Accordingly, the values n=2 and %, respectively, are
used for calculating direct and indirect band semiconductors. The term absorption

coefficient (aKMep)” in the Y-axis and photon energy (ep) were plotted in the X-axis.

Finally, extrapolating a tangent intersecting the photon energies, consider the band gap
energies. Figure 3.12 shows the band gap energies calculation curve for Ba>Th(Bi1-

xSbx)Os (x=0, 0.1, 0.5, and 0.6). For x=0 and 0.1, the data was plotted (aKMep)l/sz Eps
and respectively (aKMsp)sz gpfor x=0.5 and 0.6 samples. The estimated band gap

values are found to be 0.92 eV, 0.94 eV, 2.45 eV, and 2.59 eV for x =0, 0.1, 0.5, and 0.6
samples, respectively. These values are also listed in Table 10. A phase transition related
indirect to direct band transition at x=0.5 observed for Ba>Th(Bi1-xSbx)Os compounds.
Figure 3.12 (d) includes the band gap values of Pr-based compounds along with the
Ba>Th(Bi,Sb)Os compounds in term of Sb values. The change in band gap energies with
the variation of Sh(x) for Ba>Th(Bi,Sb)Os compound found similar characteristics with
Pr-based compounds [22, 24]. In addition, the curve demonstrates band gap widening
under Sb substitutions at Bi site, affecting the electronic structure of Ba>Th(Bi,Sb)Os

samples. However, the large discrepancies at x=0.5 suspected for the twin phase
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(monoclinic and cubic) present in Pr-based compounds have a reasonable effect on

reducing the band gap size.
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Figure 3.12: Band gap energy of Ba>Th(Bi, Sb)Os for (a) x=0, (b) x=0.1, (c) x=0.5 (inset)

and 0.6, and (d) band gap values as a function of Sb
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Table 10 Band gap energies of Ba,Th(Bi, Sb)Oe for different x values

Sb(x) 0.0 0.1 0.5 0.6 1.0
E,(eV) 092 094 245 259 2.56

Next, the reason for Sb substitution on band gap enlargement can be explored using first
principle calculation. It is a theoretically designed density function theory (DFT)
implemented in Quantum ESPRESSO [29, 30] package utilized to compute the electronic
structure of Ba>Th(Bi1-xShx)Os compound. A clear picture of electronic state arrangement
can be gleaned from the accurate crystallographic information. For this calculation,
experimentally observed lattice parameters were imputed (as shown in Table 1and 2) [23,
51].

Figure 3.13 illustrates the energy band structure calculation for the parent and end
member compounds. The estimated direct band gaps are found to be 1.90 eV and 3.77 eV
for the parent and end member compounds, respectively. These values are quite higher
than the experimental estimation. It can be attributed to the fact that the B-site partial
disordering effect, responsible for the band gap narrowing, was not considered in the
density of state calculation, which may reflect this result. In addition, the overestimation
of band gap for the parent compound is probably related to the large band gap
measurement in this study. For instance, the experimentally observed band gap of 0.89
eV of pristine BaBiOs was found to be 2.0 eV from theoretical prediction [59, 60].
However, the present estimation shows a good relationship with the previously reported
theoretical values.

In previous study of density state calculation for Ba:Pr(Bi, Sb)Os compound [22, 24], it
was found that the upper part of the valence band (VB) associated with Bi**(6s) state,
while lower part of the conduction band (CB) consists of Bi®*(6s). Accordingly, in this
present study for the parent Ba,TbBiOs compound (as shown in Figure 3.13(a)), it is

considered that Bi%*(6s) and Bi°*(6s) are the main contributors for the VB and CV.
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However, substituting Sb in the end member compound Ba>ThBiOe (seen in Figure
3.13(b)), the top of the CV shifted reasonably in the higher state, which leads to the band
gap widening. Therefore, it is a matter of fact that Bi>*(6s) states partially replaced by the

Sb°*(5s) electronic state.
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Figure 3.13: Energy band structures and total density of states near the Fermi levels
for (a) monoclinic Ba2ThBiOg and (b) cubic Ba2ThSbOs. Band gap values are 1.90 eV
and 3.77 eV for the former and latter compounds, respectively

40



B. Ba,Bi3*Bi3*,,Sb3; 0,

To elucidate the optical properties of Ba,Bi3*Bi%*,, Sb3F 0.samples band gap values are
estimated using KubelKa-Munk function [17, 20, 22]. In this process, reflectance data
were collected from a spectroscopy (V550, JASCO Co.) device are placed in the equation
of KubelKa-Munk function and calculated the absorption coefficient (ag,,). Finally, in
the extened form of ag,, with photon energy (gp), the band gap values are estimated from
the extrapolation of (axyep)™vs €p, following the equation (axyep)™ < (ep — Ey).
Here, it should be mentioned that the power term ‘n” used to describe indirect and direct
band gap phonon transition with the values ¥z and 2, resepectively. Figure 3.14 represent
the estimated direct and indirect band plots for Ba,Bi3*Bi3*,,Sb3;} 04 double perovskite
semiconductor. In the whole range of x ( from 0 to 0.5), both the direct and indirect band
gap transitions are observed for the samples x=0, 0.1, and 0.2. Interestingly, switiching
of band gaps to direct band phonon transition are seen from sample x=0.3 to the rest of
the samples. It is expected that the plausible amount (30%) of Sb incorporation shifted
this transition under unique electron correlation mechanism. In later section, the details
mechanism will be discuused. The as estimated band gap values are listed in Table 11
and also plotted as a function of Sh concentration, displayed in Figure 3.14(d). However,
band gap widdening as of Sb incorporation notiched for samples of
Ba,Bi3*Bij*,,Sb3f 0, double perovskite oxide. This phenonmenon can be ascribed to
the fact of smaller Sb%*(0.6 A) substitutions, considerably replaces the conduction band
of BBO towards higher energy due to the relativistic effect with Bi®*. According to the
relativistic effect, the 5s electronic state energy of Sb is relatively in higher energy in
compare to the Bi 6s electronic state [45]. Previous research on related compounds
supported this findings and suggested that the conduction band of BBO associated with
Bi®* 6s electronic states suppressed via higher Sb°* 5s electronic state rsulted in band
enlargment [22, 59, 61].
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Table 11 Estimated Band gap energies. Experimental band gap values are obtained from
applying Kubelka-Munk function and Theoretical values are obtained from first principle

calculation

Band gap Eqin eV

Sb(x) Experimental DFT calculation
Indirect Direct Indirect Direct
0 0.7 1.0 0.88 2.01
0.1 0.8 1.1 - -
0.2 0.8 1.2 1.05 2.20
(x=0.25)  (x=0.25)
0.3 - 1.1 - -
0.4 - 1.6 - -
0.5 - 1.9 1.73 2.92

In order to get a clear information regarding the Sb substitution effect on electronic
structure of Ba,Bi**Bi3T,,Sb5 O, first principle theory of density of state calculation is
performed. Here, the whole computation is performed using Quantum ESPRESSO
packae [33, 34], where Heyd-Scuseria—Ernzerhof hybrid functional (HSE06) [35,36]
used for exchange correlation mechanism. The Seek-path [39] package was used to
generate k-point path in the Brillouin zoneln order to get the band structures and
electronic density of states, the WANNIER90 program was used to build maximally
localized Wannier functions [37], [38], [39], [40]]. In Figure 3.15, the calculated
electronic structure of three main samples (x=0, 0.25, and 0.5) are displayed. To build the
crystal structure of Ba,Bi**Bi**Os [62], the obtained (experimentally) crystal phae C/2m
and lattice parameters (as shown in Table 1) from Refined X-ray data are imputed. It is
observed that the Bi®* states in the conduction band and Bi®* states with O? states in the
valence band are predominantly contribute in the conduction of
Ba,Bi3*Bi3*,,Sb3f0,samples. The seperation of these two distinct electronic states

(Bi** and Bi®*) are mainly responsible for band gap creation of
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Ba,Bi3*Bijt,,Sb3f 0,semiconductor. In addition, from the phase point analysis , the
electron transition path is found between C (in the valence band maximum) and L (in the
conduction band minimum). Accordingly, the indirect (E;;) and direct (Eg) band gaps for
the parent BBO compound (as seen in Figure 3.15(a)) is estimated to be 0.88 eV and 2.01
eV, correspondingly. In compare to the previously reported result [59, 63], these values
are good agreement to support the present research. In the next compound, 25% of Bi®*
is partially replaced with Sb®" to vissualize the Sb substitution effect on BBO. The
calculated electronic structure are delinated in Figure 3.15(b). It is clearly vissible in
Figure 3.15(b) that the lower part of the conduction slightly shifted to higher energy and
resulted in a large band gap. The estimated band gap values are Eé = 1.05 eV and
E§:2.23 eV, respectively. Furthermore, increasing Sb concentration to the maximum
(50%) for the complete reduction of Bi®* at the end member compound (x=0.5), the
indirect and direct band energies are calculated and shown in Figure 3.15(c). The values

are found to be further increased at Eé = 1.73 eV and Eé:2.92 eV, respectively.

The above calculation suggests Sb incorporation perturb the bottom part of the conduction
band of Ba,Bi3*Bijt,,Sb3F 0ssamples. However, the present calculation shows good
approximation with the experimentally estimated band gap values. The discrepecy in the
indirect band transition compare to experimental result for the end member
Ba,Bi®*Sh>*Os compound is suspected to the disordering phenomenon reflected to this
result. Further correction in crystal structure and lattice parameters adjustment between

experimental and theoretical results may lead to the proper understanding.
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3.7 Photocatalytic Properties
MB Degradation

A. BaxTbhBi1-xSbxOs

The photocatalytic activities of Ba,Th(Bi,Sh)Os photocatalyst were examined through
MB degradation performance. In this experiment, a predetermined concentration of MB
solution with Ba>Tb(Bi,Sb)Oe¢ photocatalyst was placed in a dark condition under
continuous stirring for 30 minutes to obtain an absorption desorption equilibrium state.
After that, the solution was transferred to the visible light illumination center, and at every
30-minute interval, the degradation was measured. MB self-degradation performance was
checked in the absence of a catalyst by exposing it to visible light. The degradation was
assessed in terms of MB concentration from the absorption peak intensity detected around
A =665 nm using a UV visible spectrometer. It should be noted that the peak at A = 665
nm is responsible for the MB concentration. Figure 3.16(a) depicts the absorption spectra
of Ba>Th(Bi,Sh)Os (x = 0.6) sample for every 30 minute interval. The beginning data at
the o minute count was taken into consideration as the initial MB concentration,
represented by C(0), and the t-time interval concentration was denoted by C(t). Finally,

calculated the MB degradation using the formula [25]

_ C(0)-C(t)
G

x100 Equ. (3)

Where D stands for degradation percentage of MB.

The degradation percentages for all samples are calculated and plotted as a function of

irradiation time, which are delineated in Figure 3.9 (c).
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Figure 3.16: Photocatalytic MB degradation (a) absorption spectra, (b) Machine learning
prediction, (c) Ba2Th(Bi,Sb)Os , and (d) Ba2Pr(Bi,Sb)Os Photocatalyst.

The self-degradation of MB is found to be very less, implies MB is not photodegradable.
However, the degradation rates for Ba;Th(Bi,Sh)Os catalysts can be categorized into two
types on basis of Sb substitution (as shown in Figure 3.16 (c)). In the first type without
Sb concentration, the photocatalytic performance is found to be low. The result shows

similar degradation of pristine BaBiO3z sample. In contrast, the second type of catalyst
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with larger Sb (0.5<x<1.0) values exhibits much greater degradation rates, while x=0.6
sample reported the highest degradation. It is expected that the photocatalytic active sites
of the powder samples largely promoted under Sb substitution on Bi-site and optimized
against the number of MB molecules around x=0.6. Furthermore, the high-quality fine
particle formation in the citrate technique, as observed from SEM images, reflects this
result. Former research on the ability to produce good quality particles by citrate method
for BazPr(Bi,Sh)Og sample also supported this finding [22]. Further explanation on the
reason for higher performances in the Sb-substituted samples will be discussed in the next

section.

However, there are some comments on selecting the Th-based x=0.6 sample. In the
current research history, machine learning program achieved a milestone in efficiently
predicting new materials with the desired properties [64]. This is an experimental data
driven designed program, where few experimental data are prerequisite to perform the
process. In this process, less experimental data is needed to predict the expected
compound with suitable combinations. For instance, in case of BaxTh(Bi1-xSbx)Os
compound, three experimentally observed MB degradation data sets (Sb content, MB
degradation) respectively for (Sb)x=0, 0.5, and 1.0 were imputed to the machine learning
program (Common Bayesian Optimization library, COMBO.exe [65]). Subsequently,
x=0.6 was recommended as a next candidate for better MB degradation performances.
Interestingly, this prediction was matched while performing the experiments. Although,
there is little difference in MB degradation rate percentage, the composition was perfectly
matched. The whole operation procedure is clearly represented in Figure 3.16 (b).
Furthermore, to make comparison with the previous study of Pr-based catalyst,
photocatalytic MB degradation performances of Ba:Pr(Bi,Sb)Og are also plotted, which
is displayed in Figure 3.16(d). As observed in Figures 3.9 (¢) & (d), Sb substitution in

Th-based compound MB degradation rates enhanced significantly, while only the end
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member sample Ba;PrSbOg exhibited better catalytic activities. It should be noted that
the MB degradation rates increase with photocatalytic reductive reactions, and it is
considered that Sbh-substitution promotes more reduction reactions in
Bax(Pr,Tb)(Bi,Sb)Oe photocatalyst. However, the lower band gap factors may affect the
reductive reaction rates of Bax(Pr,Th)(Bi,Sb)Os, resulting in poor catalytic performances.
The higher band gap 2.59 eV of x=0.6 compound in comparison to x=0.5 (2.45 eV), and
1.0 (2.56 eV) listed in Table 12 showed clear evidence of the highest photocatalytic
performance. Moreover, the previous research on relevant perovskite compounds,
including manganite, titanate, ferrite, and niobium perovskites, has also been accounted

for in this research, and a comprehensive analysis has been made.

Table 12 Visible light illuminated photocatalytic MB and IPA decomposition of
Bax(Th,Pr)(Bi, Sb)Os
For Ba>Th(Bi, Sb)Oe

Sh(x) 0.0 0.1 05 06 1.0 BaBiO3
MB (%) 32 - 97 100 96 36
CO> (ppm/g) 221 204 32 - - -
For BaxPr(Bi, Sb)Os
MB (%) 42 32 80 - 98
CO2 (ppm/qg) 221 204 32 - -

For the pristine BaBiO3 perovskite, the MB degradation rates were observed in the same
manner as for the Bax(Pr,Th)(Bi,Sb)Os photocatalyst, and the data are enlisted in Figure
3.16 (c). As shown in Figure 3.16 (c), the degradation rates are found to be similar to the
parent Bax(Pr,Th)BiOs. In contrast, Tang et al. prepared the same BaBiOs perovskite,
showed high photocatalytic activities [17]. The higher performance in the later sample
can be ascribed to the fact that the band gap magnitude 2.05 eV which is relatively higher

than estimated 0.83 eV. In addition, the way of sample preparation is also an important
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factor that contributed to the photo-induced reaction active sites on the powder catalyst
surface. However, considering with other compounds assigned in Table 13, present

Ba>Th(Bi,Sb)Os compounds exhibits better photocatalytic performances.

Table 13 Photocatalytic MB degradation performances of different perovskite catalyst

Initial MB Time Degradation
Catalyst Mass (mg) ]
(mg/L) (min) rate (%)
(x=0.6)
BazPr(Bi1-xSbx)Os 10 200 90 100
(x=1.0) [22]
BaBiO3[17] 15.3 300 60 100
Ndo:7Ca0:3MnO3 [45] 10 40 180 96
Fe-doped CaTiO3
10 100 180 100
[46]
Y-doped BiFeO3
50 100 120 97.6
[47]
NaNbO3 [48] 10 160 180 99.3

B. Ba,Bi**Bi}*, Sb31 0,

To investigate the catalytic activities, MB degradation performance of the rare-earth free
Ba,Bi3*Bi3*,,Sb3F 04 (x=0, 0.1, 0.2, 0.3, 0.4, and 0.5) powder samples has been
examined under visible light illumination. Here, the degrataion rate is calculated from the
respective concentration of MB present in a particular catalyst suspended MB solution as
a function of irradiation time. A simple mathematical formula used to calculate this rate
percentage as (£{0) — (1)) /€(0)x 100%, where C(0) and C(t) represent the initial and
final MB concentration for different times, respectively. Figure 3.17 exhibits the Sb
dependent MB degradation properties of Ba,Bi3*Bi3*,,Sb3F04(x=0, 0.1, 0.2, 0.3, 0.4,
and 0.5) samples as a function of time. It is worth mentioning that the concentrations
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C(0) and C(t) are measured in term of absorption peak intensity using a UV-visible
spectroscopy. The presence of MB can be identified by visualizing a peak at 665 nm in
the absorption curve. For instance, in Figure 3.17(a), the decreasing of the absorption
peaks at wavelength 665 nm in case of Ba,Bi3*BijtSb3% 04 sample is responsible for
MB degradation. Initially, the self-degradation of MB has been carried out and the rate is
found to be quite low suggested MB itself not degradable. In fact, the parent compound
BBO also exhibit poor catalytic activities and yielded in equivalent to the MB itself. In
compare to the previous research of BBO [17, 26], it is suspected that sample preparation
and other factors may reflected to this present result. Next, for the Sb substituted samples,
the degradation of MB into colorless LMB is found to be remarkably enhanced, while
maximum degradation (50%) observed for 20% Sb incorporated sample. The degradation
results are also displayed in Table 14. It is expected that the effect of Sb substitution in
BBO, promoted more active sites on the surface of powder sample resulted in a good
catalytic performance. In addition, the quantum confinement effect due to nanoparticles
formation in the Sb content samples made them excellent for unique photoconversion

efficiency.

— 0 min

—30 min
—60 min
——90 min
| ——120 min

absorbance

| ——210 min

MB degradation (%)

a1
=)
T

Y

Il Il Il = i : 1 1 "'
0 50 100 150 200 400 450 500 550 600 650 700 750 800
Time(min) wavelemgth(nm)

Figure  3.17:  Visible light irradiated  photocatalytic ~ properties  of
Ba,Bi3*Bi2*,,Sb3F0(x=0, 0.1, 0.2, 0.3, 0.4, and 0.5). (a) MB degradation for different
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Former investigation on Sb dependent enhanced MB degradation performance is good
evidence to support this result [22, 61]. However, for the particular sample (x=0.2), the
highest degradation rate is considered to be the result of optimized photo active sites
instead of the number of MB dye molecules effectively converted into hydroxyl and
superoxide radicals [26, 66]. Furthermore, the quantum confinement effect more sensitive
for nano size particles [67] may reflected to this present research. These above factors
are accounted for the improvement of present Ba,Bi3*Bi3*,, Sb3} 0, samples. The detail

catalytic reaction mechanism will be discussed in the next section.

Table 14 Photocatalytic MB and IPA decomposed CO: evaluation for

Ba,Bi3*Bij*,,Sb37 0. Irradiation time = 210 minutes

Sb MB degradation rate COzevaluation
X (%) (ppm/g)

0.0 27 658

0.1 35 -

0.2 50 209

0.3 45 -

0.4 41 -

0.5 39 288

Furthermore, the current findings compared with the previously reported rare-earth based
double perovskite and other relevant compounds, as shown in Table 15. Accordingly, the
MB degradation for rare-earth based Ba,R*'Bi**Os (R=La, Ce, Nd, Sm, Eu, Gd, and Dy)
compounds reported by Hatakeyama research group [20] is listed in Table 15 (displayed
only the highest performance). In their investigation, they noticed maximum degradation
rate approximately 73.4% and 73.9% in case of Ba,Ce*'Bi**Os, and Ba,Sm*'Bi**Os
compounds, respectively, among seven compounds. However, comparing with the
present research, they used very low amount of MB dyes (1/3 times smaller), high amount
of catalyst (about 2.5% times higher), and long light exposing duration (480 minutes>
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210 minutes). Considering these factors, present research of 50% degradation result for
Ba,Bi*Bijt,,Sb3f 04 (x = 0.2) is obviously exhibits better performance. In fact, the
performance is even better than the previously synthesized rare-earth compounds Bax(Pr,
Th)Bi®" O [61]. Furthermore, the data has been analyzed with the catalytic performance
of pristine BBO compounds [17, 26]. As mentioned above, the good sample preparation
technique and other factors might be reflected in the former research. However, present
investigation shows comparatively better photocatalytic ability than rare-earth based

compounds under Sb substitution.

Table 15 Photocatalytic MB degradation performance analysis with rare-earth based

double perovskite and other relevant compounds

Initial MB Catalyst Light  Degradation

Catalyst _ )
type concentration amount duration rate
(mg/L) (ppm/g) (min) (%)
BazBls;Bft:;jbg;OG 10 200 210 50
BaBiOs[17] 15.3 300 60 100
BaBiOs[26] 15 100 240 83
Bay(Pr, Th)Bi®*Oe[61] 10 200 90 ~42
Ba;RBiOs(R=Ce) [20] 3.20 500 480 73.9

IPA Decomposition

A. BaxThBi@-xSbxOs

In respect to the MB degradation, photocatalytic gaseous 2-propanol (IPA)
decomposition performances were conducted under visible light illumination to further
support the catalytic properties of Bax(Pr,Th)(Bi,Sb)Os double perovskite. In this

procedure, a glass reactor containing powder catalyst was exposed to visible light, and
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after a predetermined interval, the amount of CO> evolution was measured using a gas

chromatograph.

Figure 3.18 illustrates the photocatalytic IPA decomposition in terms of CO. evolution
performances of Ba>xTh(Bi,Sh)Os compounds as a function of irradiation time. It should

be noted that the CO2 evolution was normalized by the BET surface area of the samples.
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Figure 3.18: Visible light driven photocatalytic CO2 evolution performances of (a)
Ba,Tb(B1,Sb)O¢ and (b) Ba,Pr(B1,Sb)Os [22] as a function of irradiation time

As seen in Figure 3.18, the rate of CO; evolution for the first 20 minutes is very faster
than subsequent rates and decreases as irradiation time progresses, eventually reaching a
steady state. The problem is associated with the absorption process of the generated CO>
gaseous on the surface of the sample [22]. As described in the experimental section, the
photo-induced IPA to CO- conversion reaction took place on the surface of the powder
catalyst, where the effective electrons and holes are generated. After the immediate

reactions, the slower movement of CO> gaseous creates a contacting layer that prevents
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the next IPA molecules from reaching the surface of the sample, resulting in a decrease
in CO2 concentration. In case of Th-based compound, the significant amount of CO>
evolution was obtained for x=0 and 0.1 sample. Nevertheless, at x=0.5 and higher Sb
content compounds, no notable contribution to the IPA decomposition was detected.
Compounds BazPr(Bi,Sb)Oe also exhibited the same features of IPA breakdown as shown

in Figure 3.18 (b).
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Figure 3.19: Photocatalytic activity as a function of band gap energy for
Bax(Pr,Th)(Bi,Sb)Os

Large band gaps are expected to have a reasonable impact on the CO2 conversion
performances. The oxidation reactions that carry out the photocatalytic IPA
decomposition generally use electron and hole counts as a driving force to enhance the
catalytic activities. As a result, smaller band gap materials are sufficient enough to
perform better catalytic activities upon supplying large number of charge carriers to

promote the oxidation reaction. Consequently, it can be stated that the increase in band
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energy caused by Sb substitution simultaneously hindered IPA decomposition efficiency.
For clarity, the IPA and MB decomposition results are plotted in Figure 3.19 against Sb
values as well as band gap energies. Figure 3.19 demonstrates a direct correlation between
MB degradation and IPA decomposition, with MB exhibiting a rising trend with band

gap values. In contrast, IPA results show the exact opposite of the MB observation.

B. Ba,Bi®*Bi3t, Sb31 0,

To support the catalytic actitvities, gases 2-propanol (IPA) decomposition of
Ba,Bi3*Bi3*,,Sb3f 04(x=0, 0.1, 0.2, 0.3, 0.4, and 0.5) samples are performed under
visible light irradiation. In this experiment, photocatalytic IPA decomposition of three
main samples (x=0, 0.2, and 0.5) has been examined. The obtained results are displayed
in Figure 3.20, also listed in Table 14. It is mentioning that the CO, evaluation is
normalized by samples amount. As can be seen from Figure 3.20, the faster
decomposition rate in the initial 20 minutes readily goes down to saturation level with
illumination time. This phenomenon is attributed to the adsorption of resulted CO>
adsorption on the surface of the powder sample, pretend further IPA oxidation.
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Figure 3.20: Photocatalytic IPA decomposition measurement in terms of amount of CO2

evolution as a function of time for Ba,Bi3*Bi3*,,Sb3F 0.sample

However, the highest yield in CO2 (658 ppm/g) i.e., good IPA conversion efficiency
noticed for x=0 sample. In case of Sb substituted samples, this performance is found to
be quite low. It is expected that nanoparticles with relatively higher band gap in the Sh
substituted samples strongly affect the IPA oxidation reaction resulted in a poor

performance.
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3.8 Photocatalytic Mechanism

A. BaxTbhBi1-xSbxOs

Band energy positions of a catalyst in the normal hydrogen electrode (NHE) are
indispensable for comprehending the photocatalytic mechanism. The NHE provides
information regarding the ability to facilitate photocatalytic oxidation or reduction
reactions in terms of the band edge potentials of VB and CB. It is well known that a
catalyst must possess a minimum potential energy in order to execute any catalytic
reaction, whether oxidation or reduction. According to the NHE scale, the VB potential
must be at least 1.23 eV or greater for oxidation, and the CB potential must be at least 0
eV or greater in the negative. To illustrate the photocatalytic ability of
Bax(Pr,Tb)(Bi,Sh)Os compounds, a schematic diagram of their band edge positions is
represented in Figure 3.21. The band edge positions Ez(for CB), and E,z(for VB) of
Bax(Pr,Tb)(Bi,Sb)Oe were calculated using the following formula [15, 16]:

ECB =X Ee - OSEg (3)
And, EVB = ECB + Eg (4)

Where y, E€, and E, represents the electronegativity, free electron energy, and band gap
value of the semiconductor, respectively. In the hydrogen scale, the free electron energy
is estimated to be around 4.5 eV. However, the term "x" is a complex quantity that
depends on the chemical formula and the atoms that form the compound. It can be
computed using the geometric mean of the electronegativities of the individual atoms in
the compound. For the present BaTh(Bi1xSbx)Os samples, the y was calculated as a

function of Sb(x) content using the formula [17, 72]
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x = DA Ba)x(Th)x'*(Bi)x* (Sh)x(0)]V*° (5)

Where the individual electronegativities of each atom in the right part of equation (5)
were calculated from their arithmetic average of electron affinity and first ionization

energy [73].

Table 16 Photocatalytic properties of Bax(Th,Pr)(Bi,Sb)Os as function of band edge

potential (E.g, Eyg) in normal hydrogen electrode potential scale

Band gap Band edge potential (eV) MB CO2

Catalyst Sb(x)
(eV) Ecp Eyp (%) (ppm/g)
0.0 0.92 0.337 1.257 32 221
0.1 0.94 0.336 1.276 - 204
Ba>Tb(Bi,Sb)Os 0.5 2.45 -0.384 2.066 97 32
0.6 2.59 -0.445 2.145 100 -
1.0 2.56 -0.395 2.165 96 -
BazPr(Bi,Sb)Os 0.0 1.06 0.268 1.328 42
0.5 1.43 0.127 1.557 80
1.0 2.71 -0.469 2.241 98
BaBiOs 0.92 0.521 1.341 36 -

For instance, the Ba atom has an electron affinity of 0.144582 eV and a first ionization
energy of 5.2117 eV. Therefore, Ba's electronegativity, y(Ba), ought to be 2.678141 eV.
The electronegativities of other atoms were computed in a similar way, leading to the
final calculation of y. By putting these values in Equ. (3) and (4), estimated the CB and
VB edge positions and listed them in Table 16. These data are also represented in the
NHE, as displayed in Figure 4.01t is evident that the VB edge potentials of the compounds
with lower Sb values (x=0 and0.1) are 1.26 and 1.28 eV, respectively, which are
comparatively sufficient to support the oxidation reaction. However, their CB edge
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potential 0.34 eV (x=0 and 0.1) is not enough for reduction mechanism. Next, for the
higher Sb (x=0.5, 0.6, and 1.0) values compound, the estimated CB edge potentials -0.38
eV, -0.45 eV, and -0.40 eV show more negative to the potential and exhibit higher
effective reduction abilities. Comparing Pr-based compounds, it is found that only the
end member candidate Ba>PrSbOs has the capacity to support an efficient reduction
process, according to the CB edge potential estimates of 0.23 eV and -0.51 eV for the
parent and end member compounds, respectively. It is noted that the higher CB negative
potential estimated for Ba>ThBio.4Sbo.s0s and Ba,PrSbOg samples remarkably exhibited
better reduction kinetics. Therefore, it is inevitable from the above analysis that
compounds with lower Sb values and smaller band gap energies are well-suited for

photocatalytic oxidation reactions related to IPA decomposition.
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Figure 3.21: Band edge potential facilitated photo-induced charge separation and their
relative catalytic oxidation and reduction dependent IPA and MB decomposition
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Conversely, photocatalytic MB reduction reactions are observed in the compound that
has a high Sb substitution and comparatively higher band gap energies. The results of the
photocatalytic MB and IPA decomposition experiments are in good agreement with these

findings.

B. Ba,Bi®*Bi3t, Sb31 0,

Flat band potential in the normal hydrogen electrode potential is used to explain the
photocatalytic mechanism of Ba,Bi3*Bi3T,,Sb5F 0, in terms of photocatalytic oxidation
and reduction reactions, respectively. This method considers the actual chemical
electronegativities of the constituent atoms as a whole in the compound and can
accurately predict the electrochemical potential for the semiconductor materials. Figure
10 illustrates the VB and CB edge potentials of Ba,Bi>*Bi}*,,Sb5504(x = 0 and 0.5)
and different rare-based double perovskite compounds. According to NHE, the degree of
reduction reactions responsible for MB decomposition is a function to which CB edge
potential is more negative. In contrast, photocatalytic oxidation of IPA is completely
related to the number of holes created in the VB. The calculation of flat band potentials
in Figure 3.22 clearly stated that the CB edge potential for Sb substituted sample (x=0.5)
located to facilitate photocatalytic reduction reaction resulted in good MB degradation
performance. On the other hand, the VB edge potential for parent (x=0) and rare-earth
based compounds promoted more holes in the VB due to smaller band, resulted in good

IPA decomposition performance.
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Chapter 4

Conclusion

In this present thesis, two approaches, one of rare-earth-based Ba,Th(Bi1-xShx)Os double
perovskite and the other of rare-earth-free Ba,Bi®*Bi%*,, Sb3} O, double perovskite oxide,
were considered for investigation. The effect of Sb substitution on the structural, magnetic,
band gap energies, and photocatalytic properties of these two semiconductors was clearly
explained. The key parameters that lead to the visible light-driven enhancement of
photocatalytic performance and their mechanisms were gently addressed in this research.
Accordingly, crystal structural stability, improved surface morphology, and energy band
potential are considered for the enhancement of the catalytic activities of the investigated
catalysts. The band gap widening effect due to Sb substitution observed in the
experimental estimation of Kubelka-Munk function is explained through DFT
calculations. It was found that the upper part of the CB, consisting of Bi®* (6s), was
partially replaced by the higher Sh>* (5s) state, resulting in a larger gap between VB and
CV. The photocatalytic properties of rare-earth-based samples Ba;Th(Bi1xSbhx)Os are
found to be literally higher (100%) than those of the existing relevant compounds and
rare-earth free Ba,Bi*Bi}*,,Sb3} 0, samples (50%). The sample preparation technique
(citrate pyrolysis) and mixed valence states of Th are expected to be reflected in this
performance. The outcomes show the importance of charge separation mechanisms in the
preparation of a novel photocatalyst. In contrast, the improvement in photocatalytic
performance is found to be completely related to the Sb substitution dependent reduced
particle size and modified surface morphology (from SEM image analysis) for the rare-
earth-free samples. However, the performance is comparatively better if it can be
considered from the perspective of Sh-free, rare-earth-based compounds. This finding

shows the possibility of designing a unique photocatalyst under Sb incorporation.
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Furthermore, phase stability and band edge position calculation were strongly supported
to this result. As a consequence, phase stability is found to be higher towards unity as the
Sb contribution increases in the double perovskite compounds. On the other hand, the
calculation of the band edge potential makes it evident that the samples significantly
attained higher reduction potential with larger Sb values. As a result, oxidative to
reductive photocatalyst as a function of smaller and larger Sb values was observed in the
rare-earth-based Ba>Tb(Bi1xShx)Os compounds. Furthermore, band edge potential
calculations suggested that heavily Sb-substituted compounds facilitated photocatalytic
redox reactions and created more active sites on the sample surface, which resulted in
enhanced MB degradation performance. On the other hand, the smaller band gap
associated with lower Sb content samples' band edge potential promoted more holes in
the VB and highly contributed to the photocatalytic IPA oxidation reaction. These results
show a good relationship between photocatalytic efficiency and Sb substitution.
Moreover, Machine learning program employed to this research in case of Ba;Th(Bi1-

xSbx)Os to predict suitable composition is perfectly matched with the experimental result.
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Chapter 5

Future Work

To further this line of inquiry, the following researches are proposed:

As discussed, the ability of machine learning program to predict suitable material.
Therefore, by utilizing this advantage, a novel photocatalytic material can be
developed based on the appropriate cation selection with a minimum experiment
in the future.

It has been observed that the efficiency of a photocatalyst somehow shows much
better in the film sample than in powder form. Taking this into account, by
preparing Bax(Pr,Th)(Bi,Sh)Os film samples using electrophoretic deposition
approach, further catalytic activities can be discovered in the future.

It is known that the energy band engineering of two different catalysts reflected
enhanced catalytic performance for Z-scheme photocatalysts. Accordingly, by
making Z-schemes with lower Sb-substituted ones (oxidative) and higher Sb-
substituted ones (reductive), their photocatalytic properties can be further

investigated.
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