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ABSTRACT

Release of organic pollutants by various industries is of serious concern due to their
harmful environmental and health effects. Development of novel semiconductor photocatalysts
for rapid degradation of these pollutants by either complete mineralization or converting them
into non-toxic fragments using solar energy may possibly render a sustainable solution. After the
discovery of water-photolysis on TiO, semiconductor electrode by Fujishima-Honda in 1972, the
world has seen an enormous amount of research on semiconductor photocatalysis that continue
to grow even today, although, the use of TiO, and many other oxide semiconductors under solar
irradiation is limited because of their UV active nature. Considering the abundance of ‘visible’
sunlight amounting to ~ 43% of incoming solar energy, there is an urgent need for the
development of visible-light-active photocatalysts for efficient utilization of solar energy.
Therefore, semiconductor photocatalysis driven by visible-light has emerged as an exciting area
of research to address potential issues related to clean fuel production and environmental
remediation. Hydrogen production by sunlight-driven water splitting is considered as a
renewable way of clean fuel generation. Water disinfection by degradation of anthropogenic
organic pollutants from industrial wastewater is indispensable for a cleaner environment. Ideally,
an efficient sunlight-driven photocatalyst can find niche applications in some of the emergent

areas of energy and environment.

Toward the development of visible-light-active photocatalysts, several approaches are
adopted. For tuning the band gap, a metal or non-metal ion doping in either binary or complex
oxides are being widely investigated. Besides, a solid-solution formation between a narrow and a
wide band gap material has been exploited for the suitable tuning of band gap. Moreover, for
improving upon the efficiencies of photocatalytic processes, use of multiple oxides in the form of
semiconductor heterojunction, oxide composites or with graphene to form graphene-composites
etc. have been investigated. Often, many of these systems have drawbacks with respect to high
solution stability, resistance to photocorrosion and photoleaching, high efficiency and
recyclability under visible-light/solar radiation. In quest for robust and efficient photocatalysts,
research thrusts in single bulk semiconductors together with their nanostructured counterparts are

in the rise. Among these, the perovskites constitute a major class both with the layered (2D) and



three-dimensional (3D) structures. In this regard, the role of layered perovskites in visible-light-

driven photocatalytic activity is noteworthy.

A large body of research dealt with the formation and manipulation of layered
perovskites for optimization and discovery of diverse properties including photocatalysis. It is
observed that many oxides and oxyhalides studied for visible-light photocatalysis contain Bi**
and among them the Aurivillius phases are noteworthy. The presence of Bi is known to push up
the absorption band edge in the visible region and its dispersed valence band helps to generate
high mobility holes. Recently, interest in these Aurivillius phase semiconductors has grown due
to their superior activity as single bulk and nanostructured oxide photocatalysts. The most simple
members of the Aurivillius family, namely, Bi,MoOg, Bi,WOg (n = 1) and their solid-solution
phases have been investigated for their photocatalytic activity under visible-light irradiation.
Although, few reports on visible-light active photocatalysis over higher order members (n =2, 3,
4) of the Aurivillius series were available, more complex systems remained largely unexplored.
Recently, four (n = 4) and five-layer (n = 5) Aurivillius phases, BisTisFeO15 and BigTizFe,0gs,
respectively, have drawn attention for their ferroelectric, magnetic, optical and photocatalytic
properties. Moreover, the rare earth (La, Sm, Gd and Dy) substituted BigTisFe,O:5 were
investigated for their magnetic and magnetoelectric properties. Recognizing the effect of cation
disorder in the stability of Aurivillius phases and recent reports on importance of ferroelectricity
in photocatalysis, we have undertaken a systematic exploration of La substitution in the four- and
five-layer Aurivillius phases towards phase formation, structure, band gap and photocatalytic
activity. This has further been extended to develop new series of five-layer Aurivillius
perovskites by both A and B-site cation co-substitution. Moreover, a strategy toward band gap
alteration for developing new visible-light active semiconductors have been devised via
intergrowth of Aurivillius oxides with Sillén phases forming a new series of hybrid layered
perovskites. All the compounds were thoroughly characterized and their activities toward dye
degradations were evaluated. Finally, for a better insight into the photocatalytic processes and
mechanism of degradation detail studies involving energy level diagrams have been carried out.
The outcomes of the present investigations are presented in the thesis consisting of seven
chapters. Chapter-1 gives an overview of various metal oxides and composite systems applied

in the area of photocatalysis.



Chapter 2 gives the details of all the characterization techniques used, during the present
course of investigation, along with their experimental procedures. The compounds were first
synthesized by solid-state reactions employing simple metal carbonates / oxalates / oxides or
oxychlorides. The progress of reactions and formation of final products were monitored by
powder X-ray diffraction (PXD) and the morphological and compositional characterizations
were carried out by Field Emission-Scanning Electron Microscopy (FE-SEM) and Energy
Dispersive X-ray Spectroscopy (EDS) analysis. Further, the optical properties were studied by
UV-vis Diffuse Reflectance Spectroscopy (UV-vis DRS) and the band gap energies were
estimated by Tauc plots. Photocatalytic activity tests were performed following standard
procedures under sunlight-irradiation using model dye solutions. For this, the catalyst-dye
suspensions were equilibrated under stirring in the dark prior to photocatalytic degradations. In
all cases, a control experiment was always performed in absence of catalysts to assess self-
degradation of the dyes involved under the same experimental conditions. To obtain deep
insights into the degradation mechanisms and reactive species involved, various scavenger tests
were carried out. To elucidate the role of adsorption, surface charge and e™- h" recombination
processes, dye adsorption, {-potential and photoluminescence (PL) studies were carried out. The
details of PXD, FE-SEM, EDS, UV-vis DRS, PL and C-potential techniques are discussed in this

chapter.

Chapter 3 describes a systematic exploration on the solid-state synthesis and
characterization of four-layer Aurivillius perovskites, BisxLa TisFeO1s (x = 1-3), together with
theirs photocatalytic activity toward Rhodamine B (RhB) degradation under sunlight-irradiation.
We report for the first time, to the best of our knowledge, the solid-state synthesis and
characterization of BisLaxTisFeO;s (x = 1, 2). All the compounds crystallize in the orthorhombic
A2;am space group. The analysis of lattice parameters obtained by least-squares refinement
shows a slight increase in the c-parameter as x varies from 0 — 2 in the Bis.xLasTisFeO;s series,
while the difference between a and b-parameter reduces and become nearly equal in
BisLa,TisFeOss. This clearly indicates a decrease in orthorhombic distortion and a shift toward
tetragonal structure with progressive replacement of lone-pair active Bi** by La®**. This has been
attributed to the diminishing effect of out-of-center distortion which possibly leads to an increase

in the c- parameter in the series with increasing La-substitution. The PXD simulation studies on



BisLa,TizFeOss indicated preferential occupation (~ 67-75 %) of La in A-site of the central
perovskite layer and the residual La were distributed over the terminal perovskite layers with a
minimal occupancy over the [Bi»0,]* layers. UV-vis DRS data revealed that the compounds are
visible light absorbing semiconductors with principal band gaps ranging from ~ 2.62 — 2.71 eV.
Photocatalytic activity studies by RhB degradation under sunlight-irradiation showed that these
layered oxides are very efficient photocatalysts in mild acidic medium. The activity of the
catalysts toward RhB degradation is comparable or higher than many of the single-phase and
composite catalysts with Aurivillius and perovskite structures in the bulk or nanostructured form
reported recently. An enhanced charge separation rendering slow e-h* recombination and
efficient transport of photogenerated holes are attributed to high efficiency of the bulk catalysts
irrespective of the degradation mechanisms involved. Moreover, the large positive {-potential
led to enhanced dye adsorption and consequently a high rate of degradation in the acidic
medium. Scavenger test experiments clearly indicated the dominant role of holes in the
degradation process involving the Aurivillius layered oxides reported here. The positioning of
VB and CB edges with respect to potentials of *OH/H,0, 0,/0,* and HOMO-LUMO levels of
RhB clearly corroborated with the scavenger test results indicating no major role of hydroxyl
species in the degradation.

In Chapter 4, we report the solid-state synthesis, characterization and photocatalytic
activity studies of five-layered Aurivillius perovskites, Big xLaxTisFe;O15 (X = 0, 1). The samples
of Big «LayTisFe,O15 (x = 0, 1) were synthesized by conventional solid-state reactions. On La-
substitution, the in-plane ‘b’ parameter remains nearly the same while a slight contraction in the
in-plane ‘a’ and expansion in the ‘C’ parameter was noticed. These are attributed to complex
interplays between cation disorder and concomitant octahedral tilting distortions. The SEM
images show homogeneous plate-like morphology as expected and often observed for layered
compounds. The crystallites are mostly agglomerated and composed of plate-shaped crystallites
with irregular sizes ranging from few hundred nanometers to a few micrometers. The UV-vis
DRS established the compounds as visible-band-gap semiconductors. La-substitution appeared to
help in the suppression of photogenerated e —h* recombination as evidenced by PL spectra. The
photocatalytic RhB degradation in the acidic medium under sunlight-irradiation indicated
BisLaTisFe;O15 as the most active catalyst among the two five-layered Aurivillius compounds



reported here. The enhanced activity of BisLaTisFe,Oqgis attributed to the effective separation of
photogenerated e —h" pairs and improved dye adsorption in the acidic medium. The predominant
role of photogenerated holes in the RhB degradation has been established by reactive species
trapping experiments. The conduction and valence band alignment of BisLaTisFe,O5 with
respect to potentials of *OH/H,0, 0,/0,* and HOMO-LUMO levels of RhB supports the
involvement of h* and formation of O,* as reactive species. Furthermore, a large positive (-
potential has been ascribed to improved dye adsorption which ultimately led to an enhanced
photocatalytic activity and efficient COD removal by the catalysts. Moreover, the compounds are
reusable and stable under the acidic medium even after five consecutive cycles of degradation

without any noticeable loss in activity.

Chapter 5 deals with the synthesis and characterization of new five-layer Aurivillius
perovskites, BisATisFeO15 (A = Ca, Sr, Pb), and their photocatalytic activity toward selective
dye degradation under sunlight. The compounds are synthesized for the first time by solid-state
reaction. The UV-vis DRS confirmed that all the compounds have visible band gaps ranging
from 2.61 — 2.72 eV. These catalysts exhibited highly selective degradation of Methylene Blue
(MB) from aqueous mixture of MB and RhB in alkaline as well as neutral medium. The
improved photocatalysis of BisSrTisFeOg is attributed to a sluggish recombination of
photoinduced e —h* pairs and enhanced adsorption of dye on the catalyst surfaces. Scavenger
tests indicated h* and O,* as active species involved in the photocatalytic degradation. The
position of valence and conduction band edges of BisSrTisFeO;g with respect to potentials of
*OH/H,0, 0,/0,* and HOMO-LUMO levels of RhB and MB also supports the role of h* and
0O,* radicals in the sunlight-driven photocatalysis. The photocatalytic cycle tests and post-

catalysis PXD analysis confirmed that the catalysts are reusable and stable.

In Chapter 6, we have devised a new strategy to make visible-light harvesting
compounds from UV active compounds by designing new Sillén-Aurivillius intergrowth phases,
namely, BisxLaBaTizO014Cl (x = 0 — 2). For the synthesis of these hybrid phases a multi-step
solid-state reaction strategy was adopted, where two pre-synthesized compounds, namely,
BisxLacTi3012 (x = 0 — 2) and BiBaO,Cl, were further reacted to prepare the hybrid phases. All
the Sillén-Aurivillius hybrids are visible-light absorbers with band gap ranging from 2.66 to 2.87

eV and exhibit selective degradation of MB in neutral and alkaline media, where both RhB and



MB degradation is noticed in acidic medium with mixed RhB-MB dye solutions. Furthermore,
these compounds showed excellent photodegradation of individual RhB and MB at different pH
conditions. Among the three catalysts, BizLa,BaTiz014Cl showed enhanced activity because of
sluggish recombination of photogenerated e —h" pairs and superior dye adsorption. Based on the
band edge position of catalysts, HOMO-LUMO levels of dyes and scavenger test results, *OH,
0,*” and h* are perceived as active species at pH 2, whereas O,*” and h™ are realized as active
contributors at pH 7 and 11. These catalysts are reusable and stable after five photocatalytic

cycles without showing any appreciable loss of activity.

The overall conclusions and future prospects of our current investigations are presented
in Chapter 7. The present work has tremendous potential and gives insight for the development
of various new types of layered oxides for sunlight-driven photocatalysis not only in the area of
dye pollutant degradation but many other organic pollutant degradation, selective degradation,

wastewater treatment and recovery of precious chemicals, to name a few.
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1.1 Introduction.

Conversion of solar energy into clean hydrogen energy by water splitting reaction
and degradation of organic and inorganic pollutants by solar photocatalysis is of immense
interest for their potential application in renewable energy and environmental remediation
[1-5]. The exponential increase in the global population and growth of industrialization and
agricultural activities directed the demand of freshwater. In this context, the development of
new techniques to protect clean water and rapid treatment of toxic pollutants from
wastewater are important topics for environmental scientists [6]. On the other hand, decrease
in the availability of fossil fuel and considering the environmental problems associated with
the burning of fossil fuels modern society has been looking for clean, sustainable,
inexpensive, renewable and feasible alternatives [2-4]. In the present decade, much attention
has been focused on production of hydrogen that has been considered as a clean and
sustainable energy source because it produces water vapors as byproduct during the energy
generation process in fuel cells [7]. The key advantage of using hydrogen as a fuel is the
significant reduction in the emission of greenhouse gases, which cause serious

environmental problems, for example global warming and climate change.
1.2 Water Treatment.

Water is essential for life and it is one of the most important natural resources on the
earth on which human and animals depend. Water is one of the most abundant resources on
globe, shields nearly 75% of the earth’s surface. In this, about 97% of the earth water is salt
water, which is not useful for drinking and 3% of this water is fresh water contained in the
poles, ground water, lakes and rivers, which is useful for human and animal needs.
Approximately, 68.7% from the tiny 3% of global fresh water is locked up in glaciers and
icecaps and 30.1% is in underground, mostly deep inside, hard to rich. Only 0.9% of
freshwater (globally 0.027%) is contained in rivers and lakes (Figure 1.1), which is most
available water source for human activities [8]. So saving this tiny accessible fresh water
from contamination by pollutants is indispensable to save the planet and mankind. Due to
the rapid growth in industrialization, modernization and population growth various
pollutants are released into the clean water bodies, which are of serious concern due to their

harmful environmental and health effects.
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Sea water
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Figure 1.1 Global water content in sea, icecaps, glaciers, underground, lakes and rivers.

Improper management of effluents from industries, such as, textile, printing, plastic,
cosmetics, coating, paper and rubber cause serious threat to environment in many countries
[9, 10]. Rapid increase in the global population has resulted in the increase of fresh water
demand for both domestic needs and agricultural activities to produce sufficient amount of
food. The wastewater discharged from the household and agricultural activities contain large
amount of pollutants. One of the major classes of the pollutants is organic dyes. The release
of organic pollutants causing serious hazard to the surface and ground water systems, during
manufacturing by various industries and application processes by humans, is of serious

environmental concern [11, 12].

In addition, data show that 0.7 million tons of organic dyes are manufactured
annually for use in the textile, leather goods, industrial painting, food, plastics,
cosmetics, and consumer electronic sectors [13]. Nearly, 1-10% of the globally produced
dyes are lost as industrial wastes during their manufacture and application process [14].
Rhodamine B (RhB) is one of the xanthene dyes which are used in textile industry as

coloring agent and in biology as a staining fluorescent dye. During its natural anaerobic
2
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degradation, RhB produces aromatic amines that are potentially toxic and carcinogenic.
Therefore, removal of RhB and other organic effluents from industrial wastewater is
important from health and environmental perspectives. The colored dye pollutants in the
wastewater can shield the both sunlight penetration and oxygen dissolution, which are
necessary for aquatic creatures. Moreover, the world health organization (WHO) has pointed
out that 25% of diseases arise due to long term exposure of environmental pollutants present
in soil, air and water [15]. Therefore, there is an urgent need of the hour for the removal of
colored dye pollutants efficiently from the wastewater before releasing them to other water
bodies.

Photocatalysis is promising and emerging technology to address the potential issues
related to clean hydrogen fuel production and environmental remediation. During the
photocatalysis, it is essential to activate the photocatalyst for degradation of pollutants and
generation of hydrogen. As a renewable energy source, sunlight is the effective and
attractive energy supplier for the activation of photocatalyst. The energy that reach to the
earth surface per annum is 3x10%* J, which is nearly 4 orders of magnitude higher than the
energy yearly used by human all over the world. In addition to its abundance, solar energy
is also clean and safe [6].

1.3 Photocatalytic Dye Degradation by Semiconductor Oxides

One of the major applications of semiconductor photocatalysts is complete
mineralization or partial conversion of toxic pollutants present in water and air to
environmentally benign substances under solar irradiation. The reactive species generated

during the photocatalytic experiments are O,°", *OH and h*, which are responsible for
degradation of contaminants [16]. The advantages of semiconductor photocatalysts are
summarized as follows: (i) the photocatalytic experiments can be performed under ambient
condition (temperature and pressure); (ii) there is no need of adding expensive oxidizing
chemicals; (iii) the reactive species generated in photocatalysis are strong oxidants which
mineralizes almost all organic contaminants in wastewater; (iv) the photocatalysis process
can also termed as green technology because the substances formed after photocatalysis are
less toxic (CO,, H,O and mineral acids); (v) the photocatalysis can also be performed at

different pH conditions and different dye concentrations and finally, (vi) the photocatalysts
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could be low cost, environmentally benign, stable under ambient conditions, biologically
and chemically inert, and reusable. Summing up all the above mentioned advantages,
semiconductor photocatalysis offers an inexpensive and effective approach for industrial

wastewater treatment and other environmental remediation processes [1, 6, 16-18].
1.4 Process Involved in Photocatalysis

In the photocatalytic dye degradation, toxic organic contaminants are either
completely mineralized or converted into non-toxic fragments in presence of semiconductor
photocatalysts under light irradiation. The photocatalysts are generally, semiconductors with
a band gap either in UV or visible region, the conduction band (CB) and the valence band
(VB) are separated by its band gap energy (Eg). The initial step for the photocatalytic dye
degradation is the adsorption of light (A > Eg) by semiconductor particles which results in
the formation of electron-hole pairs in the semiconductor. The electrons in the VB are
excited into the CB and leaves positive holes in the VB by the absorption of light. The
photoinduced electrons in the CB and holes in the VB can follow several pathways (Figure
1.2) [19]. While the electrons in the CB can migrate to the surface of the semiconductor and
reduce the electron acceptor (A) (pathway C), similarly, the holes can also migrate to the
surface and oxidize the donor species (D) by taking electron from a donor species (pathway
D).

The photogenerated electron-hole pair separation and their migration to the surface
may depend on several factors that are intrinsic to the semiconductor including its crystal
and band structure. The activity of the semiconductors can decrease by a faster
recombination of the photogenerated electrons and holes. This recombination of electrons
and holes may occur in the core of the semiconductor (pathway B) or on the surface of the
semiconductor (pathway A) with release of heat. The dissolved oxygen can act as the
electron acceptor to produce reactive species O,°" radicals in the photocatalysis pathway C
[6]. In the same way the photogenerated holes can oxidize the electron donor (H,O or OH")
to yield reactive species *OH radical or directly oxidize the adsorbed organic pollutants [6,
16]. All these reactive species, 0,°", °*OH radicals and holes participate in the

photodegradation process for the photocatalytic breakdown of organic pollutants.
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Surface
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Volume
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Figure 1.2 Main processes involved in photocatalytic dye degradation [19].

1.5 Mechanism of Generating Oxidizing Species

Photoinduced electrons and holes in the semiconductor react with O, and H,O
molecules to produce reactive species. The reaction mechanism involved in the production

of reactive species on semiconductor (SC) surface is represented as follows:

SC + hv (A> Eg) — SC (€ ceh*va) (1.1)
SC (h*vg) + H,0 — *OH + H* + SC (1.2)
SC (h*vs) + OH™ — *OH +SC (1.3)
SC (€7 cg) + O, — 0" +SC (1.4)
0," + H0 — HO,* + OH" (1.5)
HO,* + H,0 — *OH + H,0, (1.6)
H,0, — 2°0H (1.7)
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Dye + 0,

Dye + *OH __ degraded products (1.8)

Dye + (h+VB)

J—

where, e ¢g refers to the conduction band electron and h*yg refers to the valence band hole.

Under light irradiation, e - h* pairs are generated within the semiconductor (Eq.
1.1). The holes in the VB can either oxidize adsorbed water or adsorbed hydroxyl groups
(OH") on semiconductor surface to produce *OH radicals (Eq. 1.2 and Eq. 1.3) [6, 16] The
photogenerated electrons in the CB of the catalyst can reduce dissolved O, to yield O,*
anions (Eq. 1.4). The produced superoxide radical anions react with water to produce HO,®
and hydroxyl anion species (OH") (Eg. 1.5). The HO,® species generated can further react
with H,0 to produce H,O, and *OH radicals (Eq. 1.6). The H,O, species can decompose
and produce *OH radicals (Eq. 1.7). It has been mentioned that *OH radical production
from O,*" radical anions involve several steps, but it involves a single step to form *OH
radicals from adsorbed water or hydroxyl group [20]. Therefore, most of the *OH radicals
are generated through VB holes [21]. The photocatalytic degradation of organic pollutants
can be initiated by resulting *OH and O,°. It has also been stated that the photoinduced
holes in the VB of semiconductor can also directly participate in the degradation of
pollutants [16].

1.6 Requirements for Photocatalytic Dye Degradation

One of the important parameters for semiconductor photocatalyst is the positioning
of CB and VB with respect to the potentials of *OH/H,0, 0,/0,*". The photocatalytic
degradation ability and transfer of photogenerated charge carriers to the surface of the
semiconductor and to any adsorbed species is directed by the relative positioning of the CB
and VB of the photocatalyst and the redox potentials of *OH/H,0 and O,/0,°*". For O,* and
*OH radical generation, the respective potentials must lie within the band gap of the
photocatalyst. The CB edge minima (Ecg) should be more negative than the potential for
0,/0,°" (Eozoze- = +0.13 eV vs NHE), whereas the VB maxima (Eyg) should be more
positive than the potential of *OH/H,0 (E.onmo = +2.68 eV vs NHE) (Figure 1.3) [22].
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Other factors, such as, charge separation, mobility, and lifetime of photoinduced charge

carriers, affect the photocatalysis as well [2].
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Figure 1.3 Band structure requirement of semiconductor for photocatalytic dye degradation

reaction.
1.7 Wide Band Gap Metal Oxide Photocatalysts Working under UV Irradiation

Several titanate, niobate and tantalate semiconductors possessing layered perovskite
structure have been effectively researched after the report of photocatalytic water splitting
reaction over KjLa,Ti3010. KyLayTizO19 contain three octahedral thick perovskite layers
separated by two K* ions. The uniqueness of this photocatalyst is that in its presence the H,
evolution takes place with NiOy co-catalyst, whereas O, evolution at the hydrated interlayer
[23, 24]. The tailoring of the layered perovskite photocatalyst, K,La,Ti3O19, Vvia ion-
exchange reaction with divalent cations, such as, Ca?*, Sr**, and Ba** was studied by Wang
et al. The photocatalytic activities of these compounds were evaluated by methyl orange and
phenol degradation in addition to the hydrogen evolution reaction. The enhanced activity of
the ion-exchanged compounds were attributed to the decrease in the packing fraction leading

to more interlayer spacing, which benefits the separation of charge carriers [25].
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Teshima et al. successfully synthesized crystals of K;NbgO;; from potassium
molybdate and tungstate fluxes and studied its photocatalytic activity. These colorless and
transparent crystals of K;NbsO;; showed enhanced photocatalytic degradation and
adsorption of methylene blue [26]. The semiconductor photocatalysts, Ca;Nb, ,TaxO7 (0 < x
< 2) prepared by a hydrothermal method has been studied for photocatalytic degradation of
gaseous formaldehyde and Rhodamine B. An enhancement of degradation and photocurrent
generation by Ta>* substitution was achieved. The improved degradation was attributed to

more effective photoelectron transfer in the conduction band with larger curvature [27].

Liang et al. synthesized SrpzsHi5Ta,06-H,O by a simple, facile, and mild
hydrothermal reaction and studied its photocatalytic activity for the degradation of benzene
and water splitting reaction (for evolution of Hy). The photocatalytic degradation of benzene
and the rate of H, evolution were 4 and 81 times greater, respectively, than that found in
case of TiO,. A suitable electronic band structure is responsible for the enhanced
photocatalysis [28]. The photocatalytic activity of hexagonal BaTa,Og photocatalyst,
synthesized by hydrothermal method at different temperature and time, has been studied by
the way of RhB degradation. The compound synthesized at 270 °C for 72 h exhibited
improved photocatalysis due to the reduction in the hydrogen related defects, which acts as
recombination sites for charge carriers [29]. All the above mentioned metal oxides have
band gaps greater than 3.0 eV, rendering these metal oxides inactive under visible-

light/natural sunlight-irradiation.
1.8 Solar Spectrum

The photocatalysts having band gap more than 3.0 eV utilize only UV light for
excitation of electrons from the VB and generation of charge carriers. But UV light accounts
for only ~ 4% of the incoming solar energy and thus renders the photocatalytic process
impractical under sunlight. However, considering the abundance of sunlight in the visible
region (Figure 1.4) accounting for about ~ 43% of incoming solar energy, the development
of visible-light-driven photocatalysts is in demand for efficient utilization of solar energy
[30]. For harvesting of visible-light or the direct solar energy the band gap of the
semiconductor should be narrower than 3.0 eV.
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Figure 1.4 Solar spectrum showing the available amount of UV and visible light.
1.9 Approaches to Harvest Visible Light in Photocatalysis

Photocatalysis is initiated by light absorption of semiconductors, which forms charge
carriers. The wide band gap semiconductors (Eg > 3.0 eV) absorb the light in the UV region
of the solar spectrum, which is one of the major disadvantages of the UV-active
semiconductor photocatalysts. Much effort has been devoted to develop visible-light-
harvesting photocatalysts. Several common approaches that have been developed to narrow

down the band gap for harvesting the visible light in photocatalysis include:

» Metal or/and non-metal ion doping
» Solid solution formation
» Dye sensitization

» New visible-light-active single photocatalysts
1.9.1 Metal or/ and Nonmetal Doping
1.9.1.1 Metal Doping

One of the most efficient approaches to develop visible-light active photocatalysts is
to introduce impurity levels in the forbidden region by doping with cation. This impurity
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level created in between the VB and CB can act as electron acceptor or electron donor,
which makes the wide band gap semiconductor into a narrow band gap (comparatively)
visible-light-active photocatalysts (Figure 1.5). Over few decades, there have been several
literature reported on the development of visible-light-active photocatalysts by cation
doping. Early in 1982, Borgarello et al. found that water decomposition reaction occurs on
Cr¥*-doped TiO, under visible light irradiation (400—550 nm). The visible light absorption

can be assigned to an electron transition from Cr* 3d level to CB of TiO- [31].
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Figure 1.5 Schematic diagram showing the formation of donor level (A) and acceptor level
(B) by doping with cation [2].

Liu and co-workers reported that Cr-doped SrTi;«CrO3 (x = 0.00, 0.02, 0.05, 0.10)
exhibited increasing photocatalytic activities under both UV and visible light irradiation
with increasing the amount of dopant. The parent compound SrTiO3 shows the band gap at
~3.2 eV, which is UV active. The visible-light absorption in the Cr-doped SrTi;«CrOg3 is
attributed to band transition from the Cr 3d to the Cr 3d +Ti 3d hybrid orbital [32]. Lee et al.
reported the photocatalytic activity of M-doped layered perovskite La,Ti,O; (M = Cr, Fe).
The UV-active parent photocatalyst La,Ti,O; (Eq 3.6 eV) becomes visible light active
photocatalyst on doping with Cr or Fe cation. Doping by Cr or Fe created donor levels in the
band gap of La,Ti,O; and made it visible light active [33]. Suzuki and co-workers
investigated the effect of Fe** and W®" substitution for Ti** on photocatalytic properties of
KoLa,Tiz xMOq0+5. The pure K,La,TizO;9 showed strong absorption edge in the UV-region
(Eq 3.5 eV) and the transition metal substituted photocatalysts exhibited the absorption edge

10
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in visible region. The substitution of a part of Ti** with Fe** remarkably increased the
photocatalytic activity under visible-light-irradiation [34]. The Ni-doped In;«NixTaO,
showed enhanced photocatalytic performance in the splitting of water under visible-light-
illumination with a quantum vyield of ~ 0.66%. The reduction in the band gap of
InooNig1TaO, photocatalyst was attributed to the formation of Ni 3d donor level [30].
Interestingly, the Bi;Tis «CrO1. photocatalysts with Cr®* doping at the Ti*" sites exhibited
higher photocatalytic performance towards hydrogen evolution under visible-light-
irradiation. This was attributed to the existence of an impurity level of Cr 3d in both the CB
and VB [35]. Kudo and co-workers demonstrated that Cr®* -doped PbMoO, are efficient
photocatalysts for the evolution of oxygen from water under visible-light-irradiation. The
photocatalytic activity in the visible-light was attributed to the formation of impurity
electron-acceptor level of Cr 3d orbitals below the CB of PbMoO, [36].

1.9.1.2 Non-metal-lon Doping

Another approach to narrowing of band gap in wide band gap semiconductors and
improving the visible-light harvesting property is by doping with non-metal ions (such as N,
S, etc.). Non-metal ion dopants shift the VB edge upwards instead of forming new impurity
level in between the VB and CB. This results in the band gap narrowing as shown in Figure
1.6. This method is mostly used to modify the UV-light active photocatalysts, such as, Ti,
Nb and W-based oxides.

Domen and co-workers reported enhanced photocatalytic activity of LaTiO;N
towards splitting of water under visible-light-irradiation. The band gap of the parent
La,Ti,Oy is estimated to be 3.9 eV and after doping with N the band gap narrowed to 2.1 eV.
The narrowing of band gap was attributed to the formation of a new VB composed of O 2p
and N 2p orbitals, shifting the VB edge upward [37]. Zou et al. reported excellent
photocatalytic organic dye degradation by N-doped SrTiO3; perovskite under visible-light-
irradiation. They found that the N-doping narrowed the band gap by 0.3 eV and the
absorption of visible light was enhanced [38]. Ji et al. reported that the N-doped layered
perovskite oxides, SroNb,O7 Ny, are visible-light-active photocatalysts for evolution of
hydrogen from water [39]. After N-doping, the absorption edge of SroNb,O; (UV region)

was red shifted to visible region and subsequently induced visible-light-absorption.

11
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Recently, it has been reported that S-doped ZrW,0g shows the visible-light photocatalysis as
compared to the UV-light in the undoped oxide. The band gap of host ZrW,0g and S-doped
ZrW,0g are estimated to be 4.0 eV and 2.76 eV respectively. The visible-light-
photocatalysis was due to the S 3p orbitals, which increased the width of VB and result in a
narrow band gap [40].
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Figure 1.6 Schematic diagram showing the increase in the width of VB by doping with

nonmetal ions [2].
1.9.1.3 Metal and Nonmetal-lon Co-doping.

Another strategy toward narrowing of the band gap of the semiconductor oxides is
co-doping with metal/non-metal-ions. Sasikala et al. investigated the co-doping of TiO, with
In and N. It strongly reduced the band gap of TiO, than individual doping of In or N. The
narrowing of the band gap in In and N co-doped TiO, was primarily due to the contribution
of additional energy levels provided by In to the CB and that of N to the VB (Figure 1.7). As
a result, enhanced photocatalytic activity was exhibited by In and N co-doped TiO, under
visible-light-irradiation. Individual In or N doped TiO, can also exhibit enhanced visible-
light-photocatalysis as compared to the undoped TiO,. Co-doping of SrTiO; with N and La

cation at O and Sr sites, respectively, resulted in the reduced band gap. Co-doped SrTiOs

12
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perovskites exhibited enhanced photocatalytic activity under visible-light-irradiation than
the undoped oxide [41].
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Figure 1.7 Schematic diagram showing the modification of the CB and VB of Inand N

codoped TiO; [2].

1.9.2 Solid Solution Formation

In addition to the metal and non-metal doping, making solid solutions between wide
and narrow band gap semiconductors possessing same crystal structure is another approach
to develop suitable band gap semiconductors for photocatalysis. Both, the band gap and
band edge positions, of the solid solutions can be altered by changing the ratio of the narrow
and the wide band gap semiconductors. Figure 1.8 shows the controllable band formation by

making a solid solution.

The solid solutions formation in BixIn; x\TaO,4 (0 <x <1), resulted in oxide with the
band gap of 2.86, 2.71, and 2.74 eV for x = 0.2, 0.5 and 0.8, respectively. It was reported
that while the CB was principally consisted of Ta 5d, In 5p and In 5s orbitals, the VB
consisted of mainly O 2p, Bi 6s, and Bi 6p orbitals. These solid solutions showed efficient
photocatalytic activity in presence of visible-light [42]. Wang et al. developed a novel
visible-light-active solid-solution photocatalyst (Ago.75Sr0.25)(Nbo.75Tig25)O3 with the

perovskite structure for the degradation of acetaldehyde. The enhanced photodegradation
13
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was attributed to the modulated band structure where the CB was formed by the
hybridization of Ti 3d with Nb 4d orbitals, while the VB was composed of O 2p and Ag 4d
orbitals [43]. Maeda et al. reported new efficient visible-light induced GaN-ZnO solid
solutions for stoichiometric splitting of water into hydrogen and oxygen. While the
individual GaN and ZnO have band gap of 3.4 and 3.2 eV respectively, the solid solution
formation, (Gay xZny)(N1 xOy), resulted in smaller band gaps than those of GaN and ZnO
alone. The estimated band gap for x = 0.13 solid solution was 2.58 eV. The reduction in the
band gap was due to p-d repulsion between the N 2p and Zn 3d electrons that pushed the VB
upwards [44].

VINHE
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Figure 1.8 Schematic diagram showing the band gap narrowing by solid solution formation

[2].
1.9.3 Dye Sensitization.

Dye sensitization is another powerful approach for visible-light absorption by wide
band gap semiconductors. The proposed mechanism of dye sensitized photocatalysis is
presented in Figure 1.9. The approach here is different from the band gap engineering. In
this a dye molecules adsorbs visible-light and e excitation take place from HOMO to
LUMO levels of the dye. Afterwards, the excited electrons in the LUMO of the dye
molecules transfer to the CB of a semiconductor and then to a co-catalyst, which is loaded

on the semiconductor. Finally, these electrons in the co-catalyst reduce the electron
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acceptors. The excited sensitizer gets regenerated by the reaction with an electron donor

(sacrificial reagent).
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Figure 1.9 Schematic diagram representing the dye sensitized photocatalysis on wide band

gap semiconductors [5].

In the year 1983, Houlding et al. used 8-hydroxyquinoline as sensitizer to harvest
visible light on TiO, catalyst surface. This surface modified catalyst exhibited enhanced
water splitting activity in the presence of EDTA scavenger under visible-light irradiation
[45]. The use of Eosin Y dye as a sensitizer on TiO, surface for degradation of phenol in
presence of visible-light was also reported. The catalyst showed efficient visible-light
induced degradation in presence of triethanolamine as sacrificial reagent and a very low
concentration of platinum co-catalyst [46]. Madras and co-workers also found that, when
Eosin Y was used as visible light sensitizer, nano-TiO, exhibited higher activity for
degradation of phenolic compounds. Here, the dye sensitized electrons in the CB of the TiO,
first reacts with dissolved O, to form superoxide radical anions (O,*") and subsequently
*OH radicals, which later degraded the phenolic compounds into H,O and CO; [47].
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1.9.4 Developing novel visible-light-active single photocatalysts through band gap

engineering

Besides the above mentioned techniques (ion doping, solid solution, dye
sensitization), novel visible-light-active single photocatalysts, mostly heterometallic oxides,
can be developed through metal mediated band gap engineering. The Bi 6s orbital in the Bi
containing metal oxides hybridize with O 2p orbitals to form new VB. This hybridization
shifts the VB upward, thus narrowing the band gap (Figure 1.10). BiVO, shows visible-
light-active photocatalysis for O, evolution in presence of electron scavengers. The VB
formation by Bi 6s orbitals was studied with the help of band structure calculations by DFT
[47]. BiVO, was also used in the degradation of organic pollutants, such as Methylene Blue
[49], Methyl Orange [50], Rhodamine B [51] and long chain alkylphenol [52]. Yin et al.
reported the visible-light driven single photocatalysts, MCrO, (M = Sr, Ba), with calaulated
band gap of 2.63 and 2.44 eV, for BaCrO4 and SrCrO,, respectively. Here the CB was
formed by Cr®* 3d orbitals and the VB was composed of O 2p orbitals [53].

O, evolution under VIS light
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Figure 1.10 Band structure of BiVVO, calculated by DFT calculations [48].
1.10 Photocatalysts Working under Visible Light Irradiation

From the perspective of efficient solar energy utilization, the development of visible-
light-active photocatalysts is in great demand. Until middle of 1980s, only a few
photocatalysts (chalcogenides and metal oxides), such as, CdS, CdSe and WO3; were known
to be visible-light-active photocatalysts [54]. Even though CdS and CdSe have suitable band

position and band gap for visible-light photocatalysis these are not active for water splitting
16
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reaction. The S*” and Se” anions rather than water in the CdS and CdSe, respectively, are

more susceptible to oxidation by photoinduced holes, according to the following reaction:
CdS + 2h* — Cd** + S (1.9)
CdSe +2h* — Cd** + Se (1.10)

The above reactions are called photocorrosion. These catalysts (CdS or CdSe)
themselves get oxidized and degraded [4, 55, 56]. On the other hand, WOj3 is visible-light-
active photocatalyst for O, evolution in presence of an electron scavenger but it is not active
for the production of H, from water because of lower CB potential level than the redox
potential for H, evolution [57]. Therefore, suitable band levels with narrow band gap (Eg <
3.0 eV) and stable photocatalyst is necessary. To date, numerous attempts have been made

to synthesize photocatalysts that effectively works under visible-light.

Lee and co-workers has synthesized novel Aurivillius phase perovskite, PbBi,Nb,Oo,
and studied its photocatalytic activity for degradation of gaseous isopropyl alcohol, water
splitting and photocurrent generation all under visible-light-irradiation. The Pt loaded,
undoped, single oxide photocatalyst has exhibited much higher activity for H, (quantum
yields with ca. 0.95%) and O, (quantum yields with ca. 29%) evolution in presence of
scavengers. The quantum yield for generation of O, is higher than those reported previously
under visible-light. In this compound, the hybridization of Bi 6s and Pb 6s with O 2p
orbitals pushed up the position of VB maximum and narrowed the band gap, thereby

extending the absorption in the visible-region [58].

The one octahedral thick Aurivillius phase perovskite, Bi,WOg, has been studied for
visible-light-driven photodegradation of both CHCI; and CH3CHO [59]. The substitution of
Mo in Bi,WOg has increased the photocatalytic activity towards RhB degradation under
visible-light-irradiation. Bi,WOg and Bi,Mog25Wy 7506 exhibited fairly higher degradation
than those of other Mo substituted photocatalysts under visible-light and Bi;Mo0g 25Wq 7506
showed much higher degradation than Bi,WOg under visible-light. Since Mo substitution
efficiently narrowed down the band gap of Bi,WQOgs, more photogenerated electrons were

transferred in the CB with larger curvature [60].
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The Aurivillius layered perovskite BisTisFeOi;5 was investigated for the
photodegradation of isopropyl alcohol (IPA) under visible-light-illumination. The enhanced
activity for degradation of IPA than that of TiO, \Nx was attributed to effective separation of
charge carriers [61]. Tang et al. synthesized novel visible light active CaBi,O, photocatalyst
and first used it for the degradation of acetaldehyde and methylene blue. The activity and
crystal structure of CaBi,O, did not change after a series of degradation runs under different
experimental conditions. The hybridized Bi 6s and O 2p levels makes the VB largely
dispersed, which favored high mobility of photogenerated holes to degrade various organic
pollutants [62].

Homogeneous Bi,MoW; ,Os (x = 0.0, 0.25, 0.50, 0.75, and 1.0) solid solutions have
been studied for degradation of methylene blue under visible-light-illumination. The
photocatalyst Bi,Mo0g25Wo 7506 showed enhanced photodegradation. The intrinsic layered
structure, nanosheet morphology, band gap engineering, and the W content play crucial roles
in photodegradation [63]. The fluorination of Bi,WQOg enhanced the degradation rate of RhB
and also changed the mechanistic pathway of RhB degradation via N-deethylation. The

fluorinated surface acted as electron trapping site and enhanced the photocatalysis [64].

The visible light active Sillén-Aurivillius intergrowth (BisNbOgCl) phase has been
studied for methyl orange degradation. The polarizing fields in NbOg and BiOg local
structures and the internal electrical fields between [Bi,O,] and [CI] slabs are responsible for
efficient photogenerated carrier separation and thus an enhancement in degradation [65].
The layered compound of Pb-Bi-oxychloride PbBiO,Cl has been studied for methyl orange
photodegradation under visible-light [66]. The enhanced visible-light-driven
photodegradation of methyl orange and methylene blue was carried out over Bi-based
PbBiO,Br as well [67].

1.11 Introduction to Perovskites

The general formula of perovskite oxides is ABOs, where A and B represents two
cations and O stands for an oxygen anion. The perovskite systems are probably the most
researched mixed metal oxide system in the area of heterogeneous catalysis. The initial
catalytic studies on perovskite metal oxides were reported in the beginning of 1970s,
showing excellent catalytic activity in oxidation as well as NO reduction reaction, indicating
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these perovskites as appropriate alternative for platinum-group metals (PGMs) in catalytic
conversions [68]. Now, perovskite metal oxides are indeed considered as effective
alternatives for PGMs in different catalytic reactions, mainly because of their easy synthesis
and low-cost as compared to PGMs and the amazing ability of their structure to
accommodate different elements thereby tailoring their properties to a large extend.

The perovskite structure can be considered to be formed by the corner shared
octahedral framework of B-cation, which could be a 3d, 4d, or 5d series metal with both d"
(n = 1-9) or d° configuration. The A cation could be a lanthanide, alkaline, or alkaline-earth
cation, which fits in the dodecahedral site of the corner connected octahedral framework.
For the description and stability of perovskite structures, Goldschmidt had introduced a
tolerance factor known as ‘Goldschmidt tolerance factor’, t and is given by the expression,

Ta+7To

b (1.11)

where, ra, rg and ro are ionic radii of A, B and O, respectively. If t values are in between 0.8
to 1.0, perovskite structure gets stabilized. For t = 1, an ideal perovskite structure forms with
no distortions. However, the structure distorts from an ideal perovskite when the value of t
deviates from 1.0 [69]. Figure 1.11 shows an ideal perovskite structure of SrTiOs.

Figure 1.11 An ideal perovskite structure of SrTiOs.

One of the benefits of perovskite structure is the possibility to tolerate a wide range
of different compositions by substituting different metal ions at both the A and B sites,

giving the general formula of a perovskite oxide as A;xA'xB;-,B'yOs.5. Since the perovskites
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structure can be stabilized with a variety of compositions this emerges as an important

research area in the field of solid state chemistry.

Due to the compositional and structural flexibility of perovskites, several perovskite
derived structures are possible. For example, the intergrowth of perovskite and other related
structures give rise to a series of layered perovskites. The most common layered perovskites

are given below.

» Aurivillius phase [70]
» Ruddlesden-Popper (R-P) phase [71]
» Dion-Jacobson (DJ) phase [72]

All the three series of layered perovskites contain common two dimensional (2D)
perovskite sheets of composition [An.1BnOsqn+1] as one of the blocks building the layered
structure, where A denotes the 12 coordinated A-site cation of the perovskite structure, B is
the octahedrally coordinated cation, and n represent the thickness of the octahedral slabs,
i.e.,, n = 1 indicates one octahedral thick perovskite layer and n = 2, two octahedral thick
perovskite layer, etc.

The Aurivillius phases are one of the most common class layered perovskite with the
general composition, [BiO2][An.1BnOsn+1], consisting of fluorite like (Bi,02)** units
separated by the 2D perovskite slabs (Figure 1.12 (a)). More details of this class are
discussed in the next section. The other familiar class of layered perovskite is the R-P phase,
with a general composition, A';[An.1B,Osn+1], Which contain two alkali or alkaline earth
cations in between the 2D perovskite slabs. Figure 1.12 (b) represent the n = 3 member of
the R-P phase. Gopalakrishnan and co-workers presented the transformations of the R-P
phase oxide, K;La,TizO1, to Aurivillius phase, (Bi»O,)La,TizO19 by a novel metathesis
reaction with BIOCI [73]. Subsequently, they were also successful in bridging the two
layered perovskites, namely the Aurivillius and R-P and reported a new series of hybrid
layered perovskites [74]. The remaining class of layered perovskite, namely, the D-J phase
has only one interlayer cation between perovskite slabs, with the general formula, A'[A-
1BnO3n+1]. Figure 1.12 (c) shows the structure of a representative n = 3 member of the DJ
series, RbCa,Ti3O10. The structure can be visualized as an intergrowth of perovskite and

rock salt structure.
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Figure 1.12 Structures of representative members of layered perovskites. Typical n = 3
members of (a) Aurivillius, (b) Ruddlesden-Popper and (c) Dion-Jacobson families of

layered perovskites.
1.11.1 Layered Aurivillius Perovskite Phase

As stated earlier the Aurivillius phases are variants of layered perovskites having
regular layered intergrowth structures composed of fluorite like (Bi,O.)** blocks with
perovskite (An-1BnOans1)” slabs, where A denotes the 12 coordinated A-site cation of the
perovskite structure, which can be occupied by cations, such as Ca*, Sr**, Ba** and Bi**, in
addition to the rare earth ions. The octahedrally coordinated B cation can be Ti*", Ta>*, V°*,
Nb>* or W®". Recently, interest in these Aurivillius phase semiconductors has grown due to
their superior activity as single oxide photocatalysts. The most simple members of the
Aurivillius family, namely, Bi,WQOg and Bi,MoOg (n = 1), were investigated for their

photocatalytic activity under visible-light irradiation [74, 75]. The replacement of W by Mo
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or vice versa in the Aurivillius solid solution series, Bi,MosW,;_4Og, enabled band gap
alteration among the members with enhanced visible-light-induced photocatalytic activity
[76, 77]. The n = 2 member, PbBi,Nb,Og, has been reported for efficient photocatalytic
degradation of isopropyl alcohol to CO,, generation of photocurrent, and water splitting
reaction, all under visible light irradiation [78]. Muktha et al. studied the synthesis,
structure, and photocatalysis of three layered (n = 3) Aurivillius phase, LiBi;M3014 (M =
Nb, Ta). These compounds have been confirmed to degrade specific dyes (Alizarine cyanine
Green, Alizarin Red S, Orange G, Coomassie Brilliant Blue R250 and Methyl Violet) and
phenolic compounds (phenol, 4-nitrophenol) [79].

Recently, the four layer (n = 4) Aurivillius phase, BisTisFeO;s, has drawn attention
for its ferroelectric [80, 81] and photocatalytic [82, 83] properties. Photocatalytic activity of
BisTisFeO;5 toward RhB [82], acetaldehyde [82] and isopropyl alcohol [83] degradation by
visible-light irradiation has been reported, although very poor degradation (~6%)
efficiencies were observed with the bulk BisTisFeOss in neutral aqueous solution. However,
Sun et al. have shown enhanced RhB degradation with BisTisFeOss hierarchical
microflowers as compared to the bulk oxide under similar conditions. The higher efficiency
has been attributed to increased surface area and its nanocrystalline nature [82]. The five
layer (n = 5) Aurivillius phase, BigTisFe;O1g, has also been investigated for its ferroelectric,
magnetic, and optical properties [80, 84]. Moreover, the rare earth (La, Sm, Gd, and Dy)
substituted BigTisFe;O15 were explored for their magnetic and magnetoelectric properties
[85, 86].

1.11.2 Sillén-Aurivillius Intergrowth Phases

In 1986, Ackerman first investigated the synthesis and structure of a new family of
Sillén-Aurivillius phases, such as, BisPbWOgCIl and BisNbOgCl [87]. As we know, an
Aurivillius phase consist of fluorite-like [Bi,O,]*" blocks alternating with perovskite-like
[An-1BnOsns1]*” blocks, where n is the thickness of octahedral block and in Sillén phases,
[Bi,O,]** or [BiPbO,]" blocks are sandwiched between halogen [X] layers. The general
formula of a Sillén phases is [M202]Xn, Where m = 1 or 2, M = Bi**, Pb**, Sr**, etc., and X
is a halide [88]. Ackerman interconnected these two structurally similar families in a regular

manner to produce the new intergrowth family of Sillén-Aurivillius phases and nicknamed
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these intergrowth phases as ‘Bipox’ phases (bismuth-perovskite-oxyhalide). The Sillén-
Aurivillius intergrowth phases have the general formula [M202][An-1BnO3zn+1][M202][Xm]-
The nomenclature AnXm is used for these phases to express the number of perovskite

octahedral [An] layers and halide [Xm] layers.

@ci
@i+
Qo
@o-:

Figure 1.13 Structure of a Sillén-Aurivillius intergrowth phase BisPbTi3014Cl with n = 3

perovskite block and m = 1 chloride layer.

The A1X1 phase BisNbOgCl, have been reported for their excellent visible-light-
induced photocatalytic activity for degradation of methyl orange (MO). The polarizing fields
in NbOg and BiOg local structures, along with the internal electrical fields between [Bi,O,]
and [CI] slabs, are responsible for effective separation of photogenerated electrons and
holes, resulting enhanced photocatalysis [89]. The ferroelectric properties and crystal
structure of an A2XI member, BisPb,Nb,O1;Cl has been reported [90]. The A3X1 phase
BisPbTi3014Cl (Figure 1.13) have been modified by substituting magnetic transition metals,
such as, M** = Cr¥*, Mn*" and Fe**, for 33.3% of the Ti*" cations, accompanied by co-
doping of Bi** for Pb?*. The modified compounds, BigTi,MO.Cl (M = Cr, Mn, Fe), showed

naturally layered multiferroic properties [91, 92].
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1.12 Methods to Synthesize Metal Oxides

A variety of synthetic methods is available in the literature for the synthesis of metal

oxides. Some of the commonly used methods include the following.

Ceramic

Reactive grinding
Hydrothermal
Sol-gel

Microwave

YV V. V V V V

Sonochemical

Among them the ceramic method or solid-state reaction method is the most
common and widely employed method for the synthesis of inorganic solids [93]. In this
method, stoichiometric quantities of solid starting materials, such as, binary / simple metal
oxides / carbonates / oxides are weighed and ground thoroughly in an agate mortar for
nearly an hour. The ground mixture is then placed in a platinum or silica or alumina
containers (crucible / boat) and are heated in a muffle / tube furnace at high temperatures for
variable durations. The requirement of high temperatures is due to fact that the reactions are
diffusion controlled and the diffusion coefficients of the solids are very low (in the order of
10™ cm?™). If any starting component is volatile or sensitive to the atmosphere, the
reaction is performed in sealed evacuated capsules or controlled gas atmosphere
(argon/nitrogen) to avoid the contact of O, or moisture. The reaction mixtures were ground
thoroughly at each and every intermittent stage during the entire course of the reaction. The
repeated grinding and heating steps involve in the ceramic method helps in breaking down
the diffusion barrier between the grains of starting reactants and products formed during the
course of a reaction. The nucleation step in the ceramic method is slightly difficult due to the
structural differences between reactants and product and the huge amount of structural
reorganization that take place to get the final product by bond braking, reforming and

migration of constituent elements.

Although the ceramic method is a very common method for the preparation of
various solid materials, it has few drawbacks, such as, (i) complete homogenous mixing of

the starting compounds are not possible, (ii) large diffusion distance that makes the reactions
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very slow, and (iii) reaction conditions are being worked out by trial and error method.
Despite, the above drawbacks the ceramic method continues to exist for the exploratory
synthesis of new mixed metal oxides even today. In our present study, we have extensively
employed the ceramic method for the synthesis of new perovskite based layered oxides both
by direct reactions (one pot) as well as multistep reactions where precursor oxides are
initially synthesized and in subsequent stems they are reacted further to get the final target

compound.
1.13 Objective of the Present Study

Besides the approaches that are already discussed in the previous sections, several
other approaches have also been adopted toward the development of visible-light-active
photocatalysts [94-118]. For tuning the band gap, besides, a metal/ non-metal ion doping
and solid-solution formation, semiconductor heterojunction and oxide composites with
graphene to form graphene-composites etc. have also been investigated [47, 94, 96, 99, 100,
102, 108-112]. Often, many of these systems have drawbacks with respect to high solution
stability, resistance to photocorrosion and photoleaching, high efficiency and recyclability
under visible-light/solar radiation. In quest for robust and efficient photocatalysts, research
thrusts in single bulk semiconductors together with their nanostructured counterparts are in
the rise. Among these, the perovskites constitute a major class both with the layered and
three-dimensional (3D) structures. In this regard, the role of layered perovskites in visible-

light driven photocatalytic activity is noteworthy.

A large body of research dealt with the formation and manipulation of layered
perovskites for optimization and discovery of diverse properties including photocatalysis
[35, 58-61, 74, 75, 79, 82, 119-127]. It is observed that many oxides and oxyhalides studied
for visible-light photocatalysis contain Bi** [35, 48, 52, 58-61, 74, 75, 79, 82, 120-123, 133-
137] and among them the Aurivillius phases are noteworthy [35, 58-61, 74, 75, 79, 82, 120-
127]. Recognizing the effect of cation disorder in the stability of Aurivillius phases [138]
and recent reports on importance of ferroelectricity in photocatalysis [139-141] we have
undertaken a systematic exploration of La substitution in the four and five layer Aurivillius
phases towards phase formation and its effect on structure, band gap and photocatalytic
activity by way of dye degradation. This has further been extended to develop new series of
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five-layer Aurivillius perovskites by both A and B-site co-substitution through cationic
charge manipulation. Moreover, a strategy toward band gap alteration for developing new
visible-light active semiconductors have been devised via intergrowth of Aurivillius oxides
with Sillén oxyhalides forming a new series of hybrid layered perovskites. All the
compounds were thoroughly characterized and their activities toward dye degradations were
evaluated. Finally, for a better insight into the photocatalytic processes and mechanism of
degradation detail studies involving energy level diagrams have been carried out. The

outcomes of the present investigations are presented in subsequent chapters.
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Characterization Techniques

All the synthesized metal oxides and oxyhalides reported in the present study were
thoroughly characterized using a variety of analytical techniques. These include powder X-
ray diffraction (PXD), field-emission scanning electron microscopy (FE-SEM), energy
dispersive X-ray spectroscopy (EDS), transmission electron microscopy (TEM), selected
area electron diffraction (SAED), UV-visible diffuse reflectance spectroscopy (UV-vis
DRS), photoluminescence (PL) spectroscopy and (-potential measurements. The
photocatalytic dye degradations were monitored with the help of absorption measurements
using UV—visible spectrophotometer. A brief description of the above mentioned analytical
techniques, sample preparation and methods of analysis have been discussed in this chapter.

2.1 Powder X-ray Diffraction (PXD)

PXD is the most widely used technique for characterization of solid compounds. It is
a non-destructive technique useful for the differentiation of crystalline and amorphous
compounds, identification of phase purity (each crystalline compound has its own
characteristic PXD pattern) and determination of crystal structure of compounds. The
diffraction from a three dimensional periodic structure, such as atoms in a crystal is
described by Bragg’s diffraction law. When monochromatic X-rays fall on crystalline
compounds possessing long range order (periodicity) constructive or destructive interference
take place. Constructive interference occurs when the Bragg’s condition as given in equation

(2.2) is satisfied.
ni= 2dSin6 (2.1)

where n is an integer known as the order of diffraction, 4 refers to the wavelength of X-ray,
d stands for interplanar distance and @ is the diffraction angle [1].

In the present work, PXD measurements were carried out using a Bruker AXS D8
Advance diffractometer operating at 40 kV and 30 mA with graphite monochromatized
CuK, (1.5406 A) radiation in the angular range 5-90°. The software DIFFRAC™™ and

EVA® were used for input instrumental parameters and data evaluation, respectively. For
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PXD analysis, nearly 1 g of powder sample was placed in sample holder and leveled the

sample surface with a gentle press by a glass slide.

The phase purity of the synthesized compounds was ascertained by comparing the
observed diffraction pattern with the standard PDFs available in the JCPDS (Joint
Committee on Powder Diffraction Standards) database. Indexing of the PXD patterns and
least-squares refinement of lattice parameters were carried out using the PROSZKI program
[2]. The PXD pattern simulations were carried out by the POWDERCELL program [3]
using the refined lattice parameters. The positional, thermal and occupancy parameters were
used from reference structural models. For changes in cation distribution and occupancy

appropriate adjustments were made as per the compositions.

For Rietveld refinements, the PXD data were collected in 10-90° angular range at 40
kV and 30 mA with a data collection time 6 h. For the refinement runs, first the background
coefficients along with zero-shift and cell parameters were refined. In the subsequent runs,
the profile and shape parameters were refined. In case, where the program diverged, the
profile and shape parameters were refined one by one. The positional and thermal
parameters were refined in the later stages of the refinement by systematically starting with
heavier atoms first and the lighter atoms toward the end. Moreover, to avoid divergence, the
thermal parameters of oxygen were fixed to the value reported for the model system. Finally
the cation disorder was examined by using the refined position and thermal parameters and

refining the varying occupancy of the atoms.

2.2 Field-Emission Scanning Electron Microscopy and Energy Dispersive X-ray
Spectroscopy (FE-SEM and EDS)

FE-SEM is the most versatile and widely utilized electron microscopic technique for
the determination of morphology and composition of solid samples [4, 5]. In this technique,
a focused beam of high energy electron is used to scan the sample to generate an image and
analyze the specimen. The interaction of the electron beam with the sample generates
secondary electrons, backscattered electrons, characteristic X-rays and optical radiation in
addition to many other signals. The secondary electrons are used to produce the image of the
sample. The resolution and magnification in the SEM is far higher than optical microscope
due to the utilization of short wavelength electron beam in SEM. The emitted X-rays can
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give two types of information; (1) qualitative information by measuring the energy of each
characteristic X-rays generated from the elements present in the sample and (2) quantitative
information by measuring the intensity of X-rays emitted by each element present in the

sample.

In present work, morphological studies of the samples were investigated with the aid
of a Zeiss FE-SEM, Ultra plus55, operating at an accelerating voltage of 20 kV. The
elemental composition and mapping analysis of the compounds were performed by EDS. A
large scanning area was initially selected for the analysis of elemental composition. Then
slowly the scan area was reduced and finally reached to individual crystallites. Spot and area
analyses were carried out to find the elemental compositions in several locations of the
sample to ascertain local and overall compositional homogeneity. Moreover, several spots
within a crystallite were also analyzed for checking its compositional homogeneity. The
elemental mapping analysis helped in establishing evenly distribution of all elements present
in a sample throughout an imaging area. For the preparation of samples, aluminum stubs
were cleaned with isopropyl alcohol followed by hot drying. The powder samples were
smeared on a carbon tape pasted on the aluminum stub and gold sputtering was carried out
under argon atmosphere to form a thin layer of gold for electrical conductivity.

2.3 Transmission Electron Microscopy (TEM)

In TEM, high energy electrons emitted from a tungsten filament of the electron gun,
operating at an accelerating voltage of 50-300 kV, is allowed to pass through a thin sample
deposited on carbon coated copper grid [6]. The electron gun contains several
electromagnetic lenses and these lenses are used to regulate the size and angular spread of
the electron beam which is focused on the sample. The transmitted electrons from the thin
sample on copper grid are used for imaging. Selected area electron diffraction (SAED)
patterns were recorded and diffraction spots were indexed to confirm the crystal structures
and lattice spacing as ascertained from PXD analysis. HR-TEM images were also taken to

look at the lattice fringes and determine the lattice periodicity.

For the present investigation, TEM images and SAED patterns were recorded with

FEI TECNAI G microscope, operated at an acceleration voltage of 200 kV. For the TEM

analysis, about 5 mg of finely powdered sample was dispersed in 5 mL of ethanol and
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sonicated for 15 min. Then, 20 pL of above suspension was put on a carbon coated copper

grid with the help of a micropipette and allowed to dry in air.
2.4 UV-Visible Diffuse Reflectance Spectroscopy (UV-vis DRS)

UV-vis DRS is one of the most efficient and widely used techniques for measuring
the optical properties of solid materials. It involves the measurement of diffuse reflected
light in all possible directions from the particles oriented in all directions. In the present
work, UV-vis DRS of the synthesized compounds were recorded using a Shimadzu UV-
2450 UV-vis spectrophotometer within the wavelength range 200-800 nm. BaSO, was used
as a reference material for baseline correction. For this, approximately 40 mg of the powder
sample was ground thoroughly with about 4 g of BaSO, in agate mortar for ~20 min. Then,
the mixture was packed in the groove of the sample holder by using cylindrical glass slide.
The sample holder was placed in the spectrophotometer to measure the reflectance spectrum.
The reflectance data were converted to absorption according to the Kubelka-Munk (K-M)
theory [7]:

F(R.) = (1 - Rx)?/ 2R, (2.2)

where R, is reflectance of the sample and F(R.) is the K-M function. The band gap of the
samples was estimated by Tauc plot. For this, the following expression given by Tauc was
used [8].

(ah V)" = A(hv - Ey) (2.3)

where o, hyv, A and Ey are the absorption coefficient, incident light frequency,
proportionality constant and band gap, respectively. The value of the exponent, n determines
the nature of electronic transition; for a direct transition, n = %2 and for indirect transition, n

1/n

= 2 were used [9, 10]. The linear extrapolation of (a2 v)™" to the energy axis gave the band

gap energies of the samples.

45



Characterization Techniques Chapter 2

2.5 Photoluminescence (PL) Spectroscopy

The process of photon excitation followed by photon emission is called
photoluminescence (fluorescence and phosphorescence). PL measurements were carried out
on Shimadzu RF-5301PC specrtofluorophotometer at room temperature. The sample for PL
study was prepared by dispersing ~ 10 mg of solid sample in 10 mL of methanol and
sonicating the resulting suspension for 10 minutes. Then, the above suspension was taken in

a quartz cuvette and the PL spectra were recorded.

PL measurements to detect hydroxyl radical (*OH) generation for the oxide
photocatalysts under sunlight-irradiation were carried out using terephthalic acid (TA) as a
probe molecule. For this, 0.1 g of the catalyst powder was dispersed in 100 mL of 5x10™* M
aqueous TA solution in alkaline medium (2x10° M in NaOH). The resulting catalyst-TA
suspension was magnetically stirred in the dark for 60 min and then it was exposed to the
sunlight. At regular time intervals, 5 mL of the suspension was taken out, centrifuged to
remove the catalyst particles. The PL intensity of the filtrates was then measured by a

fluorescence spectrophotometer at an excitation wavelength of 315 nm.
2.6 Electrochemical Impedance Spectroscopy (EIS)

Electrochemical impedance measurements were carried out using a galvanostate
(model; Versastat 3, PAR) based on a conventional three electrode assembly consisting of
Bis«LasBaTiz014Cl (x = 0 — 2) catalyst (Chapter 6) mixed with graphite paste as the working
electrode, Pt wire as the counter electrode, Ag/AgCl (3 M KCI) as the reference electrode
and 10 mM Kj3[Fe(CN)g] solution containing 0.1 M KCI as the electrolyte. All
measurements were performed in the frequency ranging from 0.02 Hz to 100 kHz at 0.24 VV

and the amplitude of the applied sinusoidal potential perturbation of £5 mV.
2.7 L-potential Measurements

The surface charge of the photocatalyst particles were measured via C-potential
measurements using Malvern Zeta Sizer Nano ZS90. The experiments were carried out by
dispersing 10 mg of solid catalyst in 10 mL aqueous solution of different pH (2, 3, 5, 7, 9,
11 and 14). The pH of the solutions was adjusted by adding dilute hydrochloric acid or
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sodium hydroxide. The catalyst suspensions were sonicated for 10 min prior to each

measurement.
2.8 Photocatalytic Activity Test

Photocatalytic activities of the as prepared compounds were tested by way of dye
degradation under natural sunlight at different pH. For this, the dye solution was prepared in
aqueous medium and the required pH (2, 3, 7 and 11) of the solutions was adjusted by
addition of dilute hydrochloric acid or sodium hydroxide. The degradation experiments were
carried out at 11T Roorkee (29°51" N; 77°53' E) under natural sunlight-irradiation [having
solar Direct Normal Irradiance (DNI) ~ 187 W/m? in the month of February, 2014 (Chapter-
3), DNI ~ 204 W/m? during the month of September, 2014 (Chapter 4), DNI ~ 212 W/m?
during the month of October, 2015 (Chapter 5) and DNI ~137 W/m? during the month of
December, 2014 (Chapter 6)] keeping all other conditions identical. In a typical degradation
study, 0.1 g of the powder photocatalyst was added into 100 mL of dye solution (1x10° M)
of appropriate pH taken in a 250 mL beaker. Then, the dye-catalyst suspensions were
magnetically stirred at 350 rpm for 60 min in the dark to ensure adsorption-desorption
equilibrium between the photocatalyst and dye. After this, the beaker containing dye-catalyst
suspension was exposed to the direct sunlight-irradiation. For measuring dye concentration
during the degradation experiments, 5 mL suspension were sampled at regular time
intervals, centrifuged at 8500 rpm to remove the catalyst particles and absorption
measurements were carried out with the filtrates using a Shimadzu 2450 UV-visible
spectrophotometer. After recording the absorbance at each time interval, the dye solution
was put back into the beaker to maintain the constant volume of dye solution so that the
errors due to loss of dye and catalysts are minimized. A blank test was also performed with
the dye solution of same concentration without the catalyst under identical condition for
self-degradation correction and calculation of degradation efficiency. The photocatalytic

degradation efficiencies of the catalysts were calculated using the following expression:
Degradation (%) = (1 - C/Cy) % 100 (2.4)

where Cy is the initial dye concentration and C is the concentration of the dye at different

time intervals.
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2.8.1 Catalyst Stability and Photocatalytic Cycle Test

The stability of the catalyst in the acidic medium on photocatalytic dye degradation
was investigated by carrying out several cycles of photodegradation with the same catalyst
and recording its PXD pattern. For this, a fixed quantity of catalyst (0.1 g) were taken in 100
mL of 1x10™° M dye solution and the photocatalytic degradation studies were performed by
the same procedure as mentioned in the activity test. For cycle studies, the catalyst was
separated by centrifuging it after the first cycle and recovered from the centrifuge tube into a
beaker with the help of a fresh 100 mL of 1x10° M dye solution. Then, the dye-catalyst
suspension was subjected to magnetic stirring for 60 min in the dark and subsequently
exposed to the direct sunlight-irradiation for the second cycle test. The same procedure was
repeated for other cyclic runs and at the end of the fifth cycle, the catalyst was separated,
dried and subjected to PXD studies.

2.8.2 Detection of Reactive Species

To understand the role of various reactive species (h*, *OH and O,*) on the
photocatalytic dye degradation, different scavengers was added to the dye solution prior to
the addition of the catalyst. The experimental procedure for the active species determination
was similar to that described above during photodegradation studies. In our experiments,
ethylenediaminetetraacetic acid (EDTA), isopropyl alcohol (IPA) and Ar gas purging was
employed as hole (h") [11], *OH [12] and O,®scavenger, respectively (Chapter 3).
Ammonium oxalate (AO), benzoquinone (BQ) and tertiary butyl alcohol (t-BuOH) was used
as h’, 0,* and *OH scavengers, respectively [13,14] (Chapter 4-6).

2.9 Chemical Oxygen Demand (COD) Test

COD of the dye solution before, during and after the photocatalysis was analyzed
by using a digestion unit (DRB 200, HACH, USA) and UV-visible spectrophotometer. The
following expression was used to calculate the photocatalytic degradation efficiency.

: - Initial COD—Final COD
Potodegradation efficiency = mtlalnitial C;n; %X 100 (2.5)
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2.10 Cyclic Voltammetry (CV)

CV measurements were performed with an electrochemical analyzer (CH
Instruments) using a conventional three electrode assembly consisting a glassy carbon
working electrode, a platinum wire counter electrode, and a Ag/AgCl (3 M KCI) reference
electrode. pH of the dyes were adjusted by adding appropriate buffer solutions to the dye

solution in 1 : 1 ratio.
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Four-Layer Aurivillius Perovskites Exhibiting Excellent

Sunlight-Driven Photocatalytic Activity

3.1 INTRODUCTION

In recent years, there has been tremendous research thrust in harvesting solar
energy by visible-light-driven photocatalysis utilizing bulk and nanostructured metal oxides
[1-5]. Among them, perovskites constitute a major class both with two-dimensional
(layered) and three-dimensional structures [2-4]. It is observed that many oxides studied for
visible-light photocatalysis contain Bi®* [1, 2, 6-14]. The presence of Bi plays a crucial dual
role in these materials. First, it pushes the absorption band edge in the visible region because
of the formation of a hybridized valence band comprising of Bi 6s and O 2p states [6] and
second, the dispersed valence band facilitates oxidation reaction because of high mobility of

photogenerated holes [1, 2, 15].

Among the Bi*" containing compounds that exhibit visible-light-driven
photocatalytic activity, the Aurivillius phases are noteworthy [8-11, 13, 14]. The Aurivillius
phases are variants of layered perovskites where the layered structure is formed by
alternating stacks of perovskite slabs, with a general composition [An.1B,Osn:1]>~ (where n
represents n-octahedra thick perovskite block), and the fluorite-like [Bi,O2]** units (Figure
3.1) [16]. Preparation and photocatalytic activities of single-layer (n = 1) Aurivillius type
perovskite oxides, such as Bi,MoOg [17, 18], Bi,WOs [8, 10, 19] and their solid solution
[20, 21] phases have been investigated. Recently, the four layer (n = 4) Aurivillius phase,
BisTisFeO;s5, has drawn attention for its ferroelectric [22, 23] and photocatalytic [11, 13]
properties. Photocatalytic activity of BisTisFeO;s toward Rhodamine B (RhB) [11],
acetaldehyde [11] and isopropyl alcohol [13] degradation by visible-light irradiation has
been reported, although very poor degradation (~ 6%) efficiencies were observed with the
bulk BisTizFeO;s in neutral aqueous solution. However, Sun et al. have shown enhanced
RhB degradation with BisTisFeO;5 hierarchical microflowers as compared to the bulk oxide
under similar conditions. The higher efficiency has been attributed to increased surface area
and its nanocrystalline nature [11]. Synthesis of BisLaTizFeO;s by a molten-salt flux method

was reported, but the structural parameters and photocatalytic activities are not known [24].
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Figure 3.1 Structure of four layer Aurivillius layered perovskite, BisTisFeO;s, showing
alternate stacks of [Bi»0,]*" and [BisTisFeO13]*".

We undertook a systematic exploration on the solid state synthesis and
characterization of four layer Aurivillius perovskites, Bis4La TisFeO;5 (x = 1-3). We report
here for the first time, to the best of our knowledge, the solid-state synthesis and
characterization of Bis4LasTisFeO1s (x = 1, 2). Besides, the effectiveness of these bulk
photocatalysts toward RhB degradation under sunlight-irradiation at different solution pH
and their photostability on recycling are reported in this chapter in comparison to that with
parent BisTisFeO;s bulk oxides, The details of synthesis, characterization and sunlight-
driven RhB degradation together with a mechanistic insight into dye degradation over
BisxLa,TisFeO1s (x = 1, 2) are described.
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3.2 EXPERIMENTAL SECTION
3.2.1 Materials and Synthesis

Bi,O3 (Sigma-Aldrich, > 98.0%), La,03 (Sigma-Aldrich, 99.99%), TiO, (Sigma-
Aldrich, 99.8%) FeCl,-4H,0 (Sigma-Aldrich, > 99.0%) and oxalic acid (Merck > 99.0%)
were used as received. All other reagents used in our work were of analytical grade and used
without any further purification. Double distilled water was used throughout the degradation

experiments.

The compounds, BisxLaTisFeO1s (x = 1, 2), were synthesized by solid-state
reactions. For this purpose, stoichiometric quantities of Bi,Og3, La,O3 (preheated at 950 °C),
TiO, and FeC,04-2H,0 were ground thoroughly in an agate mortar for 1 h and the powder
mixture was heated at 900 °C for 12 h followed by 1000 °C for 6 h with intermittent
grinding. FeC,04-2H,0 was prepared by co-precipitation method in aqueous medium by
mixing equimolar quantities of FeCl,-4H,O and oxalic acid. BisTisFeO;5 was also
synthesized by a solid-state reaction, starting with a stoichiometric mixture of Bi,O3, TiO;

and FeC,04-2H,0, similar to that reported in the literature [25].
3.2.2 Dye Adsorption Studies

To determine the adsorption of RhB on the catalyst surface at different pH, the
catalyst suspensions in RhB solution were magnetically stirred in the dark for 6 h. The initial
and final dye concentrations were measured by absorption experiments carried out with a
Shimadzu UV-2450 UV-vis spectrophotometer. The percentage adsorption was calculated

from the difference between the final and initial dye concentrations.
3.2.3 Photocatalytic Activity Test

Photocatalytic activities of the as prepared compounds were tested by RhB
degradation under natural sunlight at different pH. For this, the RhB solution was prepared
in aqueous medium and the required pH (2, 3, 7 and 11) of the solutions was adjusted by
addition of dilute hydrochloric acid or sodium hydroxide. The degradation experiments were
carried out at II'T Roorkee (29°51' N; 77°53' E) under similar conditions in the month of

February, 2014 (having solar Direct Normal Irradiance ~ 187 W/m? during the month). In a
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typical degradation study, 0.1 g of powder photocatalyst was added into 100 mL of RhB
solution (1x10®° M) of appropriate pH taken in a 250 mL beaker. Then, the dye-catalyst
suspensions were magnetically stirred at 350 rpm for 60 min in the dark to ensure
adsorption-desorption equilibrium between the photocatalyst and RhB. After this, the beaker
containing dye-catalyst suspension was exposed to the direct sunlight-irradiation. For
measuring dye concentration during the degradation experiments, 5 mL of suspension were
sampled at regular time intervals, centrifuged at 8500 rpm to remove the catalyst particles
and absorption measurements were carried out with the filtrates using a Shimadzu 2450 UV-
visible spectrophotometer. After recording the absorbance at each time interval, the dye
solution was put back into the beaker to maintain the constant volume of dye solution so that
the errors due to loss of RhB and catalysts are minimized. A blank test was also performed
with the RhB solution of same concentration without the catalyst under sunlight-irradiation
for self-degradation correction and calculation of degradation efficiency. The photocatalytic

degradation efficiencies of the catalysts were calculated using the following expression
Degradation (%) = (1 - C/Cyp) x 100 (3.1)

where Cy is the initial dye concentration and C is the concentration of the dye at different

time intervals.
3.2.4 Catalyst Stability and Photocatalytic Cycle Test

The stability of the catalyst in the acidic medium on photocatalytic RhB
degradation was investigated by carrying out several cycles of photodegradation with the
same catalyst and recording its PXD pattern. For this, a fixed quantity of catalyst (0.1 g)
were taken in 100 mL of 1x10° M RhB solution and the photocatalytic degradation studies
were performed by the same procedure as mentioned in the activity test. For cycle studies,
the catalyst was separated by centrifuging it after the first cycle and recovered from the
centrifuge tube into a beaker with the help of a fresh 100 mL of 1x10° M RhB solution.
Then, the dye-catalyst suspension was subjected to magnetic stirring for 60 min in the dark
and subsequently exposed to the direct sunlight-irradiation for the second cycle test. The
same procedure was repeated for other cyclic runs and at the end of the fifth cycle, the

catalyst was separated, dried and subjected to PXD studies.
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3.3.5 Detection of Reactive Species

To investigate the active species responsible for photodegradation, different
scavenger tests were carried out. For this purpose, an appropriate scavenger was added to
the catalyst-dye suspension and the photodegradation experiment was carried out in the
same way as mentioned in the activity test. In our experiments, ethylenediaminetetraacetic
acid (EDTA, 1 mM), isopropyl alcohol (IPA, 1 mM) and Ar gas purging was employed as
hole (h*) [26], *OH [27] and O,*" scavenger, respectively. For scavenger tests, 29.2 mg of
solid EDTA and 76.4 uL of IPA were used for 100 mL of dye-catalyst suspension to make

the required concentration of the scavenger as mentioned above.
3.2.6 Chemical Oxygen Demand (COD) Test

COD of the RhB solution before, during and after the photocatalysis was analyzed
by using a digestion unit (DRB 200, HACH, USA) and UV-visible spectrophotometer
(HACH, DR 5000, USA). For this, multiple degradation experiments were carried out with
the same set of dye and catalyst. The dye-catalyst suspensions were exposed to different
time intervals and the aliquots were collected for COD analysis. The following expression
was used to calculate the photocatalytic degradation efficiency.

Initial COD—Final COD

Potodegradation efficiency = s x 100 (3.2)

3.3 RESULTS AND DISCUSSION

3.3.1 PXD Analysis

The PXD patterns of the as prepared compounds, BisLasTisFeO5 (x = 0 - 2) are
shown in Figure 3.2. A comparison of the observed PXD data with that of the standard
JCPDS data of the parent BisTisFeO15 (JCPDS PDF # 89-8545) indicated formation of
single phase four-layer Aurivillius perovskites, excepting for BisLa, TisFeO1s, where a small
impurity of LaFeOs; was detected. All the peaks observed in the PXD pattern of
BisLaTisFeOys are indexable in the orthorhombic A2;am space group [28]. In case of
BisLa,TizFeOss, all the diffraction peaks except those assigned to LaFeO3 (Figure 3.2c) are
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indexable in the same A2;am space group. The least-squares refined lattice parameters for

the compounds are given in Table 3.1. The lattice parameters for the parent BisTisFeOys are
in good agreement with the literature data [28]. The indexed PXD data for BisTizFeOgs,

BisLaTisFeOss and BisLa,TisFeOss are given in Tables 3.2, 3.3 and 3.4, respectively.

Intensity (a.u.)
| g

# LaFeO3

(©

(b)

20 (deg)

60 70

Figure 3.2 PXD patterns of (a) BisTisFeOss, (b) BisLaTizsFeOss, and (c) BisLa,TisFeOss.

Table 3.1 Lattice Parameters and Band Gap of BisxLaxTisFeO15 (x =0 - 2)

Lattice parameters (A)

Band Gap (eV)

Compound a b c Eq(1) Ey(2)
BisTisFeOys 5.458(3) 5.421(3) 41.02(2) 209 262
BisLaTisFeO:s 5.436(1) 5.420(2) 41.19(1) 208 267
BisLa,TisFeOss 5.437(1) 5.436(1) 41.29(1) 201 271
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A closer look at the lattice parameters (Table 3.1) of BisLasTisFeO1s5 series shows
a slight increase in the c-parameter as x varies from 0 to 2, while a and b-parameter
approach each other and become nearly equal in BiszLa,;TisFeOys. This clearly indicates a
decrease in orthorhombic distortion and a shift toward tetragonal structure with progressive
replacement of lone-pair active Bi** by La** (having no lone-pair of electrons). It is reported
that the La-incorporation in the perovskite A-site diminishes the out-of-center distortion
[29], which possibly leads to an increase in the c- parameter of the compounds with

increasing La-substitution.

The PXD simulation studies on BisLa,TisFeOss indicated La-substitution at the
[Bi,O,]*" layers. The simulation result also showed preferential occupation ( ~ 67-75 %) of
La in A-site of the central perovskite layer and the residual Bi and La, apart from those
occupied central perovskite and [Bi,O,]*" layers, were located in the terminal perovskite
layers. The simulated PXD pattern is compared with the observed data in Figure 3.3 and the
positional parameters, occupancy and thermal factors used in the simulation are given in
Table 3.5. Now, as shown in Figure 3.1, due to intergrowth nature of the Aurivillius phases
by alternate layering of fluorite-type [Bi,O-]*" and [An.1BnOsn:1]>” perovskite sheets, a
mismatch in the in-plane lattice parameters of the units would induce a strain in the
structure. Moreover, changes in the Bi/La distribution over the [Bi,O,] layer and A-site of
perovskite blocks would give rise to subtle changes in the in-plane lattice parameter as well.
Therefore, the Bi/La cation disorder takes place in such a way that this mismatch strain is
reduced and an Aurivillius phase is stabilized. A cation disorder mediated relief of mismatch
strain is attributed for monoclinic to orthorhombic structural transition in BisxLasTizO12
[30]. The trend of lattice parameter variation and cation distribution observed in Bis.
«La,TisFeO1s series are similar to those observed in La-substituted Bis.yLaxTizO12 with
increase in La®* substitution. We were not been able to synthesize Bi,LasTisFeO5 (X = 3
member of the general composition BisLaxTisFeOss). The destabilization of the Aurivillius
phase, Bi;LasTisFeOss, could probably be due to an expected large mismatch strain that
would have resulted by the larger amount of La present in the composition, thereby giving

only a mixed phase with large quantities of LaFeO3 impurity.
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Table 3.2 Indexed PXD Data for BisTisFeOss

h kI dobs (A) dearc (A) lobs
00 4 10.146 10.255 13
00 6 6.792 6.837 28
00 8 5.107 5.128 62
0 010 4.085 4.102 44
111 3.816 3.829 19
113 3.692 3.703 2
0012 3.413 3.418 3
117 3.209 3.216 6
1109 2.937 2.939 100
200 2.725 2.729 14
020 2.710 2.711 14
0016 2.564 2.564 8
02 8 2.399 2.397 1
0018 2.281 2.279 12
2 010 2.275 2.272 20
1115 2.230 2.229 2
0020 2.053 2.051 6
1117 2.043 2.044 6
220 1.924 1.923 8
1119 1.885 1.883 9
2 016 1.867 1.869 4
2 018 1.750 1.749 11
0218 1.746 1.744 11
2210 1.743 1.741 10
319 1.615 1.613 1
2214 1.608 1.608 8

a=5458(3), b =5.421(3), c = 41.02Q2) A.
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Table 3.3 Indexed PXD Data for BisLaTizFeOqs

Chapter 3

h kI dobs (A) dearc (A) lobs
0 0 4 10.304 10.298 2
0 06 6.848 6.865 3
0 08 5.139 5.149 9
0 010 4.114 4.119 8
111 3.818 3.821 18
113 3.695 3.696 2
0 012 3.431 3.433 1
117 3.212 3.215 6
119 2.940 2.941 100
200 2.717 2.718 38
020 2.712 2.710 38
0 016 2.575 2.575 2
0 2 8 2.398 2.398 3
0 018 2.289 2.289 7
2 010 2.268 2.269 18
1 115 2.234 2.233 2
0 020 2.060 2.060 2
1 117 2.052 2.049 2
220 1.921 1.919 7
1 119 1.890 1.888 5
2 016 1.869 1.869 3
2 018 1.752 1.751 12
0 218 1.747 1.748 12
2 210 1.738 1.739 10
319 1.609 1.609 1
2 214 1.606 1.607 20

a=5.436(1), b = 5.420(2), ¢ = 41.19(1) A.
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Table 3.4 Indexed PXD Data for BisLa,TisFeOqs

h kI dobs (A) dearc (A) lobs
004 10.326 10.322 2
0 06 6.889 6.881 3
0 08 5.167 5.161 8
0 010 4.128 4.129 7
111 3.831 3.828 14
113 3.703 3.703 2
0 012 3.439 3.440 1
117 3.221 3.221 6
1109 2.948 2.946 100
2 00 2.720 2.719 43
0 016 2.581 2.580 2
0 28 2.404 2.405 3
0 018 2.295 2.294 6
2 010 2.270 2.270 19
1 115 2.238 2.238 1
0 020 2.064 2.064 2
1 117 2.054 2.053 2
2 20 1.922 1.922 19
1 119 1.892 1.892 4
2 016 1.871 1.872 2
2 018 1.753 1.753 10
319 1.609 1.609 1
2 214 1.610 1.610 23

a=5.437(1), b = 5.436(1), ¢ = 41.29(1) A.
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Figure 3.3 Observed (top) and simulated (bottom) PXD pattern of BizLa, TizFeOgs.

Table 3.5 Atomic Position, Site Occupancy and Thermal Parameters used for PXD

Pattern Simulation of BisLa,TisFeO5*

Atom X y z occ. Uiso(%100)
Bi(1)/La(1) 025  0.2495 0 0.33/0.67 1.28
Bi(2)/La(2) 0.2395 0.2447  0.1043  0.42/0.58 0.73
Bi(3)/La(3) 0.2312 0.2679  0.2190  0.91/0.09 1.07
Ti(1)/Fe(1) 0.3169 0.1891  0.4534 0.75/0.25 0.50
Ti(2)/Fe(2) 0.2596 0.2771  0.3532 0.75/0.25 0.50

0o(1) 0.3382 0.1772  0.4989 1 0.33
0(2) 0.6111 0.5463  0.0517 1 1.23
0(3) 0.3270 0.3062  0.4042 1 0.72
0o4) 0.5358 0.4856  0.1381 1 0.57
O(5) 0.2929 0.2035  0.3043 1 1.36
O(6) 0.5076 0.4890  0.2501 1 0.44
o(7) 0.0336 -0.0299 0.0393 1 1.16
0(8) 0.0837 0.0323  0.1466 1 0.43

* Space group A2;am, a = 5.437(1), b = 5.436(1), ¢ = 41.29(1) A.
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3.3.2 FE-SEM and EDS Analysis

FE-SEM images of Bis4LasTisFeO;5 (x =1, 2) are shown in Figure 3.4. The images
show homogeneous morphology over the entire region of imaging with plate-like crystallites
having a quite large variation in their sizes ranging from few hundred nanometers to few
micrometers. Moreover, there appears to be fairly large degree of agglomeration among the
crystallites. Elemental ratio as obtained from EDS analyses, both on spot and area basis,

were in excellent agreement with the nominal compositions.

Weight %% Atomic Weight % Atomic

11.44 33.06
04.08 09.20
1188 11.47

45.56

13.66 34.47
05.03 10.89
26.01 22.64
55.30 32.00

01 2 3 45 6 7 8keV

Figure 3.4 FE-SEM images of (a) BisLaTizFeOss and (b) BisLa,TisFeOs. Corresponding
EDS data are shown in (c) and (d).

3.3.3 FE-SEM-EDS Elemental Mapping Analysis

To analyze the elemental distribution in BisxLaxTisFeOss (x = 1, 2), EDS elemental
mapping was conducted. The mapping shows (Figure 3.5) uniform distribution of all
elements throughout the selected area of FE-SEM image. It clearly shows that the amount of
La has increased and that of Bi has decreased in going from BiysLaTisFeO;s to
BisLa,TizFeO1s while the amount of Ti and Fe remained largely unchanged as expected for
the nominal compositions. The bright spot observed in Figure 3.5 (h) could probably be due

to the impurity phase LaFeO3; showing accumulation of Fe.
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Figure 3.5 EDS elemental mapping of (a) Bi, (b) La, (c) Ti and (d) Fe in BisLaTisFeOgs,
and (e)-(h) elemental mapping for BisLa,TizFeO;s in the same order.

3.3.4 UV-vis DRS Analysis

The UV-vis DRS (Figure 3.6) for all the compounds show absorption edges in the
visible region (A > 400 nm). Assuming BisLaTi3FeO;s and BisLa,TisFeOss to be indirect
band gap semiconductors, like BisTisFeOss [31], band gap energies (Eg) were estimated
from the plot of (a2v)* versus hv (Figure 3.6 (b)). The E, for the compounds are given in
Table 3.1. Two absorption edges could be observed in Bis.xLasTisFeO;s (Figure 3.6 (a)); the
first band is ascribed to the transition from the hybridized O 2p + Bi 6s + Fe ty valence band
(VB) states to Fe e4 conduction band (CB) states with the corresponding band gap Eg4 (1) and
the other from the same VB to Ti 3d CB states with the corresponding band gap Eg (2). The
interband transitions are shown schematically in the inset of Figure 3.6 (a) [11]. Because all
the compounds reported here are visible light absorbers with band gaps ranging from ~ 2.0
to 2.7 eV, it suggested their potential use in visible-light-driven photocatalysis.

3.3.5 PL Analysis

PL spectra of BisyLasTisFeOi5 (x = 0 - 2) were recorded with an excitation
wavelength of 350 nm. All the compounds show broad emission spectra (410-580 nm) with
a peak around 470 nm (Figure 3.7). Because the PL intensity is an indicator of electron-hole
recombination rate, a lower PL intensity indicates slow recombination; therefore, longer

lifetime of electron-hole pairs [32]. This would suggest a higher efficiency of photocatalytic
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dye degradation for the catalyst having lower PL intensity. On the basis of the PL data
(Figure 3.7), one would expect lowest photocatalytic activity for BisLaTizFeOss, if all other
factors are considered to remain fixed. To our surprise, we observed highest degradation rate
for BisLaTisFeO;s (see the photocatalytic activity section). This suggests that other factors
such as adsorption of the dye on the catalyst surface, the position of valence and conduction
band edges of the catalyst and the relative positioning of the HOMO-LUMO states of the

dye must be responsible for enhanced activity.

Tiad i Ti
CB*“_ (b) —=—Bi Ti,FeO
—_ —— Bi4LaTi3|:eO15

M Fee,
—— BiSLaZTiaFEO15

VB—
O2p +Fet, +Bibs

(ah) (a.u)

—=—Bi Ti,FeO,
—— Bi‘th’sl-l-iSF(i'O15
—— B|3La2T|3Fe015

Absorbance (a. u.)

T T T v T v v
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Figure 3.6 (a) UV-vis diffuse reflectance spectra (DRS). A schematic diagram showing
interband transitions in BisxLaTisFeOis (x = 0 - 2) is given in the inset. (b) Tauc plot for the

band gap calculation of BisLa,TisFeOs5 (x = 0 - 2).

3.3.6 Sun-Light-Driven Photocatalytic Activity

The photocatalytic activity of the compounds, BisLa,TisFeOs (x = 0 - 2), was
evaluated by RhB degradation under natural sunlight at various pH (2, 3, 7, and 11).
Enhanced photocatalytic degradation of RhB was observed over all the catalysts at pH 2.
The RhB was degraded almost completely within 25-40 min of solar illumination (Figure
3.8 (a)). Our results have been compared with blank runs carried out at same pH and
identical solar illuminations conditions in absence of catalysts to show photostability (no

self-degradation) of the dye.
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Figure 3.7 Photoluminescence spectra of Bis.xLaxTisFeOs (x = 0 - 2) at room temperature

(excitation at 350 nm).

The kinetics of the photocatalytic RhB degradation over BisyLa,TisFeOss (x = 0 -
2) catalysts was fitted with Langmuir-Hinshelwood rate expression [33]

In(Co/C) = kt (3.3)

where Cy is the initial dye concentration, C is the dye concentration at time t and k is the
pseudo-first-order rate constant. The linear plot between In(Co/C) and irradiation time (t) for
Bis«LayTisFeOss (x = 0 - 2) compounds indicated the photocatalytic RhB degradation to
follow a first-order kinetics. The degradation rate constants (k) are calculated from the slope
of In(Co/C) versus t plot. Among all the compounds, BisLaTizFeO15 shows the highest
degradation rate constant (Figure 3.8 (b)) and follows the order; BisLaTisFeOss (k = 0.18853
min™) > BizLa,TisFeOss (k = 0.13143 min™) > BisTizFeOss (k = 0.11002 min™).

Degradation studies at pH 3 also showed near complete degradation of the dye but
required longer illumination time ranging from 30 to 90 min (Figure 3.9). However, the
degradation studies at higher pH such as, 7 and 11 did not show any appreciable degradation

of the dye indicating almost no photocatalysis.
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Figure 3.8 (a) Photocatalytic degradation of RhB with time by Bis.xLaxTizFeOs (x =0 - 2)
under sunlight. (b) The plot of In(Co/C) as a function of time over BisxLaxTizFeOs (x =0 -
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Figure 3.9 UV-vis absorption spectral changes of the aqueous RhB solutions over (a)
BisTisFeOss, (b) BisLaTisFeOys and (c) BislLa,TisFeOys under sunlight-irradiation at pH 2.
The course of photodegradation at different pH for (d) BisTizFeOgs, () BisLaTisFeOs and
() BisLa,TizFeOss.
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The RhB degradation at pH 2 was further confirmed by measuring the chemical
oxygen demand (COD) of RhB solution. The COD decreased by 94 - 99% within 30-60 min
of solar illumination depending on the catalysts used (Figure 3.10). This indicated a high

degree of dye mineralization within a shorter period of time under solar irradiation.
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Figure 3.10 COD removal efficiency of BisxLa TisFeOss (x = 0 - 2) with time.

3.3.7 Catalyst Stability and Photocatalytic Cycle Studies

To evaluate the stability and reusability of the photocatalysts, the RhB degradation
process was repeated for five cycles (see Experimental Section). Figure 3.11 shows a typical
UV-vis absorption data of RhB over BisLaTisFeO;5 along with the degradation profiles for
five successive catalytic cycles. In every cycle ~ 99 % of RhB were degraded within 25 min
of sunlight-irradiation with complete decolorization of the dye solution, indicating no
observable loss of activity of the catalyst (Figure 3.11 (b)). The dye degradation profiles for
BisLa,TizsFeO15 and parent BisTisFeOy5 over five catalytic cycles are shown in the Figure
3.12. The PXD patterns recorded for all the catalysts recovered after the fifth cycle of
photocatalysis run are shown in Figure 3.13. The PXD data did not show any impurity due
to decomposition or phase separation indicating no photocorrosion or photoleaching during
dye degradation. Moreover, the crystallinity of the postdegradation catalysts was almost
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retained showing excellent stability and robustness of the catalysts under the reaction

condition.
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Figure 3.11 (a) UV-vis absorption spectra of RhB as a function of irradiation time for
BisLaTisFeOys. (b) Time profiles of RhB degradation for five successive cycles with

BisLaTisFeO;s under sunlight-irradiation.
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Figure 3.12 Time profiles of RhB degradation over five successive cycles for

(@) BisTigFeOss5 and (b) BisLa,TizFeO1s under sunlight-irradiation.
3.3.8 Detection of Reactive Species

The radical and hole trapping experiments (scavenger tests) with different
scavenger molecules were carried out to elucidate the photocatalytic degradation mechanism
of RhB under sunlight-irradiation over BisLaTisFeO15. Generally, the reactive species such

as, hydroxyl radicals (*OH), superoxide radical anions (O,*") and holes (h*) are expected to
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be involved in the photocatalytic dye degradation processes [34]. The photocatalytic activity
of RhB is drastically suppressed in a controlled experiment when EDTA was used as a hole
scavenger (Figure 3.14 (a)). Moreover, when Argon purging was conducted during
degradation, the RhB degradation is inhibited (Figure 3.14 (a)) to a moderate extent.
However, no significant change in the degradation of RhB is observed upon the addition of
IPA (a *OH scavenger) as compared to uncontrolled experiments carried out in absence of
scavengers under similar conditions. This indicates that h* and O,°" are playing a dominant

role in the photocatalytic degradation of RhB over BisLaTizFeO;5 under sunlight.
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Figure 3.13 PXD patterns of (a) BisTisFeOss, (b) BisLaTisFeOys and (c) Bisla,TisFeOss
before and after the photocatalytic RhB degradation.
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Figure 3.14 (a) Effects of different scavengers on the degradation of RhB in presence of
BisLaTisFeOys under sunlight-irradiation. (b) *OH trapping PL spectra of BisLaTizFeOss
with excitation at 315 nm.
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Moreover, the PL spectra did not show any indication of *OH generation, when
terephthalic acid (TA) was used as a probe molecule [35], which readily reacts with *OH to
produce highly fluorescent 2-hydroxyterephthelic acid (HTA) having a Anax at ~ 425 nm.
The absence of a PL emission peak for HTA at ~ 425 nm (Figure 3.14 (b)) indicated no *OH
formation with time. This, however, confirmed that *OH does not play any role in the
photodegradation of RhB with BisLaTisFeO;s under the reaction condition reported here.

3.3.9 Mechanistic Insights for Enhanced Photocatalytic Activity

The semiconductor photocatalysis with dyes is known largely to occur through dye
adsorption on the surface of the photocatalyst, followed by e -h" generation on
photoexcitation and oxidative breakdown of the dye molecule on action of reactive species
generated. To investigate further into the degradation process and to find out the reason for
high activity of the catalyst, we have looked into the energy level alignment of the
photocatalyst with respect to the potential of *OH/H,0, 0,/0,* and HOMO-LUMO levels
of RhB. The conduction band minima (Ecg) and valence band maxima (Evg) of the
semiconductor photocatalysts were calculated empirically using the following expressions
[36]

Ecs = x(AaBpCc) — %2 E4 + Eo (3.4)
Eve = Ecg + Eg (35)

where, Eq is the band gap of the semiconductor, Ecg is the conduction band potential, Evg is
the valence band potential, Ey is the scale factor taken as —4.5 eV with respect to the normal
hydrogen electrode (NHE scale) and y(AsB,C.) is the absolute electronegativity (AE) of the
semiconductor, A;B,C.. The AE of a compound semiconductor is calculated as the geometric
mean of the AE of the constituent atoms. For our calculation, the AE values for Bi, La, Ti, Fe
and O are taken as 4.69, 3.1, 3.45, 4.06 and 7.54, respectively [37]. The calculated values of
valence and conduction band positions of BisxLaxTizFeO15 (x =0 - 2) are given in Table 3.6.
The potential of *OH/H,0 (+ 2.68 eV vs. NHE), 0,/0,* (+ 0.13 eV vs. NHE) and HOMO-
LUMO levels of RhB (Enomo = 0.95 eV and E ymo = — 1.42 eV that matches fairly well
with the Amax of 553 nm) were taken from the literature [35, 38]. Figure 3.15 shows the

71



Four Layer Aurivillius Perovskites, Bis.xLaxTisFeO15(x =0 —2) Chapter 3

energy level diagram of BisLaTisFeOss with respect to the potential of *OH/H,0, 0,/0,°*"
and HOMO-LUMO levels of RhB.

Table 3.6 Calculated Values of Valence and Conduction Band Positions of
BisxLaxTisFeOs5 (x =0 - 2)

compound valence conduction conduction

band (eV) band-1(eV) band-2 (eV)

BisTisFeO;s 2.58 0.49 —0.04
B14LaT13Fe015 2.47 0.39 -0.20
BigLazTi3F6015 2.34 0.33 -0.37

E (eV)vs. NHE
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Figure 3.15 Schematic energy level diagram of BisLaTisFeO;5 with respect to potential (vs
NHE) of *OH/H,0, 0,/0,* and the HOMO-LUMO levels of RhB.

As it is evident from the UV-vis DRS of the semiconductors and according to

earlier discussions, there exists two CB edges (one primarily of Ti 3d character and the other
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Fe eq4 character) and a VB edge (hybridized states of O 2p + Bi 6s + Fe ty). Apparently, this
would give rise to two absorption edges arising out of the transitions from the VB to both
the CBs as shown in Figure 3.6. These two transitions correspond to the band gap energies
of 2.08 and 2.67 eV for BisLaTizFeOss. It is clear from the potential (vs NHE) energy level
diagram that the position of Eyg above the potential of *OH/H,0O is not suitable for *OH
formation. Similarly, the position of Ecg (1) below the potential of O,/O,*" is not in favor of
02" generation. However, the position of Ecg (2), which lies above the potential of 02/O,"",
is suitable for the O,* formation. Although, the passage of electron from Ecg (2) to Ecg (1),
an alternate and competing pathway for electron transfer, would diminish the probability of
0O,* formation. Since both the electronic states are part of the same single-phase
semiconductor photocatalyst, the e~ transfer from Ecg (2) to Ecg (1) will be at ease. The
above facts explain the results of Argon purging test, to show a moderate role of O,* and
the IPA scavenger test, to signify only a marginal or no role of *“OH in the RhB degradation.
The later was further confirmed by the PL studies (Figure 3.14 (b)). Moreover, the
positioning of Eyg below the HOMO levels of RhB in the energy level diagram is suitable
for h* transfer from semiconductor to adsorbed dye molecules and supportive for the role of
h* in RhB degradation. The drastic decrease in degradation rate in presence of an h*
scavenger (EDTA) further confirmed that the RhB degradation over BisLaTisFeO15 was
largely mediated by holes. On the basis of our experimental results, a plausible mechanism
for the photocatalytic RhB degradation over BisLaTisFeOys catalyst under sunlight-
irradiation is shown in Figure 3.16.

3.3.9.1 Role of Adsorption

It is believed that for h*-mediated dye degradation, the adsorption of the dye
molecule with the catalyst surface plays an important role. To elucidate the role of dye
adsorption on the photocatalytic activity, we have performed adsorption experiments on
dye-catalyst suspensions at different pH in the dark (see the Experimental Section).
Interestingly, the adsorption data indicates that nearly 50% of dye molecules are adsorbed
on the surface of BisLaTisFeO;5 at pH 2 and a marked decrease in adsorption in neutral and
alkaline pH (Figure 3.17). The corresponding adsorption data for BisTisFeO;5 and
BisLa,TizFeOss are 37 and 47%, respectively, at pH 2 and a similar decrease is observed in

neutral and alkaline medium. This indeed, explains the enhanced activity of the catalyst in
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acidic pH and very poor performance in neutral and alkaline pH. Moreover, the activity of
the catalysts follows the adsorption order making BisLaTisFeO;s as the most active and
decreases in the order BisLaTizFeOy5 > BizLa, TisFeOy5 > BisTisFeOys (Figure 3.8).

Bi,LaTisFeO,;

E (eV vs NHE)

Figure 3.16 Schematic diagram showing the photocatalytic RhB degradation over

BisLaTisFeOys catalyst under sunlight-irradiation.
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Figure 3.17 Influence of pH on RhB adsorption onto BisLa,TisFeO;s (x = 0-2) catalysts.
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3.3.9.2 Role of {- Potential

The - potential of the catalysts plays important role in the adsorption process. The
surface charge of the photocatalysts is determined by measuring the {- potential. Figure 3.18
shows the variation of - potential for Bis«La TizFeOis5 (x = 0 - 2) catalysts as a function of
pH. The highest positive (- potentials are seen at pH 2. As the pH increases, the (- potential
shows a decreasing trend from more positive to less positive and finally to negative
potentials in the alkaline pH. This is largely due to the action of H" and OH™ ions on the

surface hydroxyl groups of the semiconductor.
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Figure 3.18 (a) (- potential of BisyLasTisFeOss (x = 0 - 2) catalysts at different pH.
Adsorption schemes of RhB on the catalyst surface at (b) acidic (pH = 2) and (c) alkaline
(pH 11) media.
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It is interesting to note that the biggest adsorption of RhB took place in case of
BisLaTisFeOys, which had the highest - potential (+ 49.1 mV) among all the members,
BisxLayTisFeOss at pH 2. The (- potentials for BisLa,TisFeO;5 and BisTisFeO;5 were + 45.0
and + 31.3 mV, respectively, at pH 2. Indeed, the value of {- potential was reflected in the
adsorption data for BisLa,TisFeO;s and BisTisFeOss being the highest at pH 2 and then a

decrease in adsorption with decreasing positive - potential.

The adsorption of RhB under acidic pH may be explained on the basis of a
schematic diagram (Figure 3.18), where the positive charge generated on the catalyst surface
can effectively accommodate RhB molecules through electrostatic interaction with
carboxylic acid groups of the dye molecule. At higher pH (pH 11) the catalyst surface
acquires a negative charge and the carboxylate anionic group of the RhB would be repelled.
However, the RhB molecule can get adsorbed on the negatively charged surface through
electrostatic interaction with the positively charged N-diethyl end. But, the steric bulkiness
of the N-diethyl group would not allow effective adsorption of RhB. Moreover, the
magnitude of negative - potential (10 to — 31 mV) is significantly lower as compared to
that of positive potential at pH 2. These above two factors, in fact, would reduce the extent
of dye adsorption considerably. This observation led us to believe that a different mode
together with a very low amount of dye adsorption is responsible for nearly zero

photocatalytic RhB degradation in the alkaline medium.

Lastly, considering the possible ferroelectric nature of the compounds [22, 23],
(BisLaTisFeOss and BislLa,TisFeOss also crystallizes in the noncentrosymmetric space
group, A2;am) the internal electric fields from ferroelectric domains and surface
polarizations might be playing important role for enhanced dye adsorption and concomitant
high photocatalytic activity of these catalysts. Enhanced photocatalytic activity of
ferroelectric oxides has been accounted in the recent literature [39, 40]. Moreover, the
internal electric fields of the semiconductor catalysts might also be helping in efficient
charge carrier separation [41], which in turn, would enhance the photocatalytic dye
degradation. Further work is required to fully understand the precise role of ferroelectric
domains and charge polarization on adsorption, zeta potential and photocatalytic activity in

these layered Aurivillius perovskites.
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In summary, a highly efficient sunlight-driven RhB degradation by a series of
Aurivillius layered perovskites, BisxLaxTisFeO15 (x = 0 - 2), in aqueous acidic solution has
been demonstrated. The compounds, BisLaTizFeO1s and BizLa,TisFeO;5 were synthesized
for the first time in the bulk form by solid state reaction. The activity of the catalysts toward
RhB degradation is comparable or higher than many of the single and composite catalysts
with Aurivillius and perovskite structures in the bulk or nanostructured form reported
recently. An enhanced charge separation rendering slow e - h* recombination and efficient
transport of photogenerated holes could possibly be the rationale for high efficiency of the
bulk catalysts irrespective of the degradation mechanisms involved. Moreover, the large
positive C-potential led to enhanced dye adsorption and consequently a high rate of
degradation. Scavenger test experiments clearly indicated the dominant role of holes in the
degradation process involving the Aurivillius layered oxides reported here. The positioning
of VB and CB edges with respect to potentials of *OH/H,0, 0,/0,* and HOMO-LUMO
levels of RhB clearly corroborated with the scavenger test results indicating no major role of
hydroxyl species in the degradation. Considering the effect of ferroelectricity for enhanced
photocatalytic activity in the recent literature, the role of internal electric fields and surface
polarizations of these polar Aurivillius oxides for enhanced dye adsorption and
photocatalytic activity may not be ruled out. Lastly, due to their high activity, these
compounds may find practical applications in the area of organic contaminant

detoxification, indoor air purification (VOC control), photocurrent generation and hydrogen

production by water-splitting reaction, all under sunlight-irradiation.
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Five-Layer Aurivillius Perovskites for Efficient COD Removal

under Sunlight-Irradiation

4.1 INTRODUCTION

Layered perovskites have drawn considerable research attention in visible-light-
driven photocatalysis in recent years [1-10]. Amongst them, the Aurivillius phases [11],
which inevitably contain Bi as one of its constituent element, are notable due to their
superior catalytic activity under visible-light [5-8]. A reduction in the band gap of Bi-
containing compounds was attributed to the hybridization of O 2p with Bi 6s that pushes up
the valence band edge has been discussed in Chapter 1 [4, 5]. Moreover, the reason for their

high activity was also pointed out in the previous chapters [12, 13].

Recently, the interest in Aurivillius phase semiconductors has grown due to their
superior activity as single oxide photocatalysts [5, 14-18]. The most simple members of the
Aurivillius family, namely, Bi,WOs and BioMoOg (n = 1) were investigated for their
photocatalytic activity under visible-light irradiation [14, 15]. The replacement of W by Mo
or vice-versa in the Aurivillius solid solution series, Bi,MoW; xOg, enabled band gap
alteration among the members with enhanced visible-light-induced photocatalytic activity
[16, 17]. Although, few reports on visible-light active photocatalysis over higher order
members (n = 2, 3, 4) of the Aurivillius series were available [5, 7, 8, 18], more complex
systems remained largely unexplored. Recently, the five layer (n = 5) Aurivillius phase,
BigTisFe 015, has drawn attention for its ferroelectric, magnetic and optical properties [19,
20]. Moreover, the rare earth (La, Sm, Gd and Dy) substituted BigTisFe,O15 were explored
for their magnetic and magnetoelectric properties [21, 22]. The only structural report
available on BigTisFe;O1g projected it as an ordered Aurivillius phase where the central
octahedral layer is fully occupied by Fe (Figure 4.1) [23]. Recognizing the effect of cation
disorder in the stability of Aurivillius phases [24] and recent reports on importance of
ferroelectricity in photocatalysis [25-27], we envisaged the effect of La-substitution on the
phase formation, structure and its consequences on photophysical and photocatalytic
properties in BigTigFe,Ogs.
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Figure 4.1 Structure of five layer (n = 5) Aurivillius phase perovskite BigTizFe;Ojs.

In this chapter, we report the bulk solid-state synthesis, characterization and
photocatalytic activity studies of five layered Aurivillius perovskites, Bis xLa,TizFe;O15 (X =
0, 1). The photocatalytic degradation of Rhodamine B (RhB) at different pH was examined
under sunlight-irradiation. Both the compounds show highly efficient photocatalysis in
acidic medium. The efficacy of photogenerated e” and h* separation in the compounds were
compared with the help PL studies. Scavenger tests were performed to elucidate the role of
reactive species in the dye decoloration and COD removal process. Moreover, the
photocatalytic cycle tests were performed to ascertain the stability, cyclability and

sustainability of the catalysts in sunlight-driven photocatalysis.
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4.2 EXPERIMENTAL SECTION

4.2.1 Materials and Synthesis

The chemical reagents were same as those used in Chapter 3. All other reagents
used in our work were of analytical grade and used without any further purification. Double

distilled water was used throughout the degradation experiments.

Powder samples of Bis xLaxTisFe,O15 (x = 0, 1) were synthesized by conventional
solid—state reactions under similar conditions as reported in the literature [19]. For this
purpose, Bi;O3;, La,O3 (preheated at 950 °C), TiO, and FeC,042H,0 were weighed in
stoichiometric ratios and ground thoroughly in an agate mortar for 1 h. The mixed powders
were heated at 780 °C for 2 h. Then, the mixture was ground and pressed into 8 mm
diameter, ~ 2 mm thick pellets at a pressure of 120 MPa. The pellets were heated at 1000 °C
for 6 h. The pellets thus obtained were ground into fine powders and used for
characterization and photocatalytic experiments. FeC,04-2H,0 was prepared by the same

procedure as discussed in Chapter 3.
4.2.2 Photocatalytic Activity Test

RhB was chosen as a model dye pollutant for degradation under natural sunlight-
irradiation at different pH. All the photocatalytic experiments were carried out during the
same time on consecutive days in the month of September, 2014 (having solar Direct
Normal Irradiance ~ 204 W/m? during the month) at 11T Roorkee (29°51’ N; 77°53' E). In a
typical degradation experiment, 0.1 g of photocatalyst was dispersed in 100 mL of RhB
solution (1x10° M) of appropriate pH taken in a 250 mL beaker. The catalyst-dye
suspensions were magnetically stirred at 350 rpm for 60 min in the dark to achieve
equilibrium adsorption. After this, the dye—catalyst suspension was exposed to the natural
sunlight. The dye degradation was monitored by periodically withdrawing 5 mL of
suspensions at regular intervals and measuring its absorbance. For this, the suspension was
first centrifuged at 8500 rpm to remove the suspended catalyst particles, and then, the
absorbance spectra was recorded using a Shimadzu 2450 UV-visible spectrophotometer.
After recording the absorbance at each time interval, the RhB solution was transferred back

to the beaker to maintain the constant volume of the dye solution. A blank test was also
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performed with RhB solution of same concentration without the catalyst under similar
conditions to assess self-degradation of the dye. The dye degradation efficiency was

calculated by using the absorbance data.
4.2.3 Chemical Oxygen Demand (COD) Test

COD of the RhB solution at different stages of the photocatalysis was analyzed by
using a digestion unit (DRB 200, HACH, USA) and a UV-visible spectrophotometer. For
this, multiple degradation experiments were carried out with the same set of dye and
catalyst. The dye-catalyst suspensions were exposed to different time intervals and the
aliquots were collected for COD analysis. The photocatalytic degradation efficiency from

the COD data was calculated using the following expression:

Initial COD—Final COD

Photodegradation efficiency = oD x 100 4.1)

4.2.4 Scavenger Study

To understand the role of various reactive species (h*, *OH and 0O,*) in
photocatalytic RhB degradation, different scavengers were added to the RhB solution prior
to the addition of the catalyst. The experimental procedure for the active species
determination was similar to that described above during photodegradation studies. In our
experiments, 10 mM scavenger species were added to the RhB solution. Ammonium oxalate
(AO), benzoquinone (BQ) and tertiary butyl alcohol (t-BuOH) was used as h*, 0,* and *OH
scavengers, respectively [28, 29]. For scavenger tests, 0.14 g of solid AO, 0.18 g of BQ and
0.96 mL of t-BuOH were added to 100 mL dye solution to make a scavenger concentration

of 10 mM in each case.
4.2.5 Stability and Reusability Study of Catalysts

The photostability and reusability of the catalysts in acidic RhB solution were
performed with five consecutive cyclic runs using the same catalyst and recording the PXD
pattern of the recovered catalyst at the end of the fifth cycle. For this experiment, the catalyst
(0.1 g) was taken in 100 mL of RhB (1x10™° M) solution, and the photocatalytic dye
degradations were carried out by the same procedure as that mentioned in the activity test.
After the first cycle, the catalyst was separated by centrifugation, and the recovered catalyst
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was transferred to another beaker with the help of a fresh 100 mL RhB (1x10° M) solution.
Then, the dye—catalyst suspension was magnetically stirred for 60 min in the dark before
irradiating with sunlight. This procedure was repeated for 5 times, and at the end of the fifth

cycle, the solid catalyst was separated, dried, and subjected to PXD studies.
4.2.6 Dye Adsorption Studies

To determine the adsorption of RhB on the catalyst surface at different pH, the
catalyst-RhB suspension was magnetically stirred at 350 rpm in the dark for 6 h. The
adsorption efficiency was monitored by evaluating the change in intensity of the
characteristic absorption peak of RhB at 554 nm using a Shimadzu 2450 UV-visible

spectrophotometer.

4.3 RESULTS AND DISCUSSION

4.3.1 PXD Analysis

The PXD patterns of the pristine oxides, Big xLaxTisFe,01g (x = 0, 1), are shown in
Figure 4.2. A comparison of the PXD patterns with the JCPDS files reported in the literature
indicated formation of five layered Aurivillius phases (JCPDS PDF # 21-0101). All the
diffraction peaks in the PXD patterns were indexed in the orthorhombic space group B2cbh
(No. 41). The least-squares refined lattice parameters (Table 4.1) of the parent compound,
BigTisFe 013, are in fairly good agreement with the literature values [19]. The indexed PXD
data for BigTisFe,O15 and BisLaTisF,eO5 are given in Table 4.2. In the La-substituted
phase, while the in-plane ‘b’ parameter remains nearly the same, a slight contraction in the
in-plane ‘a’ and expansion in the ‘C’ was noticed (Table 4.1). These are presumably due to
complex interplays between cation disorder and concomitant octahedral tilting distortions
[24, 30]. Similar contraction of the in-plane lattice parameters and expansion in the
perpendicular direction has been observed in other La-substituted Aurivillius phases [30].

Our efforts to prepare other La-substituted (x = 2, 3, 4) five layer compounds were
unsuccessful. This could possibly be rationalized on the basis of cation disorder and
consequent lattice mismatch [24, 30]. With progressive La-substitution, an increased cation
disorder would result in larger discrepancy in the in-plane lattice parameters, thereby

rendering the five layer compound unstable and ensuing in multiphase products. In fact, we
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have observed LaFeOs-type perovskite impurity along with a five layer Aurivillius phase at
X = 2. Moreover, at higher La content (x = 3, 4), the products were ended up in an admixture
of LaFeOs-type perovskite and a Bi, xLaxTi3O1,-like three layer Aurivillius perovskite, with

a growing contribution of the perovskite phase for higher La contents.

(b)

Intensity (a.u.)

20 (deg)
Figure 4.2 PXD patterns of (a) BigTisFe;O15 and (b) BisLaTisFe;O1s.

Table 4.1 Lattice Parameters and Band Gap of BigxLaxTizFe;O15 (x =0, 1)

lattice parameters (A) band gap (eV)

compound a b c Es(1) Ey(2)
BigTisFe;01s 5.465(1) 5.454(1) 49.332(6)  2.05 2.54
BisLaTisFe,O1s 5.445(1) 5.453(1) 49.469(9)  2.02 2.57
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Table 4.2 Indexed PXD Data for BigTisFe,O15 and BisLaTisFe,Oqg

Bi6Ti3Fe2018

Bi5LaTi3F92018

hkl dobs (&) dearc (A) lobs hkl dobs (A)  dearc (A) lobs
00 8 6.155 6.166 6 08 6.183 6.184 2
0010 4.924 4.933 17 010 4.946 4.947 6
0012 4.109 4.111 27 012 4.123 4.122 15
111 3.844 3.848 27 11 3.840 3.842 27
1109 3.155 3.156 6 19 3.155 3.155 4
1111 2.925 2.926 100 111 2.928 2.926 100
020 2.730 2.728 29 2 0 2.725 2.726 50
12 4 2.392 2.394 2 2 4 2.389 2.392 2
0212 2.273 2.273 16 212 2.273 2.274 22
1213 2.052 2.053 4 213 2.053 2.053 3
0218 1.932 1.933 11 218 1.928 1.935 15
1123 1.875 1.875 6 123 1.880 1.878 4
03 4 1.799 1.799 10 3 4 1.800 1.798 3
2212 1.748 1.747 3 212 1.743 1.744 5
0127 1.732 1.733 8 127 1.724 1.724 3
2024 1.642 1.643 20 024 1.643 1.643 2
3111 1.612 1.612 9 111 1.611 1.608 31
3020 1.465 1.465 2 020 1.464 1.463 2
0230 1.408 1.408 1 2 30 1.411 1.411 1

BisTisFe;O1g; a = 5.465(1), b = 5.454(1), ¢ = 49.332(6) A

Bi5LaTi3Fe2018; a= 5445(1), b= 5453(1), c= 49469(9) A
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4.3.2 FE-SEM and EDS Analysis

The morphology and elemental composition of Big xLaxTisFe;O15 (x = 0, 1) were
investigated by FE-SEM and EDS analysis, respectively. Figure 4.3 shows FE-SEM images
and corresponding EDS spectra of the as-synthesized compounds. The SEM images show
homogeneous plate like morphology, often observed for layered compounds, throughout the
imaging area. The crystallites are mostly agglomerated and composed of plate-shaped
crystallites with irregular sizes ranging from few hundred nanometers to few micrometers.
The elemental percentages as obtained from EDS analysis, both in spot and area basis, are in

good agreement with the nominal compositions.

Bi : Ti : Fe (C) : :
545 26.9 18.6 46.5@8.7 26.3 195

Figure 4.3 FE-SEM images of (a) BigTisFe;O13 and (b) BisLaTisFe;O15. Corresponding

EDS data are shown in (c) and (d), respectively.

Additionally, EDS elemental mapping analysis was performed to study the
elemental distribution in the compounds. The mapping of selected rectangular area of FE-
SEM images (Figure 4.4) of BigyLaxTisFe, 013 (x = 0, 1) clearly show uniform and
homogeneous distribution of all the elements in the compound. Moreover, the presence of
La in the x = 1 member and a slight decrease in the amount of Bi as compared to the parent
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compound (x = 0) while maintaining the elemental percentage of Ti and Fe constant, is

clearly evident from the mapping analysis.

Figure 4.4 EDS elemental mapping of (a) Bi, (b) La, (c) Ti and (d) Fe in BigTisFe;O1g, and

(e)—(h) show the elemental mapping for BisLaTisFe,O1g in the same order.
4.3.3 UV-vis DRS Analysis

The band gaps of BigxLaxTisFe;O1 (X = 0, 1) were determined by UV-vis DRS.
Figure 4.5 (a) portrays the UV-vis DRS of the compounds and confirms that they are visible
light absorbers (Aedge > 400 nm). The compounds show two absorption edges similar to
Bis xLaxTisFeOss (x = 1, 2) as discussed in Chapter 3. The optical bang gap (Ey) was
estimated considering the semiconductors as indirect (Figure 4.5 (b) and Table 4.1). The

origin of the band edges is schematically shown in the inset of Figure 4.5 (a).
4.3.4 Photocatalytic Activity

RhB was used as a model dye for degradation experiments over Big xLaxTizFe;O1g
(x = 0, 1) under sunlight-irradiation at various pH (2, 7, and 11). At pH 2, the ratio of
residual dye concentration (C) to initial concentration (Co) against irradiation time (Figure
4.6) plot has unveiled complete RhB degradation after 30 min of solar irradiation in
presence of BisLaTisFe;O15, Whereas the degradation took 35 min for BigTisFe,Oss.
Moreover, the % COD removal (Figure 4.6) data for Big «LasTizFe,O15 (x = 0, 1) confirms
the photocatalytic degradation of the dye at pH = 2. It is interesting to note that, the COD
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removal kinetics is more or less concomitant with the decolorization kinetics indicating

excellent mineralization of the dye within 30-35 min of solar irradiation.

Absorbance (a.u.)

—-— BiGTiaFezola
—— B|5LaT|3FeZO18
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Figure 4.5 (a) UV-vis DRS of Big «xLasTizFe;015 (x = 0, 1). Inset shows a schematic of

inter-band transitions. (b) Corresponding Tauc plots for band gap determination.
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Figure 4.6 Photocatalytic degradation of RhB and COD removal efficiency with time by
Big_xLa,TisFe,015 (x = 0, 1) under sunlight.

It has been observed that while more than 99% of RhB is degraded over

BisLaTisFe,O15, up to ~ 97% is degraded with BigTizFe,O1g after 30 min solar irradiation
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(Figure 4.7 (a)). The photocatalytic degradation kinetics of RhB over Big xLasTisFe,015 (X =
0, 1) is fitted with a Langmuir—Hinshelwood rate expression [31].

In(Co/C) = kt (4.2)
where, Co is the initial dye concentration, C is the dye concentration at time t and k is the
rate constant. The plot between In(Co/C) and irradiation time (t) for the compounds is found
to follow a pseudo-first-order kinetics. The rate constant (k) is calculated (Figure 4.7 (b)) to
be 0.11094 and 0.13957 min™ for BigTisFe,O15 and BisLaTisFe,01s, respectively.

5

(@)

BigTi;Fe,044 BisLaTi;Fe,0,q (b) *

100 4
80 A
60 A
40 A

In(C,/C) of RhB

20 1 = BiTiFeO k = 0.11094 min™

6 3 2718

e BilaTiFeO, k=013957 min”

3 2718

Degradation Efficiency (%)

O T T T T T T T

0 5 10 15 20 25 30 35 40

AL 30 min irradiation Irradiation Time (min)

Figure 4.7 (a) RhB degradation efficiency of Big xLacTisFe;013 (x = 0, 1) at 30 min
sunlight-irradiation. (b) The plot of In(Cy/C) as a function of time over Big xLa,TizFe;015 (X
=0,1).

The stability of RhB was also checked with a blank run in absence of any catalyst
and it was found to be resistant to any self-degradation under the reaction conditions (Figure
4.8). However, the degradation experiments carried out at higher pH, such as, neutral (pH =
7) and alkaline (pH = 11), did not show any significant degradation of the dye indicating

almost zero photocatalysis (Figure 4.8).
4.3.5 PL Analysis

It is apparent that the life time and recombination rate of photogenerated e - h*
pairs in the semiconductor catalysts will directly impact upon its photocatalytic activity.
Since, the intensity of PL spectra is an indicator of photogenerated charge carrier’s
recombination rate, while a lower PL intensity indicates slower recombination rate and

longer lifetime of the photogenerated e™ - h* pair [32], the activity of a photocatalyst can a
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priori be predicted from PL spectra, in principle. An enhanced €™ - h* recombination would
adversely affect the concentrations of reactive species generated and thus the photocatalytic
activity. Figure 4.9 shows the experimental PL data for Big xLasTisFe,O15 (X = 0, 1). The
compounds exhibit broad emission ranging from 410 to 650 nm with a peak around 470 nm.
The higher wavelength emission edge (~ 600 nm) agrees well with the inter-band
recombination. A lower PL intensity for BisLaTisFe,O15 clearly indicates a larger
concentration and lifetime of electron hole pairs. Thus, based on PL studies, BisLaTisFe;O1g
is expected to show higher photocatalytic degradation efficiency than the parent,
BigTisFe,015. The PL data are consistent with the results of dye degradation experiment (see

later) showing enhanced activity over BisLaTizFe;O1s.
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Figure 4.8 Photocatalytic degradation of RhB with time by (a) BigTisFe 015 and (b)
BisLaTisFe,O15 under sunlight at different pH.

4.3.6 Scavenger Study

Generally, photogenerated reactive species, such as, *OH, 0,° and h* are expected
to take part in the photocatalytic dye degradation process. To understand the mechanism and
detect the main reactive species responsible for photocatalytic RhB degradation in presence
of BisLaTisFe,O15, scavenger tests were carried out employing benzoquinone (BQ),
ammonium oxalate (AO) and tert-butanol (t-BuOH). In the experiment with addition of AO
(hole scavenger) to the catalyst-dye suspension, the RhB degradation was drastically
suppressed as compared to that in absence of scavenger (Figure 4.10), conforming to h*

being the active player in the dye degradation. Moreover, on introduction of BQ (O,°*"
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scavenger), the dye degradation was inhibited to a moderate extent. However, the addition of
t-BuOH (*OH scavenger) affected the degradation rate only to a small extent. On the basis
of the above findings, it appears that h* and O,* play predominant role in photocatalytic
RhB degradation over BisLaTisFe,O1g in the acidic medium under sunlight-irradiation,

although a minor role of *OH cannot be completely ruled out.
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Figure 4.9 PL spectra of Bis xLayTisFe;O1g (x = 0, 1) at room temperature (excitation at 350

nm).
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Figure 4.10 RhB degradation over BisLaTisFe,O1g in the presence of different scavengers

under sunlight-irradiation.
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4.3.7 Photocatalytic Cycle and Catalyst Stability

The photocatalyst stability and reusability is an important issue for their practical
use. For this purpose, the photocatalytic degradation of RhB over BisLaTisFe,O15 was
carried out for five consecutive cycles (Figure 4.11 (a)). It has been observed that ~ 96 % of
RhB is degraded even after four successive cyclic runs within 30 min of solar irradiation,

demonstrating no noticeable loss in the activity of the catalyst.

Figure 4.11 (b) shows the PXD pattern of recovered BisLaTisFe;O15 catalyst
powder at the end of fifth degradation cycle. It retains good crystallinity like the original
compound. The absence of any impurity reflection in the PXD pattern demonstrates that the
parent phase remains intact without showing any sign of catalyst decomposition. This seems
consistent with the excellent photostability of the catalyst under acidic pH. Therefore, it is
evident that BisLaTisFe,O;5 does not undergo any photocorrosion or photoleaching during
the dye degradation experiments. The dye degradation cycle test results and post-catalysis
PXD pattern of the parent BigTisFe,O15 also demonstrates its excellent recyclability and

stability even under acidic reaction conditions (Figure 4.12).
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Figure 4.11 (a) Time profiles of RhB degradation for five successive cycles with
BisLaTisFe;O15. (b) PXD pattern of BisLaTisFe,O;g before and after five successive cyclic
photocatalytic RhB degradation.
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Figure 4.12 (a) Time profiles of RhB degradation for five successive cycles with
BigTisFe,015 under sunlight-irradiation. (b) PXD pattern of BigTisFe 015 before and after
the photocatalytic RhB degradation.

4.3.8 Energy Level Diagram (ELD) and Mechanism of Photocatalysis

To understand the enhanced photocatalytic activity of the catalysts, we have
calculated empirically the valence and conduction band edges of the photocatalyst and
analyzed their band energy alignment with respect to the potential of *OH/H,0, 0,/O,* and
HOMO-LUMO levels of RhB. The band edge positions of the semiconductor photocatalyst
were calculated using the following empirical formula [33] and in a similar manner as

detailed in Chapter 3.

Ecs = x(AsBpCc) — %2 Eq+ Eo (4.3)
Eve= Ecg + Eyg (4.4)

Using the calculated y value (5.95 eV) and following the above formulas, the
bottom of the conduction bands, Ecg (1) and Ecg (2) for BisLaTisFe,O1g are calculated to be
0.44 and -0.11 eV, respectively. Correspondingly, the top of the valence band is 2.46 eV.
The band edges of BigTisFe,O;5 are summarized in Table 4.3. Figure 4.13 shows the band
alignment diagram of BigLaTisFe,O1g With respect to the potential of *OH/H,0, 0,/0,* and
HOMO-LUMO levels of RhB. The literature reported potentials for the generation of *OH
(Eeommo= +2.68 eV vs. NHE), 0,° (Eoz02e.= +0.13 eV vs. NHE) and HOMO-LUMO
levels of RhB (Enomo = 0.95 eV and E ymo = —1.42 eV) are used to construct the energy

level diagram [34, 35].
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According to the ELD, the photogenerated electrons in Ecg (2) of BisLaTisFe;O1s
could reduce the dissolved O, to produce O,°* radicals because the Ecg (2) (-0.11 eV vs.
NHE) is higher than E (0,/0,*") (+0.13eV vs. NHE). However, the position of Ecg (1) (0.44
eV vs. NHE) below the potential of O,/O,°® is not in favor of O,° generation. Moreover, the
photoinduced holes (h*) in Eyg cannot produce *OH radicals by oxidizing H,O because Eyg
(+2.46 eV vs. NHE) is above E (*OH/H,0) (+2.68eV vs. NHE) in the ELD. The above facts
explains the results of BQ scavenger test, to show a moderate role of O,*" and the t-BuOH
scavenger test, to indicate only a minor role of *OH in the RhB degradation. Although the
band diagram is not in favor of *OH formation, there is a possibility of *OH formation
through a secondary process mediated by superoxide radicals [36]. This can probably
explain the marginal effect in the degradation behavior of RhB in presence of t-BuOH

scavenger.

Table 4.3 Calculated Values of Valence and Conduction Band Positions of
Bie_xLaxTi3Fezolg (X =0, 1)

Compound valence band conduction conduction
(eV) band-1 (eV) band-2 (eV)

BigTigFEzOlB 2.57 0.52 0.03

BisLaTisFe,01g 2.46 0.44 -0.11

Furthermore, the positioning of Evg below the HOMO levels of RhB favors h*
transfer from the photocatalyst to adsorbed dye molecule and thereby RhB degradation. The
drastic decrease in the activity in presence of an h* scavenger (AO) further confirmed the
active role of holes in the RhB degradation. Moreover, the minor role of O, radicals
indicates that the dye degradation is mostly driven by photocatalysis rather than sensitization

mechanism.
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Figure 4.13 Schematic energy level diagram of BisLaTiszFe,O1g with respect to potential (vs.
NHE) of *OH/H,0, 0,/0,* and the HOMO-LUMO levels of RhB.

4.3.9 Adsorption, {-Potential and COD Removal Efficiency

To probe into the excellent dye mineralization concomitant with decoloration by
the catalysts, dye adsorption and (-potential measurements were carried out. We believed
that the attachment of the RhB molecule with photocatalyst surface plays a key role in h*
mediated RhB degradation. To evaluate the role of RhB adsorption on the degradation rate,
we have carried out adsorption tests at various pH in the dark. Interestingly, the adsorption
results indicate that the maximum adsorption took place in acidic medium and that a large
decrease in the adsorption was found in neutral and alkaline media (Figure 4.14 (a)). These
results are in good agreement with the enhanced activity of the photocatalyst in acidic
medium and very poor degradation in neutral and alkaline media. Moreover, the degradation

rate of the photocatalysts follows the adsorption order resulting BisLaTizFe,O15 as more

efficient than the parent BigTisFe,O1s.
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Figure 4.14 (a) Influence of pH on RhB adsorption onto Big yLayTizFe;O15 (X = 0, 1)
catalyst surfaces. (b) {-potential of Big xLaxTisFe,O15 (x = 0, 1) catalysts at different pH.

Realizing that the photocatalyst surface charge plays an important role in the dye
adsorption, {-potential measurements were conducted to determine the surface charge of the
photocatalysts. Figure 4.14 (b) displays the difference in (-potential of the compounds,
Bis xLaxTisFe,0O15 (x =0, 1), at various pH. While, more positive {-potentials are observed in
acidic medium, a decreasing trend is prevalent with increasing pH and finally negative -
potentials are exhibited in the alkaline medium. This trend is due to the adsorption of H* and
OH  ions on the surface hydroxyl groups of the photocatalyst.

Interestingly, the magnitude of the (-potential is reflected in the dye adsorption at
pH 2. The maximum adsorption of dye molecules took place on BisLaTizFe,O1g, Which
contain the highest (-potential (+ 43.2 mV) followed by BigTisFe,O15 which had a -
potential +37.2 mV. The adsorption of RhB decreases while going from acidic to alkaline
pH due to decreasing positive ¢ and ultimately negative potentials. The extent of adsorption
is explained on the basis of electrostatic interaction of the dye molecules with the charged
surfaces depending on their modes of adsorption as discussed in Chapter 3. It is believed
that a large surface charge mediated adsorption of the dye molecules help in efficient h*
transfer from the semiconductor surface thereby enhancing the COD removal efficiency.
This is consistent with the fact that the La-substituted analog, BisLaTisFe;O1g, Shows highest
activity and COD removal which is almost coincident with the dye decoloration kinetics,

having the maximum extent of dye adsorption in comparison to the parent compound.
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Nevertheless, at this juncture it is noteworthy to point out that La-substitution in
BigTisFe 015 has resulted in enhanced photocatalytic activity with more or less a subtle or no
change in the visible band gap and structure. This can primarily be attributed to improved
separation of photogenerated e —h" pairs as evidenced by PL data of the semiconductors. It is
believed that La-substitution can be an effective strategy in layered Aurivillius compounds
for enhanced photocatalytic activity. Similar enhanced activity of La-substituted pyrochlore
type oxides are recently reported in the literature [37]. Considering the fact that the
compounds crystallize in noncentrosymmetric space groups and are polar, further studies are
required to investigate any possible role of ferroelectricity and internal electric fields for

exhibiting enhanced photocatalytic activity.

In summary, solid-state bulk synthesis of single-phase five-layered Aurivillius
perovskites, Big xLaxTisFe,015 (x = 0, 1) are reported in this chapter. The UV-vis DRS
established the compounds as visible-band-gap semiconductors. The La-substitution was
appeared to help in the suppression of photogenerated e —h* recombination as evidenced by
PL spectra. The photocatalytic Rhodamine B degradation in the acidic medium under
sunlight-irradiation indicated BisLaTisFe,O1g as the most active catalyst among the two five
layered Aurivillius compounds reported here. The enhanced activity of BisLaTizFe,O;g is
attributed to the effective separation of photogenerated e —h* pairs and improved dye
adsorption in the acidic medium. The predominant role of photogenerated holes in the RhB
degradation has been established by reactive species trapping experiments. The conduction
and valence band alignment of BisLaTisFe,O:g With respect to potentials of *OH/H,0,
0,/0,* and HOMO-LUMO levels of RhB supports the involvement of h* and formation of
0O,* as reactive species. Furthermore, a large positive (-potential has been ascribed to
improved dye adsorption which ultimately led to an enhanced photocatalytic activity and
efficient COD removal by the catalysts. Moreover, the compounds are reusable and stable
under the acidic medium even after five consecutive cycles of degradation without any

noticeable loss in activity.
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New Five-Layer Aurivillius Perovskites for Sunlight-Driven

Selective Dye Degradation

5.1 INTRODUCTION

Efficient and selective removal of harmful pollutants from wastewaters in presence
of other less harmful ones is a challenging task and such studies are rare in the current
literature. Few reports of selective photocatalytic oxidation of organic compounds and
contaminants with TiO, based oxides are known in the literature [1-5]. The photocatalytic
selectivity was reported to be achieved by nanostructured rutile TiO, [1], base-modified
anatase TiO, nanocrystals [5], mesoporous TiO, [2] and by constructing molecular
recognition sites on TiO, [4]. In all above selective photocatalysis the catalysts utilize UV
light. With respect to selectivity in dye degradation studies, there is a very recent report on
sorption mediated visible-light-driven dye degradation by nano CuWO, and CuzMo0,0q [6].
Moreover, the only other report of selective Methylene Blue (MB) degradation over
CuFe,04 nanoparticles was mediated by NaBH, [7]. Considering MB as a worldwide water
contaminant, its selective removal from water is imperative. So, the development novel

photocatalysts working under sunlight will be highly desirable for selective removal of MB.

There is considerable research attention in Bi-containing Aurivillius family of oxides
due to their high efficiency in visible-light-driven photocatalysis. The role of Bi in enhanced
photocatalysis has already been discussed in preceding chapters. During our search for new
layered perovskites for efficient sunlight-driven photocatalysis, we have demonstrated
excellent Rhodamine B degradation over four layer (n = 4) and five layer (n = 5) Aurivillius
perovskites (in Chapters 3 & 4, respectively). Thus, research interests in Aurivillius phase
photocatalysts continue to grow as single semiconductor oxide catalysts without
heterojunction or co-catalyst loading for superior photocatalytic performances [8-12].
Moreover, it was realized that the degradation was facilitated by dye adsorption that varied
with pH to a large extent. Based on this, it was imagined that it may be possible to

demonstrate selective degradation of dyes with variable pH.

In this chapter, we have envisaged new members of five layered Aurivillius

perovskites by both A and B-site co-substitution through cationic charge manipulation. The
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replacement of one of the Fe** by Ti** in the parent composition, BigTisFe,O1s, makes the B-
site cationic charge 1+ unit higher which is compensated by substituting one trivalent Bi by
any divalent cations, such as, Ca®*, Sr**, Ba** or Pb®* resulting new Aurivillius perovskite
compositions, BisATisFeO5 (A = divalent cation). We thought it would be interesting to
investigate the phase formation and structures of these new compositions and study their

optical and photocatalytic properties.

The solid-states synthesis and characterization of a new series of Aurivillius layered
perovskites, BisATisFeO3 (A = Ca, Sr and Pb) are reported. Selective photocatalytic
degradation of RhB and MB from a mixed RhB-MB solution at different pH has been
investigated under sunlight-irradiation. In addition, the photocatalytic degradation of
individual RhB and MB at different pH is also studied. Moreover, the reusability and
stability of the photocatalysts are evaluated by performing five successive dye degradation
cycles and a post-catalysis PXD pattern analysis, respectively. Further, for the detection of
reactive species and elucidation of plausible mechanism of selective dye degradation, PL,
adsorption, zeta-potential and scavenger tests are performed. The details of the investigation

are presented in subsequent sections of this chapter.
5.2 EXPERIMENTAL SECTION

5.2.1 Materials and Synthesis

Bi,03 (= 98%), CaCO3 (= 99%), SrCO3 (= 99.9%), PbO (= 99%), TiO> (99.8%) and
FeC,04-2H,0 (99%) were purchased from Sigma-Aldrich and used as received. The other
reagents employed in our experiments were of analytical grade and used without any further
purification. All the dye solutions were prepared freshly in Millipore water (Bedford, MA,
USA).

Polycrystalline samples of BisATisFeOs (A = Ca, Sr, Pb) were prepared by solid-
state reactions. For this, stoichiometric quantities of Bi,O3, ACO3; (A = Ca, Sr) / PbO, TiO;
and FeC,0,4-2H,0 were well ground in an agate mortar for 1 h and heated at 780 °C for 2 h.
Afterwards, the powders obtained after initial heating was thoroughly reground, pelletized
and heated at 1000 °C for 2 h.
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5.2.2 Adsorption Test

Adsorption tests were carried out for individual RhB and MB solutions together with
a mixed solution of RhB and MB. For this, 50 mg of BisATisFeO15 (A = Ca, Sr, Pb) catalyst
(adsorbent) was dispersed in 50 mL of 1x10™> M dye solution at appropriate pH (2, 7 and
11). For the mixed dye adsorption experiment, 25 mL each of RhB and MB of 2x10° M
concentration were mixed to maintain the same catalyst to individual dye ratio. After
magnetic stirring at a rate of 350 rpm for 6 h in the dark, the suspensions were centrifuged
and a small amount of filtrates were used for absorption measurements on a Shimadzu 2450
UV-visible spectrophotometer. The percentage of dye adsorption was calculated using the

following expression.

Adsorption (%) = (1 - C/Cyp) x 100 (5.1)
where C is the concentration of the dye after 6 h stirring, Cy is the initial dye concentration.
5.2.3 Photocatalysis

The photocatalytic dye degradation studies were carried out with individual RhB,
MB and a mixture of RhB and MB under sunlight-irradiation at different pH (2, 7 and 11).
All the photocatalytic experiments were carried out at 11T Roorkee (29°51" N; 77°53' E)
under similar conditions in the month of October, 2015 (solar Direct Normal Irradiance ~
212 W/m?). For this, 0.1 g of the catalysts, BisATisFeO1s (A = Ca, Sr, Pb), were suspended in
100 mL of 1x10> M dye solution of appropriate pH. Prior to irradiation, the catalyst-dye
suspensions were magnetically stirred for 1 h under dark to ensure the establishment of
adsorption-desorption equilibrium between the catalyst and dye molecules. For monitoring
the dye degradation with time, an aliquot (~ 3 mL) from the dye-catalyst suspension was
periodically sampled, and centrifuged at 8200 rpm (to remove the catalyst particles) for
absorbance measurements on a Shimadzu 2450 UV-visible spectrophotometer. A blank
experiment was always performed on the dye solutions in absence of the catalyst under

identical experimental conditions.
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5.2.4 Catalyst Dosage Experiment

To know the optimum catalyst concentration for maximum efficiency of dye
degradation, photocatalytic experiments were carried out with different quantities of
catalysts in a fixed volume of dye solution. For this purpose, 2.5, 5, 7.5, 10, 12.5, 15 and
17.5 mg of catalysts were used in 10 mL of 1x10> M RhB or MB solution. The required
amounts of dye-catalyst suspensions were taken in test tubes and each test tube was
sonicated for about 15 minutes for well dispersion of the catalysts in the dye solution. Then
the dye-catalyst suspensions were exposed to the natural sunlight. After 10 minutes of
irradiation, the suspensions were centrifuged to remove the catalysts and the solutions were

employed for absorption measurements with a UV-vis spectrophotometer.
5.2.5 Analysis of Reactive Species

To understand the role of the reactive species for the degradation of RhB or MB over
BisSrTisFeO1g under sunlight-irradiation, appropriate scavengers were added into the RhB or
MB solution and the degradation experiments were carried out in a similar fashion as
described in Chapter 4. In these experiments, ammonium oxalate (AO), benzoquinone (BQ)
and tertiary butyl alcohol (t-BuOH) were used as scavengers for holes (h*), superoxide
radical anion (O,*") and hydroxyl radicals (*OH), respectively.

5.2.6 Chemical Oxygen Demand (COD) Test

Mineralization of the dye during and after photocatalysis was monitored by using a
digestion unit (DRB 200, HACH, USA) and UV-visible spectrophotometer. For this,
multiple degradation experiments were carried out with the same set of dye and catalyst. The
dye-catalyst suspensions were exposed to different time intervals and the aliquots were
collected for COD analysis. The photodegradation efficiency was calculated by using the

following equation.

: - Initial COD—Final COD
Potodegradation efficiency = mtlalnitial C;n; x 100 (5.2)
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5.3 RESULTS AND DISCUSSION
5.3.1 PXD Analysis

The PXD patterns of BisATisFeOq5 (A = Ca, Sr, Pb) are shown in Figure 5.1.
A comparison of the PXD pattern with standard JCPDS files reported in the literature
indicated the formation of five-layer Aurivillius phases similar to BisTisFe;O15 (JCPDS PDF
# 21-0101). The unit cell parameters of BisATisFeO15 (A = Ca, Sr, Pb) are determined by
least-squares refinement of all the observed diffraction lines in the orthorhombic F2mm (No.
42) space group using the PROSZKI program. Table 5.1 shows the least-squares refined
lattice parameters for all the compounds. The indexed PXD data for BisCaTisFeOqg,
BisSrTisFeO5 and BisPbTisFeOsg is given in Tables 5.2, 5.3 and 5.4, respectively. A close
look at the lattice parameters of BisATisFeO15 (A = Ca, Sr, and Pb) series shows an
expansion in the c-parameter when A varies from Sr to Pb, while a slight contraction is

observed for A = Ca analogue as compared to the parent BigTisFe;O15 (see Chapter 4).

Intensity (a.u.)
T

26 (deg)

Figure 5.1 PXD patterns of (a) BisCaTisFeOs, (b) BisSrTisFeO1s, and (c) BisPbTisFeOqs.
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Table 5.1 Lattice Parameters and Band Gap Energies of BisATisFeO15 (A = Ca, Sr, Pb)

Lattice parameters (A) Band Gap (eV)
Compound a b c Eq (1) Eq(2)
BisCaTisFeOyq 5.451(1) 5.438(1) 49.10(1) 209 261
BisSrTisFeOss 5.475(1) 5.466(1) 49.29(1) 212 2.72
BisPbTisFeOss 5.472(1) 5.462(1) 49.69(1) 211  2.66

We have determined the crystal structure of BisATisFeO1 (A = Ca, Sr, Pb) by
Rietveld refinement of PXD data using the Fullprof program. The initial model for the
refinement of the structure of BisSrTisFeO1g was constructed using the atomic coordinates of
BigTisFe;015 (F2mm space group) wherein Fe** completely occupy the central octahedral
layer and rest of the octahedral layers are occupied by Ti**. Moreover, the Sr** is distributed
statistically over all the Bi**-sites in the perovskite block keeping the [Bi,0.]** layer
exclusively occupied by Bi®*". The observed, calculated and difference profiles of Rietveld
refinement are shown in Figure 5.2. The refined atomic positions, occupancies and thermal
parameters are given in Table 5.5. Figure 5.3 shows the structure of BisSrTisFeOg drawn
using the refined atomic positions. Trial refinement runs with other models, where the Fe*
was distributed over all the perovskite blocks and Sr over the perovskite A-site and [Bi,O,]**
layers, resulted in higher reliability factors. However, for more accurate determination of

oxygen position and bond distances a neutron diffraction would be necessary.

A similar refinement of the PXD data for BisCaTisFeO;5 and BisPbTisFeO5 based
on same model structure gave a satisfactory fit (Figure 5.4). The refined atomic positions,

occupancies and thermal factors are given in Tables 5.6 and 5.7.

112



New Five Layer Aurivillius Perovskites, BisATisFeO5 (A = Ca, Sr and Pb) Chapter 5

Table 5.2 Indexed PXD Data for BisCaTisFeO1g

h ki dobs(A) deatc (A) lobs
00 6 8.186 8.167 7
00 8 6.133 6.125 13
0010 4.906 4.900 17
0012 4.082 4.083 27
111 3.842 3.838 21
0014 3.500 3.500 3
117 3.375 3.373 2
1109 3.148 3.144 11
1111 2.913 2.913 100
020 2.719 2.719 35
12 4 2.386 2.387 5
0212 2.262 2.263 16
0 022 2.228 2.227 7
1119 2.143 2.143 1
1213 2.043 2.044 6
0218 1.925 1.924 20
1123 1.865 1.864 6
0220 1.821 1.820 4
2212 1.742 1.741 8
0127 1.722 1.721 10
2024 1.634 1.634 5
3111 1.606 1.607 10
0130 1.563 1.564 2
3020 1.459 1.459 2
0230 1.400 1.400 2

a=5.451(1), b = 5.438(1), ¢ = 49.10(1) A.
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Table 5.3 Indexed PXD Data for BisSrTisFeOqg

h kil dons(A) deatc (A) lobs
00 6 8.231 8.214 2
00 8 6.179 6.161 4
0010 4.932 4.929 10
0012 4.109 4.107 12
111 3.864 3.856 22
1114 3.523 3.520 2
117 3.391 3.390 2
119 3.162 3.159 8
1111 2.929 2.928 100
020 2.737 2.733 40
12 4 2.398 2.399 3
0212 2.275 2.275 17
0022 2.240 2.240 5
1119 2.154 2.154 3
1213 2.054 2.055 3
0218 1.934 1.934 17
1123 1.874 1.874 5
0220 1.830 1.830 3
2212 1.750 1.750 3
0127 1.732 1.731 11
2024 1.643 1.643 2
3111 1.614 1.614 17
40 2 1.367 1.367 2

a = 5.475(1), b= 5.466(1), ¢ = 49.29(1) A.
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Table 5.4 Indexed PXD Data for BisPbTisFeOqg

hkl dobs(A) dearc (A) lobs
0 6 8.331 8.281 2
0 8 6.230 6.211 5
010 4,983 4,969 13
012 4.142 4.141 18
11 3.858 3.854 23
0 14 3.551 3.549 1
17 3.397 3.395 2
19 3.171 3.167 6
111 2.940 2.937 100
2 0 2.735 2.731 31
2 4 2.397 2.398 3
212 2.280 2.280 18
022 2.258 2.259 6
119 2.168 2.166 1
123 1.886 1.886 6
220 1.837 1.838 3
9
4
2

212 1.751 1.751
127 1.744 1.744
024 1.651 1.651
111 1.616 1.615 16
0 2 1.367 1.366 2

A WO MO MO P PP OO P O FPF P P O P O O O O

a=5.472(1), b = 5.462(1), ¢ = 49.69(1) A.
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Figure 5.2 Rietveld refinement of the structure BisSrTisFeO;s from PXD data. Observed
(+), calculated (-) and difference (bottom) profiles are shown. The vertical bars represent the

Bragg positions.

Figure 5.3 Crystal structure of BisSrTisFeO1g drawn from the refined atomic positions.
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Table 5.5 Atomic Position, Site Occupancy and Thermal Parameters used for

Structure Refinement of BisSrTisFeOq5

Atom X y z Biso Occ.
Bi(1) 0.5490(1) 0 0.7247(1) 1.32(3) 2
Bi(2)/Sr(2) 0.5528(1) 0 0.5425(1) 1.32(3) 1.5/0.5
Bi(3)/Sr(3) 0.5418(2) 0 0.6301(2) 1.32(3) 1.5/0.5
Ti(1) 0.5155(1) 0 0.8301(1) 0.83(1) 2
Ti(2) 0.5115(3) 0 0.9171(1) 0.83(1) 2

Fe 0.5 0 0 0.83(1) 1
0O(1) 0.25 0.75 0 3.1(2) 2
0(2) 0.75 0.25 0.25 3.1(2) 2
0(3) 0.5 0 0.7998(3) 3.1(2) 2
O(4) 0.5 0 0.8806(1) 3.1(2) 2
O(5) 0.5 0 0.9635(1) 3.1(2) 2
O(6) 0.25 0.25 0.4202(1) 3.1(2) 4
o(7) 0.25 0.25 0.3445(1) 3.1(2) 4

Space group F2mm, a = 5.4685(5), b = 5.4579(5), ¢ = 49.166(3) A, Rpragg = 7.4%, Rf =

6.5%, R, = 6.2%, Rwe = 7.9%, and V=26
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Table 5.6 Atomic Position, Site Occupancy and Thermal Parameters used for

Structure Refinement of BisCaTisFeO4s

Atom X y z Biso Occ.
Bi(1) 0.5791(1) 0 0.7219(4) 1.32(3) 2
Bi(2)/Ca(2) 0.5423(1) 0 0.5405(1) 1.32(3) 1.5/0.5
Bi(3)/Ca(3) 0.5572(2) 0 0.6299(2) 1.32(3) 1.5/0.5
Ti(2) 0.5555(1) 0 0.8259(4)  0.83(1) 2
Ti(2) 0.4991(3) 0 0.9184(1) 0.83(1) 2

Fe 0.5 0 0 0.83(1) 1
O(1) 0.25 0.75 0 3.1(2) 2
0(2) 0.75 0.25 0.25 3.1(2) 2
0(3) 0.5 0 0.7922(1) 3.1(2) 2
0(4) 0.5 0 0.8841(2) 3.1(2) 2
O(5) 0.5 0 0.9659(3) 3.1(2) 2
O(6) 0.25 0.25 0.4263(1) 3.1(2) 4
o(7) 0.25 0.25 0.3633(4) 3.1(2) 4

Space group F2mm, a = 5.4450(8), b = 5.4242(8), ¢ = 48.872(7) A, Rgragy = 9.3%, Rf =

7.3%, R,=7.8%, Rwp =10.2%, and y* = 5.05
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Table 5.7 Atomic Position, Site Occupancy and Thermal Parameters used for
Structure Refinement of BisPbTisFeOs

Atom X y z Biso Occ.
Bi(1) 0.5669(7) 0 0.7240(1) 1.32(3) 2
Bi(2)/Pb(2) 0.5298(1) 0 0.5424(1) 1.32(3) 1.5/0.5
Bi(3)/Pb(3) 0.5325(1) 0 0.6298(1) 1.32(3) 1.5/0.5
Ti(1) 0.5100(1) 0 0.8238(1) 0.83(1) 2
Ti(2) 0.5100(1) 0 0.9158(1) 0.83(1) 2

Fe 0.5 0 0 0.83(1) 1
0O(1) 0.25 0.75 0 3.1(2) 2
0(2) 0.75 0.25 0.25 3.1(2) 2
0(3) 0.5 0 0.8030(7) 3.1(2) 2
O(4) 0.5 0 0.8817(2) 3.1(2) 2
O(5) 0.5 0 0.9576(6) 3.1(2) 2
O(6) 0.25 0.25 0.4400(3) 3.1(2) 4
o(7) 0.25 0.25 0.3333(6) 3.1(2) 4

Space group F2mm, a = 5.4659(5), b = 5.4497(4), ¢ = 49.623(3) A, Reragg = 7.3%, Rf =

5.3%, Rp=7.5%, Rwp =9.6%, and P=41
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Figure 5.4 Rietveld refinement of the structures of (a) BisCaTisFeO15 and (b)
BisPbTisFeO15. Observed (+), calculated (—) and difference (bottom) profiles are shown. The
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vertical bars represent the Bragg positions.

5.3.2 FE-SEM and EDS Analysis

FE-SEM and corresponding EDS spectra of BisATisFeO5 (A = Ca, Sr, Pb) are shown
in Figure 5.5. All the compounds show morphological homogeneity in the entire region of
image prevailing plate-like morphology with a fairly large extent of particle aggregation.
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Moreover, there is a large variation in the size of platelets ranging from several hundred
nanometers to few micrometers. Elemental composition obtained from EDS at several

crystallites of the imaged area shows excellent compositional uniformity with the nominal

elemental composition.

Spectrum 2

Bi: Ca: Ti: Fe

447 9.9 359 95

Bi : Sr: Ti: Fe
46.8 9.1 351 9.0

Bi : Pb: Ti: Fe
470 8.1 36.2 8.7

012 3456 7 89 ke

Figure 5.5 FE-SEM/EDX analysis of (a, a") BisCaTisFeOss, (b, b’") BisSrTisFeO1g, and (c, ¢')
Bi5PbTi4FeO]_8.

5.3.3 FE-SEM-EDS Elemental Mapping Analysis

To investigate the elemental distribution in a selected rectangular area of

BisATisFeOq5 (A = Ca, Sr, and Pb), EDS elemental mapping was conducted. The elemental
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mapping (Figure 5.6) results indicate homogeneous and uniform distribution of all the

elements in the selected rectangular area of FE-SEM image.

Figure 5.6 EDS elemental mapping of (a) Bi, (b) Ca, (c) Ti and (d) Fe in BisCaTisFeOgs, (e-
h) and (i-1) represent elemental mapping for BisATisFeO15 (A = Sr and Pb) in the same order

where the second panel represents the A cations, Sr and Pb, respectively.
5.3.4 TEM Analysis

The crystalline nature of BisSrTisFeO;5 was confirmed by TEM and high resolution
TEM studies (HR-TEM). The HR-TEM image (Figure 5.7 (a)) clearly revealed the layer
intergrowth nature of the Aurivillius phases repeating with perovskite blocks and [Bi,0,]*
layers. Moreover, the HR-TEM shown in Figure 5.7 (b) clearly shows lattice fringes and the
distance between the fringes indicated is calculated to be 4.925 nm, which is consistent with
the c-parameter of the unit cell. The SAED pattern is indexable in the orthorhombic space
group and consistent with the lattice parameters obtained from PXD data analysis. Indexing

of few representative spots in the SAED pattern are shown in Figure 5.7 (c).
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Figure 5. 7 (a) Transmission electron microscopy (TEM) image, (b) high-resolution TEM
(HR-TEM) image and (c) Selected SAED patterns of BisSrTisFeOss.

5.3.5 UV-vis DRS Analysis

The optical absorption spectra of the BisATisFeO,5 (A = Ca, Sr, and Pb) are shown in
Figure 5.8 (a). All the compounds show visible-light absorption and two absorption edges
similar to those reported in previous chapters (Chapter 3 & 4) for BisxLacTizFeOis (x = 1, 2)
and Big.xLacTisFe,018 (X = 0, 1). The exact band gap energies of these compounds are

Un versus hy

calculated from the Tauc plots shown in Figure 5.8 (b). The best fit for (a4 v)
was obtained for n = 2, suggesting probably to an indirect band gap transition. The
calculated band gap energies of the compounds are given in Table 5.1. The fact that all the
compounds are visible light absorber, lead us to believe in their potential for sunlight-driven

photocatalysis.
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Figure 5.8 (a) UV-vis DRS of BisATisFeO5 (A = Ca, Sr, and Pb). (b) Corresponding Tauc

plots for calculation of band gap.
5.3.6 PL Analysis

In order to compare the e™-h" recombination rate or efficiencies of photogenerated
charge carrier separation in BisATisFeO15 (A = Ca, Sr, Pb), PL spectra were recorded at an
excitation wavelength of 350 nm. As it is known and discussed in previous chapters
(Chapters 3 & 4), a lower PL intensity indicates slow recombination and longer lifetime of
charge carriers, an indicator for higher photocatalytic activity [13]. As portrayed in Figure
5.9, all the compounds show broad emission spectra ranging from 400 to 600 nm with a
peak around 470 nm. According to the PL spectra, one would expect the activity order as
BisCaTisFeO1g < BisPbTisFeO15 < BisSrTigFeOqg, though the difference in PL intensities are
very subtle and may depend on several other factors. However, a higher activity for
BisSrTisFeO.5 as compared to that of the Ca-analogue (see next section) can clearly be

expected from the PL data.
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Figure 5.9 PL spectra of BisATisFeO5 (A = Ca, Sr, Pb) at an excitation wavelength of 350

nm at room temperature.
5.3.7 Photocatalytic Activity

To evaluate the activity of BisATisFeOys (A = Ca, Sr, Pb) toward dye removal from
contaminated waters, aqueous solutions of RhB (zwitterionic), MB (cationic), and a mixture
of RhB and MB were selected as model systems for photocatalytic degradation experiments.
The UV-vis spectral measurements (Figure 5.10) recorded with time show a decrease in the
characteristic absorption peak intensity for the MB dye leaving the absorption peak intensity
for RhB nearly unchanged on sunlight-irradiation of the mixed dye solution at pH 7 and 11.
This indicates selective degradation of MB from the aqueous mixture of MB and RhB
solution. The selective degradation of MB over these catalysts is faster at pH 11 as
compared to that at pH 7. The inset of Figure 5.10 (e) clearly shows the selective
degradation through a clear color changeover from purple (for mixed MB-RhB solution) to
pink (for pure RhB solution). It is clear that BisSrTisFeO;5 exhibited excellent selective
degradation (within 80 min) of MB from the aqueous mixture of MB and RhB at pH 11,
whereas BisPbTisFeOg and BisCaTisFeO1g showed relatively lower activity (within 110 and
120 min, respectively). Conversely, it has also been observed (Figure 5.10 (a-c)) that at pH
7, for BisCaTisFeO1g, BisSrTisFeO15 and BisPbTisFeOys, the selective degradations are up to
75, 79 and 79%, respectively, in 180 min of solar illumination. Therefore, it is concluded

that all the compounds, BisATisFeO;53 (A = Ca, Sr, and Pb), are active toward selective
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degradation of MB from a mixture of MB and RhB in neutral and alkaline media. The

strategy may well be applied to extend in selectively degrading a harmful pollutant and

recovery of precious dyes/chemicals from a mixed solution of pollutants.
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Figure 5.10 UV-vis absorption spectra for selective degradation of MB from aqueous
mixture of MB and RhB at pH 7 (a - ¢) and pH 11 (d - f) over BisCaTisFeOss (a, d),
BisSrTisFeOq5 (b, €) and BisPbTisFeOy5 (c, f) under sunlight-irradiation. Inset of (e) shows

representative color change during photocatalytic degradation of mixed dyes with time.

Interestingly, a complete degradation of both MB and RhB (Figure 5.11) from a

mixture is also achieved at pH 2 within 160 min over BisSrTisFeO13. However,

BisPbTisFeO15 showed a complete degradation of MB and up to 69 % degradation of RhB,

whereas the corresponding Ca-analogue exhibited only up to 65 % of MB and 40 % of RhB

degradation within 180 min solar irradiation at pH 2. In the later cases, the Amax Of RhB

undergoes a hypsochromic shift indicating de-ethylation of RhB during the degradation [14].
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Figure 5.11 UV-vis absorption spectra for degradation of MB, RhB from aqueous mixture
of MB, RhB at pH 2 over (a) BisCaTisFeOss (b) BisSrTisFeO;5 and (c) BisPbTisFeO1g under

sunlight-irradiation.

To further confirm whether these catalysts have potential for degradation of
individual MB and RhB, a series of experiments were conducted under sunlight-irradiation
at different pH with single dye solutions as well. The RhB degradation and % COD removal
with time as shown in Figure 5.12 (a), unveiled that the RhB was degraded completely
within 30-60 min of sunlight-irradiation at pH 2. The % COD removal data for RhB
degradation at pH 2 further confirmed the complete mineralization of the dye within 30-60
min of irradiation. Interestingly, the % COD removal is in agreement with the degradation
kinetics (Figure 5.12 (a)) indicating excellent dye mineralization and that it is more or less

concordant with the decoloration kinetics.
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Figure 5.12 (a) Photocatalytic degradation of RhB and % COD removal (b) Plot of In(Co/C)

as a function of irradiation time over BisATisFeOq5 (A = Ca, Sr, and Pb).
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The photocatalytic RhB degradation kinetics over BisATisFeOsg (A = Ca, Sr, Pb)

were fitted with Languir-Hinshelwood model:
In(Co/C) = kt (5.3)

where, Cy is the initial RhB concentration, C is the actual concentration of RhB at time t and
k is the rate constant. The plot between In(Co/C) and time were linear (Figure 5.12 (b)),
which indicates that the degradation of RhB follows a pseudo-first-order kinetics. The
degradation rate constant (k) is calculated to be 0.08509, 0.14969 and 0.13837 min™ for
BisCaTisFeOsg, BisSrTisFeO15 and BisPbTisFeOys, respectively.

Despite, complete RhB degradation at pH 2, the catalysts did not show RhB
degradation to any significant extent at pH 7 and pH 11, indicating zero photocatalysis in
neutral and alkaline media (Figure 5.13). All the photocatalytic activities were compared
with blank tests (without catalysts) carried out at same pH and under identical experimental

conditions to ensure self-degradation (if any) of the dye (Figure 5.13).
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Figure 5.13 Photocatalytic degradation of RhB over BisATisFeOq5 (A = Ca, Sr, and Pb) at
(@) pH 2 (b) pH 7 and (c) pH 11 under sunlight-irradiation.

Figure 5.14 shows MB degradation with time over BisATisFeO;5 (A = Ca, Sr, and
Pb) unveiling fastest degradation at pH 11, moderate degradation at pH 2 and very slow
degradation at pH 7. The complete degradation of MB over the as synthesized compounds is
observed at pH 11 within 50-60 min of sunlight-irradiation and the % COD removal
indicates good dye mineralization ability (Figure 5.15 (a)). The rate constants (k) for MB
degradation (Figure 5.15 (b)) at pH 11 are calculated to be 0.06899, 0.11272 and 0.07667

min? for BisCaTisFeOyg, BisSrTisFeOs and BisPbTisFeOys, respectively. Interestingly, at
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pH 2, BisSrTisFeO15 and BisPbTisFeO15 show complete degradation of MB within 130-150
min and BisCaTisFeO15 shows only up to 55 % degradation within 180 min of solar
irradiation (Figure 5.14 (a)). But at pH 7 only up to 30, 45, and 37 % of MB is degraded by
BisCaTisFeO15, BisSrTisFeO;3 and BisPbTisFeOqg, respectively, in 180 min of solar
illumination. Moreover, the MB did not show any self-degradation in the blank test (without
catalysts) under similar experimental conditions of photocatalysis (Figure 5.14). The order
of photocatalytic activity for degradation of individual MB and RhB over the as synthesized
compounds is BisCaTisFeO;5 < BisPbTisFeO15 < BisSrTigFeOss.
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Figure 5.14 Photocatalytic degradation of MB over BisATisFeO15 (A = Ca, Sr, and Pb) at (a)
pH 2 (b) pH 7 and (c) pH 11 under sunlight-irradiation.
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Figure 5.15 (a) Photocatalytic degradation of MB and % COD removal (b) Plot of In(Cy/C)

as a function of irradiation time over BisATisFeO5 (A = Ca, Sr, Pb).
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5.3.8 Dosage Test

The effect of catalyst dosage on the rate of photocatalytic degradation was
investigated by taking different quantities of BisSrTisFeOs5 powder in10 mL of 1x10° M
RhB solution and irradiating them for 10 min under sunlight. The degradation efficiency of
RhB at pH 2 with catalyst dosage for BisSrTisFeOsg is shown in Figure 5.16 (a). The
degradation rate of RhB gradually increased with increasing the catalyst dosage from 2.5
mg/10 mL up to 10 mg/10 mL and the increment in rate is less beyond this concentration.
This could be due to the “shielding effect” which is caused by suspended catalyst layer
located near the top of the solution (or closer to the radiation sources) and agglomeration of
catalyst particles at higher catalyst concentration. From the above findings, we concluded
that 10 mg/10 mL is the optimum concentration for RhB degradation by these catalysts. The
degradation of MB over BisSrTisFeO;g at pH 11 is also shown as a function of catalyst
dosage in Figure 5.16 (b). The gradual increase of MB degradation may probably be related
to the extent of MB adsorption on the catalyst surface with increasing catalyst dosage (see

section 5.3.12).
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Figure 5.16 Effect of catalyst dosage for degradation of (a) RhB at pH 2, and (b) MB at pH

11, over BisSrTisFeOqg under solar irradiation for 10 min.
5.3.9 Detection of Reactive Species

To identify the dominant reactive species responsible for the photocatalytic dye
degradation over BisSrTisFeOq5, a series of scavenger tests were performed. While
Benzoquinone (BQ) was used as O,°" scavenger, ammonium oxalate (AO) and tert-butanol

(t-BuOH) were employed for scavenging h*, *OH, respectively. The quenchers / scavengers
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were introduced to the dye solution prior to the start of photocatalysis experiments. The
presence of scavengers retards the dye degradation to different extents. The more the
retardation in presence of a particular scavenger, more efficient is the role of the
corresponding species that it scavenges. The photocatalytic degradation of RhB over
BisSrTisFeOss in presence of scavengers is shown in Figure 5.17. The addition of AO (h*
scavenger) to dye-catalyst suspension, RhB degradation was substantially reduced as
compared to that of no scavenger. A moderate extent of retardation phenomenon is noticed
with the introduction of BQ (O,* scavenger) on the photocatalytic degradation of RhB.
However, the addition of t-BuOH (*OH scavenger) caused retardation in the

photodegradation of RhB only to a small extent.

Based on the above findings of the scavenger experiments, we concluded that h* and
O,°* are active contributors in the photocatalytic degradation of RhB over BisSrTisFeOg in
the acidic medium, whereas an assistant role of *OH cannot be completely ruled out.
Moreover, the same reactive species are active for the degradation of MB at pH 11 (Figure
5.18).
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Figure 5.17 Effect of different scavengers on the degradation of RhB over BisSrTisFeOsg

under sunlight-irradiation.
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Figure 5.18 Effect of different scavengers on the degradation of MB over BisSrTisFeOqsg

under sunlight-irradiation.
5.3.10 Catalyst Reusability and Stability

The stability and reusability of the catalysts are important parameters to be assessed
for making the semiconductor photocatalysis attractive and cost-effective for dye wastewater
treatment. To test the stability and reusability of the catalysts, five consecutive cyclic
photocatalytic dye degradation experiments were performed over BisSrTisFeO15. The
photocatalytic cycles carried out over BisSrTisFeO;g for RhB degradation under sunlight-
irradiation are represented in Figure 5.19 (a). The catalyst show excellent recyclability up to
4 cycles and show only a minor decrease (~ 3 %) in the activity during the fifth cycle, which
is attributed to the unavoidable loss of catalysts during recycling. The recycling study
strongly suggests that there is no noticeable loss in the activity of the photocatalyst. The
stability of the catalyst was assessed by PXD analysis of BisSrTisFeO;g4 recovered after five
cyclic runs. The PXD pattern indicates excellent phase purity and crystallinity indicating no
photocorrosion or photoleaching of the oxide while maintaining its structural integrity
during the photocatalysis (Figure 5.19 (b)). Moreover, the cycle test for the degradation of
MB over BisSrTisFeOsg also indicates excellent recyclability at pH 11 (Figure 5.20). The
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post-catalysis PXD patterns for the Ca and Pb analogues also demonstrated good stability
under the reaction conditions (Figure 5.21).
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Figure 5.19 (a) Reusability of BisSrTisFeOssg in five successive cycles for the degradation of
RhB. (b) PXD patterns of BisSrTisFeO15 recorded before and after five successive
photocatalytic RhB degradation.
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Figure 5.20 Reusability of BisSrTisFeO;g in five successive cycles for the degradation of
MB at pH 11.
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Figure 5.21 PXD patterns of (a) BisCaTisFeO1g and (b) BisPbTisFeO,g before and after the
photocatalysis.
5.3.11 Mechanism for Enhanced Photocatalytic Activity

It is believed from our previous studies (Chapters 3 & 4) that dye adsorption on the
surface of the photocatalyst plays a crucial role in photocatalysis in addition to other well-
known factors such as, creation of electron-hole pairs on photoexcitation and generation of
reactive oxygen species (ROS) followed by oxidative degradation of the dye on action of
ROS generated. In general, firstly on absorption of light photons by a photocatalyst,
electrons from valence band (VB) get excited to the conduction band (CB) and leave holes
at the VB. In the second step, the electrons-hole pairs thus generated get separated from each
other and migrate to the surface of the photocatalyst where they participate in the reactive
species generation/redox reaction. In most cases, electrons in the CB reduces dissolved
oxygens to yield superoxide radical anions (O,*") and holes in the VB oxidizes water to give
*OH radicals, which further takes part in the dye degradation. In addition, the
photogenerated holes in the VB of the semiconductors may also oxidize adsorbed dye

molecules into CO, and H,0.

To explain the enhanced photocatalysis, the relative band edge positions of the
photocatalysts were calculated using the following empirical formula [15] and a similar

procedure as described in Chapter 3.

Ecs = x(ABvCc) —%2 E4 + Eo (5.4)

134



New Five Layer Aurivillius Perovskites, BisATisFeO5 (A = Ca, Sr and Pb) Chapter 5

Eve =Ecs + Eq (5.5)

Using the above equations, the CB (Ecg) and VB (Eyg) positions of BisATisFeOss (A
= Ca, Sr, and Pb) are calculated and summarized in Table 5.8. The potential for generation
of *OH (Eeommo= + 2.68 eV vs. NHE), 0,* (Eozo2e_= + 0.13 eV vs. NHE) and HOMO-
LUMO levels of RhB (Exomo = 0.95 eV and ELymo = — 1.42 eV) and MB (Exomo = 1.76 eV

and E umo =— 0.05 eV) as reported in the literature were used [16-18].

Since the conduction band potential of BisSrTisFeO1g Ecg (2) (— 0.15 eV vs. NHE) is
higher than the potential for generation of O,° (Eozoze. = + 0.13 eV vs. NHE), the
photoinduced electrons in Ecg (2) could react with dissolved O, to produce O,* radicals
(Figure 5.22). Meanwhile, the holes generated in the VB of the catalyst could transfer to the
adsorbed dye and thereby degrade it. Moreover, the photogenerated holes are not in favor to
form °*OH radicals by oxidizing H,O because the valence band potential (Evg = + 2.39 eV
vs. NHE) is higher than the potential for *OH radical generation from H;O (Eeommo = +
2.68 eV vs. NHE). Therefore, O,* and h" are the major reactive species that actively
contribute to the dye degradation. This is also evidenced by the scavenger test results.
Moreover, the electrons at the LUMO of RhB are in a favorable position for its degradation

through a photosensitization mechanism.

Table 5.8 Calculated Values of Valence and Conduction Band Positions of
Bi5ATi4Fe018 (A = Ca, Sr, Pb)

compound valence conduction  conduction
band (eV) band-1 (V) band-2 (eV)

BisCaTisFeO15 2.40 0.31 -0.21
BisSrTisFeO5  2.39 0.27 —-0.33
BisPbTisFeO13  2.52 0.41 -0.14
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Figure 5.22 Schematic energy level diagram of BisSrTisFeO;g with respect to potential (vs
NHE) for generation of *OH (Eeomm20), 02" (Eozo2.-) radicals and the HOMO-LUMO
levels of the dyes (RhB and MB).

5.3.12 Adsorption and ¢—potential

As we have established, the attachment of the dye molecule with the catalyst surface
plays a crucial role in h* mediated dye degradation and we believe that the preferential
adsorption of MB over RhB is one of the reasons for selective degradation. For this purpose,
we have performed adsorption tests over BisATisFeO1g (A = Ca, Sr, Pb) at different pH in the
dark. Interestingly, the adsorption results in mixed dye solutions indicate selective
adsorption of MB in neutral and alkaline media (Figure 5.23) for all the catalysts. However,
it shows both MB and RhB adsorption in the acidic medium. The maximum adsorption of
MB took place in the alkaline medium for all the catalysts. These results are consistent with
the selective degradation of MB in the neutral and alkaline media, and mixed dye
degradation (both MB and RhB) in the acidic medium. The selective degradation is faster in
the alkaline medium because of maximum adsorption of MB. Moreover, the individual
adsorption of MB and RhB in different media over these catalysts under dark is shown in
Figure 5.24. The photocatalytic activity of the catalysts follows the adsorption order making
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BisSrTisFeO15 as the most efficient and decreases in the order BisSrTisFeOq5 >

BisPbTisFeO15> BisCaTisFeOqs.
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Figure 5.23 Influence of pH on preferential adsorption of dye from aqueous mixtures of MB
and RhB on (a) BisCaTisFeOqs, (b) BisSrTisFeOqq, and (c) BisPbTisFeOss. (d) - potential of
BisATisFeO,5 (A = Ca, Sr, and Pb) catalysts at different pH.
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Figure 5.24 Influence of pH on adsorption of (a) RhB, (b) MB over BisATi;FeO15 (A = Ca,

Sr, and Pb) catalyst surfaces.
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The catalyst surface charge plays a vital role in the dye adsorption process. The (-
potential measurements were performed to know the surface charge of the catalysts at
different pH, and the results are shown in Figure 5.23 (d). The highest negative (~potentials
are observed at pH 11. As the pH is decreased, the (~ potential decreases from more
negative potentials to less negative potentials and finally to reach positive potentials in the
acidic medium. This trend is mostly due to the action of H" and OH ions on the surface

hydroxyl groups of the oxide catalyst and has been discussed in Chapter 3.

Interestingly, the (—potential of the catalysts was mirrored in the selective dye
adsorption and degradation. At pH 11, only MB adsorption took place on BisSrTisFeOgs,
which had highest negative (- potential (- 55.1 mV) followed by BisPbTisFeO;s and
BisCaTisFeO1g, which had {- potentials of — 50.1 and — 48.2 mV, respectively. Moreover,
selective MB adsorption to a moderate extent was also noticed at pH 7. This has also been
attributed to negative (- potentials of the catalysts at this pH. The selective adsorption of
MB in neutral and alkaline media is due to electrostatic interaction of negatively charged
catalyst surfaces with the cationic MB molecules, while a negligible adsorption of RhB is
attributed to the electrostatic repulsion between the negatively charged carboxylic acid
groups of RhB molecules and a negatively charged catalyst surface. Moreover, all the
catalysts reported here show the adsorption of both MB and RhB in the acidic medium. The
biggest adsorption of both dyes took place over BisSrTisFeOqg, which had more positive (-
potential (+ 39.7 mV) among all the catalysts at pH 2. The {- potential for BisPbTisFeOg
and BisCaTisFeO;5 were + 34.1 and + 29.8 mV, respectively. The adsorption of both dyes is
due to a positively charged catalyst surface that electrostatically interacts with negatively
charged carboxylic acid group of RhB and probably the co-adsorption of MB over RhB.
Indeed, the adsorption of the dyes over catalyst surface is in good agreement with the -

potential.

In summary, new five-layer Aurivillius perovskites, BisATisFeO15 (A = Ca, Sr, Pb),
are synthesized and characterized for the first time, to the best of our knowledge. The UV-
vis DRS confirmed that all the catalysts have principal band gap in the visible ranging from
~ 2.61-2.72 eV. These catalysts showed fully selective degradation of MB from aqueous
mixture of MB and RhB in alkaline as well as neutral medium (pH 11 and 7). However, the
catalysts degrade MB and RhB simultaneously in the acidic medium (pH 2). The
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photocatalytic activity tests indicated BisSrTisFeO;g as the most active catalyst among all the
Aurivillius oxides reported in this chapter. The improved photocatalysis of BisSrTisFeOqg is
attributed to a sluggish recombination of photoinduced e —h" pairs, higher surface charge
and corresponding enhanced adsorption of dye on the catalyst surface. Scavenger tests
indicated h* and O,* as major reactive species contributing toward photocatalytic RhB and
MB degradation in presence of BisSrTisFeO13. The valence and conduction band edge
positions of BisSrTisFeO:g with respect to potentials of *OH/H,0, 0,/0,* and HOMO-
LUMO levels of RhB and MB also supports the involvement h* and O,° radicals in the
photocatalysis. Moreover, the photocatalytic cycle tests and post-catalysis PXD pattern
analysis confirmed the cycleability and stability of the catalysts under the reactions

conditions.
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Layered Oxyhalide Perovskites: New Members of Sillén-
Aurivillius Hybrids and their Sunlight-Driven Selective Dye

Degradation

6.1 INTRODUCTION

Synthetic dyes are widely used in several industries such as paper, textiles, plastics,
printing, cosmetics, coatings, and rubber [1, 2]. It has been estimated that more than 11% of
these dyes were discharged into environment during manufacture and application process
[3]. Some of these dyes are toxic and even carcinogenic for the entire ecosystem. So,
degradation/complete mineralization of these dyes are essential before these are disposed off

to the environment.

In recent years, various transition metal oxide based photocatalysts, such as Fe,0Os,
ZnO, TiO, and many others have been extensively explored for environmental remediation
[4-6, 7, 8]. In particular, TiO, has been widely investigated as an efficient photocatalyst
because of its excellent photostability, non-toxicity and inexpensive nature [4-6, 9, 10]. But,
the major disadvantage associated with TiO is its utilization of UV-light and non-selective
photocatalysis. Some examples of selective catalysis by TiO, have been discussed before in
Chapter 5. In addition, few other surface modified TiO, systems for selective degradation
[11, 12], microporous titanosilicates for shape-selective photocatalytic degradation [13, 14]
and organic conversion [15, 16] have been reported. In the light of very limited research on
selective MB degradation as pointed out in Chapter 5, there is immense potential in
developing solar photocatalysts for selective dye degradation.

As already discussed in the previous chapters, the research attention in utilizing solar
energy by visible-light-induced photocatalysis employing Aurivillius layered perovskites
continue to grow [17-25]. Recently, Bi-containing layered Sillén-Aurivillius intergrowth
phases have been reported for their excellent visible-light-induced photocatalytic activity
[26-30] and ferroelectric properties [31-33]. Moreover, the Sillén-Aurivillius intergrowth
phases have been researched as efficient photocatalysts with effective separation of

photogenerated electrons and holes due to the presence of internal electric fields between
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[Bi»O2] and [CI] blocks [26]. The family of Sillén-Aurivillius intergrowth phases originates
from the regular intergrowth of two structurally similar families, namely, the Aurivillius and
the Sillén phases. Both the family consists of common fluorite-like [Bi,O,] blocks that
alternately stack with either a perovskite-like block, [An-1BnOsn+1], (as in Aurivillius phases)
or a halide block [Xn] (as in Sillén phases). The Sillén-Aurivillius intergrowth phases have
the general formula, [M205][An-1BnO3n+1][M202]1[Xm]. The nomenclature AnXm is used for
these phases to express the number of perovskite octahedral [An] layers and halide [Xm]
layers, typical examples being BisNbOgCl [A1X1] [34], BisPb,Nb,01:Cl [A2X1] [32] and
BisPbTizO14Cl [A3X1] [33].

In previous chapters we have dealt with new member of Aurivillius phases where the
perovskite layer thickness varied from four to five. Moreover, anion and cation
manipulations were carried out and their effect on phase stability, structure and
photocatalytic activity was investigated. Although there are recent reports on the visible-
light-driven photocatalytic activity by Sillén-Aurivillius intergrowths, the studies were
limited to the simplest members of the series where the perovskite block was single layer
thick. In the present endeavor, we have undertaken a systematic study on the exploration of
new Sillén-Aurivillius intergrowths where the perovskite layer thickness is three. In this
chapter, we report for the first time, the synthesis, characterization and photocatalytic
activity of a new series of Sillén-Aurivillius intergrowth layered perovskites,
BisxLaxBaTiz014Cl (x = 0 — 2). Selective and collective photodegradation of dyes from
aqueous mixture of MB-RhB at different pH have been studied under solar irradiation.
Moreover, the individual photodegradation of RhB and MB at different pH is also explored
over these hybrid phases. The efficiency of photoinduced e —h" separation in these
semiconductors was compared with the aid of PL and EIS. A mechanistic study of the
photocatalytic dye degradation over these compounds have been carried out with the help of
scavenger tests and corroborated with the aid of an energy level diagram.

6.2 EXPERIMENTAL SECTION

6.2.1 Materials and Synthesis

Bi,03 (> 98%), Lay03 (99.99%), BaCO3 (> 99%), and TiO, (99.8%) were purchased

from Sigma-Aldrich and used as received. The other reagents used in our experiments were
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of analytical grade and used without any further purification. Millipore water (Bedford, MA,

USA) was used for preparation of all dye solutions.

Polycrystalline samples of Bis4LasBaTizO014Cl (x = 0 — 2) were synthesized by solid-
state reactions. For this, stoichiometric quantities of BisxLasTizO12 (x = 0 — 2) and BiBaO,Cl
were ground thoroughly in an agate mortar for 1 h and heated at 820 °C for 20 h under
Argon flow. The compounds, BisxLaxTiz012 (x = 0 — 2) and BiBaO,Cl, were synthesized by

conventional solid-state reaction method, similar to that reported in the literature [35].
6.2.2 Photocatalysis

All the photocatalytic dye degradation experiments were carried out in IIT Roorkee
(29°51" N; 77°53" E) under identical conditions in the month of December, 2014 (having
solar Direct Normal Irradiance ~ 137 W/m? during the month). In a typical degradation
study, 100 mg catalyst suspended in 100 mL 1x10™ M dye solution (in a 250 mL beaker) of
appropriate pH was first magnetically stirred in the dark for 1 h, and then exposed to
sunlight-irradiation. At given intervals, small aliquots (3 mL) of suspensions were
withdrawn, centrifuged and the absorbance of the supernatant was measured on a UV-vis
spectrophotometer. The degradation efficiency was evaluated by using the absorption data.
A blank test was also conducted with the same dye solution of appropriate pH without
catalyst under identical conditions to assess the self-degradation of the dye. The remaining
procedure that was followed to monitor the dye degradation was same as reported in the
previous chapter (Chapter 5). The COD removal efficiency was calculated by the following

expression.

: . Initial COD—Final COD
Potodegradation efficiency = mtlalnitial C;n; x 100 (6.1)

To understand the role of reactive species (h*, *OH and O,®") on the photocatalytic
activity, different scavenger tests were conducted. In this experiment, 10 mM of an
appropriate scavenger was added to the catalyst-dye suspension and degradation was carried
out in a similar fashion to that described in the previous chapters. For this purpose,
ammonium oxalate (AQO), benzoquinone (BQ) and tertiary butyl alcohol (t-BuOH) were
used as h*, 0,* and *OH scavengers, respectively [36, 37].
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6.3 RESULTS AND DISCUSSION
6.3.1 PXD Analysis

The PXD patterns of BisxLaxBaTizO014Cl (x = 0 — 2) are shown in Figure 6.1. The
PXD pattern indicated formation of pure Sillén-Aurivillius hybrid perovskite phase similar
to orthorhombic BisPbTizO14Cl (JCPDS card # 35-0454) reported in the literature. All the
peaks observed in the PXD pattern are indexable in the orthorhombic P2an space group. The
lattice parameters of all the newly synthesized compounds are least-square refined by the
PROSZKI program and are given in Table 6.1. The indexed PXD data for BisBaTizO14Cl,
Bi,LaBaTi3014Cl and BisLa,BaTi3O14Cl are given in Tables 6.2, 6.3 and 6.4, respectively.
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Figure 6.1 PXD patterns of (a) BisBaTizO14Cl, (b) BisLaBaTizO14Cl, and (c)
BigLazBaTi3014C|.
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The trend in the lattice parameter variation of the La-substituted analogs
Bis«LaxBaTiz;014Cl (x = 1 — 2) are consistent with those observed with four layer Aurivillius
phases described in Chapter 3. The lattice parameters show a marginal increase in the c-
direction while the difference in the in-plane lattice parameters (a and b) decreases gradually
with La-substitution. This indicates a decrease in orthorhombic distortion with progressive
replacement of lone-pair active Bi** by La®*" and adoption of nearly tetragonal structure in
the end member, BisLa,BaTizO014Cl, which has been stabilized in this study. It has been
reported that the incorporation of La in the A-site of the perovskite decreases the out-of-
center distortion [38] which results in an increase in the c-parameter with increasing La-

substitution. The lattice parameter variation is consistent with the above fact.

Table 6.1 Lattice Parameters and Band Gap Energies of BisxLaxBaTizO14,Cl (x =0 - 2)

Lattice parameters (A) Band Gap (eV)
Compound a b c Eq
BisBaTiz014Cl 5.499(1) 5.478(1) 22.472(5) 2.66
Bi,LaBaTi;01.Cl  5.477(1)  5.463(1) 22.530(6) 2.74
BisLa,BaTisOCl  5.471(1) 5.468(1) 22.627(4) 2.87
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Table 6.2 Indexed PXD Data for BisBaTiz;014Cl

h kil dobs(A) dcalc (A) lobs
00 3 7.459 7.490 5
00 4 5.601 5.618 18
00 5 4.485 4.494 2
110 3.873 3.881 2
111 3.817 3.824 21
00 6 3.740 3.745 7
112 3.662 3.668 8
113 3.442 3.446 3
00 7 3.207 3.210 4
115 2.934 2.937 100
200 2.747 2.749 19
020 2.737 2.739 21
20 5 2.343 2.345 3
025 2.338 2.339 3
0 010 2.247 2.247 9
02 6 2.210 2.211 7
027 2.084 2.084 3
220 1.940 1.941 13
0 012 1.874 1.873 2
22 4 1.834 1.834 1
30 2 1.808 1.809 2
0210 1.738 1.737 9
1112 1.687 1.687 2
315 1.622 1.621 8
135 1.617 1.617 11
316 1.580 1.577 2
2012 1.547 1.548 1
2210 1.469 1.469 4
1115 1.398 1.398 2
400 1.375 1.375 1
040 1.369 1.369 2
335 1.244 1.243 2
240 1.226 1.226 2

a="5.499(1), b = 5.478(1), ¢ = 22.472(5) A.
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Table 6.3 Indexed PXD Data for BisLaBaTiz014Cl

h kil dobs(A) dcalc (A) Iobs
00 3 7.472 7.510 )
00 4 5.609 5.632 13
00 5 4.498 4.506 1
110 3.865 3.868 1
111 3.808 3.812 16
00 6 3.749 3.755 5
112 3.654 3.659 9
113 3.435 3.438 3
00 7 3.215 3.219 4
115 2.933 2.935 100
200 2.735 2.739 33
020 2.734 2.732 33
02 4 2.458 2.458 3
20 5 2.338 2.340 3
025 2.332 2.336 3
0 010 2.252 2.253 7
02 6 2.211 2.209 9
027 2.085 2.083 4
220 1.935 1.934 15
0012 1.878 1.878 1
22 4 1.830 1.829 1
30 2 1.804 1.802 2
0210 1.736 1.738 11
1112 1.689 1.689 2
315 1.616 1.616 18
135 1.612 1.613 18
316 1.582 1.573 2
2012 1.549 1.549 1
2210 1.469 1.468 4
1115 1.401 1.400 2
400 1.369 1.369 3
040 1.366 1.366 2
335 1.241 1.240 2
240 1.225 1.222 2

a =5.477(1), b= 5.463(1), ¢ = 22.530(6) A.
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Table 6.4 Indexed PXD Data for Biz;La,BaTizO14Cl

h kil dobs(A) dcalc (A) Iobs
00 3 7.520 7.542 4
00 4 5.642 5.656 10
005 4.520 4.525 1
111 3.806 3.812 20
00 6 3.770 3.771 4
112 3.654 3.659 11
113 3.437 3.441 4
00 7 3.230 3.232 4
115 2.938 2.940 100
200 2.734 2.735 43
020 2.732 2.734 43
02 4 2.479 2.462 3
20 5 2.341 2.341 3
025 2.339 2.340 3
0 010 2.260 2.263 7
026 2.213 2.214 9
027 2.087 2.087 4
220 1.933 1.934 19
0210 1.743 1.743 9
1112 1.696 1.695

315 1.615 1.616 22
135 1.612 1.615 22
316 1.573 1.572 1
2012 1.553 1.553 1
2210 1.471 1.470 4
1115 1.405 1.405 1
400 1.367 1.368 4
240 1.223 1.223 3

a=5.471(1), b = 5.468(1), ¢ = 22.627(1) A.
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6.3.2 FE-SEM and EDS Analysis

FE-SEM images and corresponding EDS spectra for BisxLaBaTi3O14Cl (x =0 — 2)
are shown in Figure 6.2. All the compounds show plate-like morphology having aggregated
platelets with particle sizes ranging from several hundred nanometers to few micrometers.
The EDS analysis carried out at several regions of the image shows excellent compositional
uniformity of the compounds with the experimental elemental ratio closely matching with

the nominal compositions.

Spectrum 3
Bi : Ba: Ti: CI
447 99 359 95

Spectrum 2
:La:Ba:Ti:Cl
415 9.0 99 281 115

Bi : La:Ba:Ti:Cl
@ 33.3 19.1 10.0 275 10.1

v
01 2 3 45 6 7 8keVv

Figure 6.2 FE-SEM/EDX analysis of BisBaTi3014Cl (a, a’), BisLaBaTiz014Cl (b, b’), and
BigLazBaTi3014C| (C, C').
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6.3.3 FE-SEM-EDS Elemental Mapping Analysis

To investigate the elemental distribution in Bis4LaBaTiz014Cl (x = 0 — 2), EDS
elemental mapping was performed at different areas of the samples. The EDS elemental
mapping results are shown in Figure 6.3, which indicates homogeneous distribution of all
the elements in these compounds. Moreover, an increase in La quantity and decrease in Bi
quantity as x varies from 0 — 2, while the quantity of Ba, Ti and CI remained largely

unaltered as expected for nominal compositions is clearly evident in the elemental mapping.

Figure 6.3 EDS mapping of (a) Bi, (b) La, (c) Ba, (d) Ti, and (e) Cl in BisBaTiz014Cl, (f)
and (k—o) are elemental mapping for BisLaBaTi304Cl and BizLa,BaTizO14Cl, respectively.

6.3.4 UV-vis DRS Analysis

The UV-vis DRS spectra of the parent Aurivillius (Bis«xLaxTizO12; x = 0 — 2), Sillén
(BaBiO,Cl), and the hybrid phases, BisxLaBaTiz014Cl (x = 0 — 2) are shown in Figure 6.4.
The precursor compounds, Bis.xLaxTi3012 and BaBiO,Cl, show absorption edges in the UV
(< 400 nm) while the Sillén-Aurivillius intergrowth phases, BisxLaBaTizO14Cl (x =0 —2),
show absorption edges in the visible region (> 400 nm). These results indicate that
intergrowth of the Sillén and Aurivillius is an effective strategy to transform the UV active
wide gap semiconductors into the visible-light-active semiconductors. The parent compound
of the series, namely, BisBaTizO14Cl, shows an absorption edge at ~ 479 nm, whilst the
absorption edge is found to be blue-shifted with increasing La-content. The exact band gaps

(Eg) of the semiconductors are calculated from the Tauc plots portrayed in Figure 6.5. The
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estimated Eg of Bis«LaxBaTizO14Cl (x = 0 — 2) are given in Table 6.1. All the intergrowth

phases show absorption in the visible, thereby indicating their potential in sunlight-driven

photocatalytic activity.

Absorbance (a.u.)

200 300 400 500 600 700
Wavelength (nm)

Figure 6.4 UV-vis DRS of BiyxLaxTi3012 (x = 0 — 2), BiBaO,Cl and Bis.xLaxBaTizO014CI (x
=0-2).

3 14

—o— Bi4LaBaTi3014CI
—A— BiSLaZBaTiSOMCI

—— BisBaTi O ClI

(ah)’ (a.u.)

22 24 26 28 30 32 34
hv (eV)

Figure 6.5 Tauc plots for calculation of band gap of Bis.«LayBaTizO14Cl (x =0 — 2).
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6.3.5 PL Analysis

To compare the e —h" recombination rate and effectiveness of photoinduced e —h*
separation in BisxLaBaTizO014Cl (x = 0 — 2), PL spectra were recorded with an excitation
wavelength of 350 nm. The PL intensity being an indirect measure of the e -h"
recombination rate, a lower PL intensity indicates slow recombination and therefore better
separation of the photogenerated e and h* pairs [39]. All the compounds showed broad
emission spectra (Figure 6.6 (a)) ranging from 402 to 558 nm with a peak around 470 nm.
According to the PL intensity, the expected activity order would be BisBaTiz014Cl <
BisLaBaTi;014Cl < BizLa,BaTi3014Cl, if all other factors are considered to remain fixed.

6.3.6 EIS Analysis

The EIS studies were carried out to investigate the charge transfer resistance (Rcr)
and the separation efficiency of the photogenerated charge carriers. The Rcr for
BisBaTiz014Cl, BisLaBaTiz014Cl, and BizLa,BaTizO14Cl were found to be 35.85, 30.99 and
27.86 kQ, respectively. As shown in Figure 6.6 (b), the diameter of the Nyquist semicircle
for BisLa,BaTizO14Cl is smaller than that for BisLaBaTizO14Cl and BisBaTiz014Cl, which
indicates a lower charge transfer resistance for BisLa,BaTi;O14Cl as compared to
BisBaTiz014Cl and BisLaBaTizO014Cl. These results demonstrate that the separation of
photogenerated e —h" pairs is more efficient in BizLa,BaTi;014Cl than that in the other two

compounds investigated here. The results are consistent with the PL data.
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Figure 6.6 (a) PL spectra of BisxLaxBaTizO14Cl (x = 0 — 2) at room temperature with an
excitation wavelength of 350 nm. (b) EIS profiles of BisxLasBaTizO14Cl (x =0 — 2).
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6.3.7 Photocatalysis

To evaluate the catalysts, BisxLaBaTi3O14Cl (x = 0 — 2), toward selective dye
degradation under sunlight-irradiation model dye systems comprising of individual RhB,
MB and an equimolar mixture of RhB and MB aqueous solutions were used. Figure 6.7
shows the dye degradation study of a mixture of RhB and MB over Bis.xLa,BaTizO014Cl (x =
0 —2) at pH 7 and 11. The steady decrease in the absorbance at 664 nm (Amax Of MB) and a
very little or insignificant change in the absorbance at 558 nm (Amax Of RhB) with time
clearly indicates a preferential degradation of MB over RhB at both the pH for all the
compounds. While BisLa,BaTiz014Cl took 135 min, BisBaTizO14Cl and BisLaBaTi;O14Cl
took 150 and 180 min, respectively, for complete degradation of MB at pH 11 (Figure 6.7 (d
- f)). However, the selective MB degradation in neutral medium is found to be 85, 83, and
95 % over BisBaTi3014Cl, BisLaBaTi3014Cl and BizLa,BaTiz014Cl, respectively, with a
little decrease in the RhB (11-27%) concentration during 240 min of sunlight-irradiation
(Figure 6.7 (a-c)).
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Figure 6.7 UV-vis absorption spectra for the selective degradation of MB from aqueous
mixture of MB and RhB at (a - ¢) pH 7 and (d - f) pH 11 over BisBaTi3014Cl (a, d),
BisLaBaTi3014Cl (b, €) and BisLa,BaTi3z014Cl (c, f) under sunlight-irradiation.
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The selective MB degradation in the alkaline medium over these compounds is
found to be faster as compared to that observed in the neutral medium. This is probably due
to the presence of higher negative charge (see (- potential section later) on the catalysts so
that they interact more strongly with the cationic MB in the alkaline medium. Thus, the
selective degradation of cationic dyes, such as, MB from the mixture of cationic (MB) and
zwitterionic (RhB) dyes is possible under neutral and alkaline media using these catalysts.
Moreover, the compound shows simultaneous degradation of RhB and MB in the acidic
medium from the mixture of RhB and MB. The degradation of RhB and MB in the acidic
medium as a function of time is shown in Figure 6.8, unveiling complete degradation of both
the dyes after 165 min sunlight-irradiation in presence of BisLa,BaTiz014Cl, while
BisBaTiz014Cl and BisLaBaTi3014Cl took 255 and 345 min, respectively. The degradation
of both dyes can be explained by the adsorption results, which is discussed later in the

adsorption section.
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Figure 6.8 UV-vis absorption spectra for the degradation of MB and RhB from aqueous
mixture of MB and RhB at pH 2 over (a) BisBaTizO014Cl, (b) BisLaBaTi3014Cl and (c)
BizLa,BaTiz014Cl under sunlight-irradiation.

The photocatalytic activities for the degradation of individual dyes over these
compounds were also studied at different pH. Figure 6.9 (a) shows complete degradation
within 15-25 min of sunlight- irradiation at pH 2. The blank test conducted under the
identical condition without catalyst did not show any RhB degradation, indicating no self-

degradation under sunlight-irradiation.
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Figure 6.9 (a) Photodegradation of RhB with irradiation time over BisxLaxBaTizO14Cl (x =
0 — 2). (b) Plot of In(Co/C) as a function of irradiation time for BisxLaxBaTizO14Cl (x =0 —
2).

The RhB degradation kinetics over Bis.xLaBaTizO14Cl (x = 0 — 2) photocatalysts in

acidic medium were fitted with the Langmuir-Hinshelwood model [40]:
In(Co/C) = kt (6.2)

where, Co is the initial concentration, C is concentration of RhB at time interval t and k is
the rate constant. The linear plot between In(Cy/C) and time indicates the photodegradation
of RhB to follow a pseudo-first-order kinetics. The degradation rate constant (k) is
calculated to be 0.17938, 0.16779 and 0.25422 min™ for BisBaTi3014Cl, BisLaBaTi;014Cl
and Bi3La,BaTiz014Cl, respectively (Figure 6.9 (b)). The rate of RhB degradation over these
compounds in alkaline medium is higher than those observed for four-layer Aurivillius

compounds discussed in Chapter 3.

Moreover, the % COD removal data for RhB degradation in the acidic medium was
further confirmed by excellent mineralization of the dye within 15-25 min light irradiation
(Figure 6.10). Figure 6.11 shows the sunlight-driven RhB degradation with time over all the
three catalysts at pH 7 and 11. At pH 7, complete degradation of RhB is achieved only over
BizLa,BaTiz014Cl within 180 min of sunlight-irradiation. The RhB degradation over
BisBaTiz014Cl and BisLaBaTizO014Cl are only up to 49 % and 64 %, respectively after 180
min. Therefore, the RhB degradation is far less efficient over BisBaTi;O14Cl and
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BisLaBaTiz014Cl than that over BizLa,BaTi3O14Cl at pH 7. However, less than 10% of RhB
degradation is observed in alkaline pH for all the catalysts after 180 min irradiation (Figure
6.11).
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Figure 6.10 COD removal efficiency during photodegradation of RhB with time over
BisxLaxBaTiz014Cl (x = 0 — 2) under sunlight-irradiation.
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Figure 6.11 Photodegradation of RhB with time over Bis4LasBaTizO014Cl (x = 0 — 2) at (a)
pH 7 and (b) pH 11 under sunlight-irradiation.
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Figure 6.12 Photodegradation of MB with irradiation time at (a) pH 2, (b) pH 7 and (c) pH
11 over BisxLaBaTizO14Cl (x = 0 — 2). (d) Plot of In(Cy/C) as a function of time at pH 11
over Bis4LaBaTiz014Cl (x =0 - 2).

Besides, selective and simultaneous dye degradation experiments, the compounds
have also been investigated for the degradation of individual MB at different pH conditions.
Figure 6.12 (a — c) shows the MB degradation with time in presence of Bis.xLaxBaTizO014Cl
(x = 0 — 2) under sunlight-irradiation at different pH. As shown in Figure 6.12 (c), the
concentration of MB decreases rapidly with the exposure time, and degrades completely
within 60-105 min in the alkaline medium (pH 11). A linear fit of MB degradation kinetics
data at pH 11 with the Langmuir-Hinshelwood model, resulted in rate constants, k, of
0.04999, 0.03294 and 0.06691 min? for BisBaTisOuCl, BisLaBaTizOuCl and
BizLa,BaTiz014Cl, respectively (Figure 6.12 (d)). A similar trend has also been noticed for
the degradation of MB in the acidic and neutral media (Figure 6.12). However, the
degradation activity for the latter two cases (pH 2 and 7) is slower than the former one (pH
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11), with the degradation time of 150-210 in acidic and 180-240 min in neutral medium.
Moreover, the % COD removal indicates good mineralization of MB in the alkaline medium

within the degradation time (Figure 6.13).
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Figure 6.13 COD removal efficiency during photodegradation of MB with irradiation time
over BisxLaBaTizO014Cl (x =0 —2) at pH 11 under sunlight-irradiation.

6.3.8 Scavenger Study

To understand the role of reactive species (0,*, *OH and h*) in the degradation
mechanism over BizLa,BaTi3014Cl, scavenger tests were conducted. A series of controlled
experiments using various scavengers, benzoquinone (BQ), ammonium oxalate (AO), and
tert-butanol (t-BuOH) for O,°", h* and *OH, respectively, have been carried out in order to
understand the role of reactive species in the degradation. As shown in Figure 6.14, the
photodegradation of MB over BisLa,BaTizO14Cl was remarkably retarded by 57% - 65%
when AO was added as scavenger in the reaction carried out at different pH. This
observation highlights the predominant role of photogenerated holes in the degradation of
MB at different pH. The decline in the photodegradation efficiency of MB by 22% - 30%
with the addition of BQ points toward moderate role of O,* in all pH conditions.
Interestingly, < 7% reduction in the photodegradation efficiency is observed with the
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addition of t-BuOH in neutral and alkaline media, while ~ 19% reduction in
photodegradation efficiency is noticed in the acidic pH. This indicates, while *OH played an
almost insignificant role in the neutral and alkaline media, a minor role is evident in the
acidic medium. Moreover, same reactive species are also active for the photodegradation of
RhB in the acidic and neutral media (Figure 6.15).
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Figure 6.14 Effect of different scavengers on the degradation of MB at (a) pH 2, (b) pH 7
and (c) pH 11 over BizLa,BaTizO14Cl under sunlight-irradiation.
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Figure 6.15 Effect of different scavengers on the degradation of RhB over
BisLa,BaTiz014Cl catalyst at (a) pH 2 and (b) pH 7 under sunlight-irradiation.

6.3.9 Reusability and Stability

Recyclability and stability of the catalyst is important parameter to make
photocatalyst to be viable in environmental remediation. To evaluate the recyclability
performance of BisLa,BaTizO14Cl, five consecutive degradation cycles were carried out
with individual RhB and MB at pH 2 and 11 under sunlight-irradiation (Figure,6.16 (a)). As
seen in the figure, the catalyst did not show any significant loss in the activity even in the
fifth run for the degradation of RhB. A small lose (< 5%) in the activity during fifth cycle is
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due probably to unpreventable loss of the catalyst in the course of centrifugation. The
photostability of BisLa,BaTizO014Cl, after five cyclic runs is also evident from the PXD
patter analysis, indicating excellent phase stability devoid of any photoleaching during the
photodegradation (Figure 6.16 (b)). Moreover, the photocatalytic cycles for MB degradation
over BisLa,BaTiz014Cl also signify excellent reusability at pH 11 (Figure 6.17). The PXD
pattern analysis of BisBaTi3O14Cl and BisLaBaTi3O14Cl before and after the photocatalytic
RhB degradation in acidic medium also indicates good stability of the catalysts (Figure
6.18).
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Figure 6.16 (a) Time profile of RhB photodegradation for five successive cycles over
BisLa,BaTiz014Cl in acidic medium. (b) PXD pattern of BizLa,BaTi3O014Cl before and after
five successive cycles of photodegradation.
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Figure 6.17 Reusability of BizLa,BaTiz014Cl in five successive cycles for the degradation
of MB at pH 11.
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Figure 6.18 PXD patterns of (a) BisBaTizO14Cl and (b) BisLaBaTi;014Cl before and after

the photocatalytic RhB degradation in the acidic medium.

6.3.10 Energy Level Diagram (ELD)

To understand the enhanced photodegradation, we calculated the relative band edge
positions of BisxLasBaTiz014Cl (x = 0 — 2) at different pH, using the following empirical
formula [41]:

Ecp = (XMaXXb)ll(am) — % E4 + 0.059(pHzpc— pH) + Eo (6.3)
Eve = Ecs + Eq (6.4)

where, Ecg is the conduction band potential, Eq refers to the band gap of the photocatalyst,
pPHzpc is the zero point of charge for the compound taken by the zeta potential values, Eg
signifies the scale factor taken as — 4.5 eV with respect to NHE scale, Eyg is the valence
band potential, yv and yx are absolute electronegativity of the atoms M and X, respectively,
for the compound MyX,. Using above mentioned equations, conduction and valence band
positions at various pH are calculated for BisxLaBaTizO14Cl (x = 0 — 2) and are given in
Table 6.5.
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Table 6.5 Calculated Values of Valence and Conduction Band Positions of
BisxLaxBaTizO14Cl (x = 0 — 2) at Different pH

Compound pH 2 pH 7 pH 11
BisBaTiz014Cl CB (eV) 0.13 —-0.16 —0.40
VB (eV) 2.79 2.50 2.26

BisLaBaTi;014Cl CB (eV) -0.02 -031 —-0.55
VB (eV)  2.72 2.43 2.19

BisLa,BaTi;014Cl CB(eV) -0.10 —0.40 —-0.63
VB (eV) 277 2.47 2.24

The HOMO-LUMO energy levels of the dyes are calculated from the cyclic

voltammograms recorded at different pH (Figure 6.19) by using the following equations

[42].
From oxidation potential,
Enomo = Eox + 4.8
ELumo = Exomo — Eq
From reduction potential,
Erumo = Ereq —4.8
Enomo = ELumo + Eq

Enre) = — Eavs) — 4.5

(6.5)

(6.6)

(6.7)
(6.8)

(6.9)

where, Enomo is HOMO level potential, Eqx refers to oxidation potential, E.qg is the

reduction potential taken from CV of the dyes at different pH, E, umo stands for LUMO level

potential, Enwey is the potential with respect to normal hydrogen electrode and Eavs) is the

potential with respect to absolute vacuum scale. The HOMO-LUMO potentials of RhB and
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MB at different pH are summarized in Table 6.6. The potentials of MB and RhB in neutral
medium are found to be in fairly good agreement with the literature reported values [43, 44].
Moreover, the potential energy for the generation of *OH (Eeonmo= + 2.68 eV vs. NHE)
and O2* (Eozo2e = + 0.13 eV vs. NHE) was taken from the literature [45].
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Figure 6.19 Cyclic voltammograms of (a) MB and (b) RhB at different pH.

Table 6.6 Calculated HOMO-LUMO Positions of RhB and MB at Different pH

Dye pH 2 pH 7 pH 11
RhB LUMO (eV) —0.88 —1.02 —1.35
HOMO (eV) 1.36 1.22 0.89

MB LUMO (eV) 0.28 0.02 -0.12
HOMO (eV) 2.15 1.89 1.75

Figure 6.20 represents an energy level diagram showing the band edge positions of
BizLa,BaTi3014Cl with respect to the potential for generation of *OH, O,*" and HOMO-
LUMO levels of different dyes at various pH. According to the ELD, the photogenerated
electrons in the CB of BisLa,BaTizO14Cl at different pH could produce O,* radicals from

dissolved O, because the Ecg at different pH (> — 0.10 eV vs. NHE) is higher than Eoy/02e-
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(+ 0.13 eV vs. NHE). Moreover, the holes in the valence band are in a favorable position to
generate *OH radical from H,O only at pH 2 because the Evg (+ 2.77 €V vs. NHE) is below
the potential of Eeonmo (+ 2.68 eV vs. NHE). Interestingly, the valence band holes at pH 7
and 11 are not in favor of *OH radical formation because the Evg (< + 2.47 eV vs. NHE) at
these pH values is above Esonmzo (+ 2.68 eV vs. NHE). Although, the holes in valence band
could migrate to the adsorbed dye molecules and thereby degrade the dye at all pH, since the
HOMO levels are always above the Eyg of BizLa,BaTizO14Cl.
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Figure 6.20 Schematic energy level diagram of BisLa,Tiz014Cl showing HOMO-LUMO
levels of RhB and MB at different pH with respect to the potential (vs NHE) of *OH/H,0
and 02/ Ozk.

The information of band edge positions is in good agreement with the scavenger
study of BizLa,BaTi;O04Cl at different pH. Based on this a mechanism for dye degradation
at different pH is proposed.

BigLazBaTi3014C| + hy — BigLazBaTi3014C| (e‘CB----h+VB)
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At pH 2,
BisLa,BaTi3014Cl (e cg) + O — O, + BisLa,BaTiz014Cl
BizLa,BaTi3014Cl (h*vg) + H,O — *OH + BizLa;BaTiz014Cl
Dye + O,* — CO, + H,0O
Dye + *OH — CO; + H,0
Dye + BisLa,BaTiz01Cl (h*vg) — CO, + H,0
At pH 7 and 11,
BizLa;BaTi3014Cl (e cg) + O2 — O,° + BizLa;BaTiz014Cl
Dye + 0,"  — CO, + H,0
Dye + BisLa,BaTiz01Cl (h*vg) — CO, + H,0
where, e—cg is the conduction band electron and h*yz refers to the valence band hole.

Under visible-light irradiation, generation of electrons and holes takes place in the
CB and VB, respectively. The photogenerated electrons in the CB of the catalyst reduce
dissolved O, to yield O,* anions in all pH conditions. Only at pH 2, holes in the VB can
oxidize water to produce *OH radicals. Moreover, the photogenerated holes in the VB can
also degrade the dye molecules directly. Thus, at pH 2, all the reactive species such as O,*",
*OH and holes are active players in the dye degradation (Figure 6.21). While at pH 7 and 11,

only O,* and holes are involved in the dye degradation (Figure 6.22).
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Figure 6.21 Schematic diagram showing the generation of reactive species and dye

degradation over BisLa,Ti3014Cl at pH 2 under sunlight-irradiation.
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Figure 6.22 Schematic diagram showing the generation of reactive species and dye
degradation over BisLa,Tiz014Cl at () pH 7, (b) pH 11 under sunlight-irradiation.
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6.3.11 Role of Adsorption and (- potential

It has been observed that the attachment of the dye molecule with catalyst surface
plays crucial role in degradation, where h* is the main reactive species. To evaluate the role
of dye adsorption on the selective and individual degradation, we have conducted adsorption
tests of catalysts in a mixture of RhB and MB together with individual RhB and MB
solutions at different pH in the dark. These compounds show selective adsorption of MB
over RhB in neutral and alkaline media, where as in the acidic medium both MB and RhB
get adsorbed. The maximum adsorption of MB over RhB is noticed in the alkaline medium
than the neutral one, which corroborate with the fast degradation of these compounds in
alkaline medium. The compound, BisLa,BaTiz014Cl, show greater dye adsorption than those
of the other two compounds in all pH conditions, supportive of enhanced activity of the
compound. Moreover, the degradation of individual RhB and MB over these compounds
follows the adsorption order making BisLa,BaTizO14Cl as the most active as shown in
Figure 6.23 (a — c¢). The activity for selective and individual degradation of the catalysts
conforms to the adsorption order as follows: BisLa,BaTiz014Cl > BisBaTizO14Cl >
BisLaBaTi3014Cl.

To understand the role of catalyst surface charge in dye adsorption process, (-
potential measurements of the catalysts were carried out at different pH. As shown in
Figure 6.23 (d), the {—potentials are more negative in the alkaline medium, passing through
less negative potentials with lowering in pH to neutral and finally to positive potentials in
the acidic medium. This trend is because of H" and OH  ions action on the catalyst surface
hydroxyl groups as discussed in Chapter 3.

In alkaline medium, the compound BizLa,BaTi3O14Cl had more negative (—
potential (— 40.0 mV) than those of the other two compounds (Figure 6.23 (d)). So,
maximum selective adsorption of cationic MB took place over more negatively charged
surface of BisLa,BaTiz014Cl, followed by BisBaTizO14Cl (— 37.3 mV) and BisLaBaTiz04Cl
(— 34.8 mV). Moreover, the moderate extent of selective MB adsorption in neutral medium,
follows the (- potential order having — 23.9, — 21.0 and — 7.6 mV for BisLa,BaTizO14Cl,
BisBaTiz014Cl and BisLaBaTi3014Cl, respectively. Therefore, in neutral and alkaline media
selectivity is achieved because of selective adsorption of cationic MB on the negatively
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charged catalyst by electrostatic interaction. The negligible amount of RhB adsorption is
because of electrostatic repulsion of the negatively charged carboxylic acid groups of RhB

with negatively charged catalyst.
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Figure 6.23 Influence of pH on preferential adsorption of dye from aqueous mixture of MB
and RhB on (a) BisBaTiz014Cl, (b) BisLaBaTi3014Cl, and (c) BiszLa,BaTi3014Cl catalyst
surface. (d) ¢- potential of Bis.xLayBaTizO14Cl (x =0 — 2) at different pH.

Interestingly in acidic medium, both MB and RhB were adsorbed on the catalyst
surface and the adsorption follows the (- potential order. The (- potential for
BisLa,BaTiz014Cl, BisBaTi3014Cl and BisLaBaTizO14Cl were + 13.9, + 9.7 and + 2.2 mV
respectively, at pH 2. The adsorption of both dyes in acidic medium is because of
electrostatic interaction between positively charged catalyst and negatively charged

carboxylic acid group of RhB. Moreover, the cationic MB is probably co-adsorbed on
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adsorbed RhB. Indeed, the adsorption of the individual RhB and MB dyes (Figure 6.24) over

these catalyst surfaces is in line with the (- potential values.
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Figure 6.24 Influence of pH on adsorption of (a) MB, (b) RhB over BisxLaxBaTi3014Cl (x =

0 — 2) catalyst surfaces.

In summary, we have devised a new strategy to make visible-light active compounds
from UV-active compounds by synthesizing new Sillén-Aurivillius intergrowth phases,
BisxLaxBaTiz014Cl (x = 0 — 2). A multistep reaction strategy was adopted to prepare the
hybrid phases. The compounds exhibited selective degradation of MB in neutral and alkaline
media, whereas simultaneous RhB and MB degradation was noticed in the acidic medium
with a mixed RhB-MB dye solution. Furthermore, the compounds showed excellent
photodegradation of individual RhB and MB at different pH conditions under sunlight-
irradiation. Among the three catalysts reported here, BizLa,BaTiz014Cl showed enhanced
activity because of slower recombination of photogenerated e —h* pairs and greater
adsorption of dye. Analysis of band edge position of BisLa,BaTiz;014Cl, HOMO-LUMO
levels of the dyes and scavenger test result indicated *OH, O,® and h* as reactive species for
dye degradation under acidic condition, whereas only O,* and h* were mostly responsible

for dye degradation in the neutral and alkaline media.
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Conclusions and Future Prospects

The aim of the present investigation was to develop new layered oxides and
oxyhalides for visible-light-driven photocatalysis. During the course of this investigation we
recognized that the layered perovskites especially the Aurivillius and related type of oxides
could be promising class of materials for solar photocatalysis. The research direction was a
natural choice based on increasing reports of Bi-based layered oxides toward visible-light-
driven photocatalysis. As already mentioned in earlier chapters, the presence of Bi in these
oxides plays a crucial role not only in band gap variation but, in charge carrier mobility as
well. Moreover, most of the work related to Aurivillius oxides in photocatalysis were based
on the starting members of the Aurivillius family with only a few higher order members and
their chemically substituted congeners. Therefore, there were immense opportunity in
developing a variety of complex and higher order members of the Aurivillius and related
type of oxides that are largely unexplored. Based on these observations, we have basically
undertaken a systematic exploration of higher order members of Aurivillius phases, namely,
the four- and five-layer Aurivillius perovskite titanates. Moreover, with compositional
variation by means of both A and B cation manipulation, we have explored new five-layer
Aurivillius perovskite titanates. Finally, a new series of hybrid Sillén-Aurivillius phases with
three layer perovskite titanates has been investigated. The study gives an insight into the
phase formation, structure and sunlight-driven photocatalytic activity toward dye
degradation by these Aurivillius and Sillén-Aurivillius oxides and oxychlorides. Moreover,
based on our current understanding on enhanced photocatalytic dye degradation, we have
also developed and demonstrated a pH mediated strategy for selective dye degradation from

a mixture of dye solution.

In the four-layer series of Aurivillius phases, we have reported for the first time, to
the best of our knowledge, the solid-state bulk synthesis of BisyLayTizFeO1s (x = 1, 2). The
compounds were thoroughly characterized by PXD, FE-SEM, EDS, PL and UV-vis DRS.
The lattice parameters analysis indicated a slight increase in the c-parameter as x varied from
0 — 2 in the Bis4LaxTisFeO;s series, while a and b-parameter approached each other and
became nearly equal in BisLa,TisFeO;s. This clearly indicated a decrease in the
orthorhombic distortion present in the parent compound. This was attributed to the

diminishing effect of out-of-center octahedral distortion with gradual replacement of Bi** by
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La®*". Due to the compositional and structural changes, there was a slight and steady increase
in the principal band gap of the resulting oxides with progressive La-substitution. The UV-
vis DRS data revealed the compounds as visible-light absorbing semiconductors with the
principal band gap varying from 2.62 — 2.71 eV. All the compounds showed excellent
photocatalytic Rhodamine B degradation activity under sunlight-irradiation in the acidic
medium (pH 2). The activity of the catalysts toward RhB degradation is comparable or
higher than many of the single and composite catalysts with Aurivillius and perovskite
related structures in the bulk or nanostructured form reported recently. The highest activity
in this series of oxides was exhibited by BisLaTisFeOss. This has been attributed to slow e -
h* recombination, efficient h* transport and enhanced dye adsorption irrespective of the
degradation mechanisms involved. Scavenger test experiments clearly indicated the
dominant role of holes in the degradation process involving the Aurivillius layered oxides
reported here. The positioning of VB and CB edges with respect to potentials of *OH/H,0,
0,/0,* and HOMO-LUMO levels of RhB clearly corroborated with the scavenger test

results indicating no major role of hydroxyl species in the degradation.

In our next endeavor, we explored the solid-state synthesis of five layer Aurivillius
perovskites, Big xLaxTisFe,015 (X = 0, 4). However, only x = 0 and 1, members of the family
was stabilized into a single phase under the synthesis conditions we adopted. Our structural
investigation indicated very similar structural changes that occurred in the four layer
perovskite with La®* substitution. It was attributed to a complex interplay between cation
disorder and concomitant octahedral tilting distortion. Here, the La-substitution appeared to
help in the suppression of photogenerated e —h* recombination as evidenced by PL spectra.
The photocatalytic Rhodamine B degradation in the acidic medium under sunlight-
irradiation indicated BisLaTisFe;O15 as the most active catalyst among the two five layered
Aurivillius compounds reported here. The enhanced activity of BisLaTisFe,O15 was
similarly attributed to an effective e —h" separation and improved dye adsorption in the
acidic medium. The predominant role of photogenerated holes in the RhB degradation has
been established by reactive species trapping experiments in this case as well. The
compounds showed an excellent COD removal efficiency that was concomitant with the dye

decoloration.
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Extending our idea in developing new members of the five-layer perovskites, we
envisaged divalent alkaline earth (Ca, Sr, Ba) and Pb substitutions in the A-site of
BigTisFe,015. This required a simultaneous B-cation substitution as well to obtain a charge
balanced composition, BisATisFeO13 (A = divalent cation). The compounds were
synthesized for the first time and only the Ca, Sr and Pb analogs of the series were stabilized
as single-phase. All the compounds were visible band gap semiconductors with principal
band gaps ranging from 2.61 — 2.72 eV as confirmed by UV-vis DRS analysis. These
catalysts exhibited fully selective degradation of MB from an aqueous mixture of MB and
RhB in alkaline as well as neutral medium. Among these, BisSrTisFeO;5 showed the
maximum activity attributable to a sluggish recombination of photoinduced e —h" pairs and
enhanced dye adsorption. Scavenger tests indicated dominant role of h* and O,* similar to

those observed in the four-layer and five-layer Aurivillius phases described earlier.

Finally, in our effort to synthesize new layered hybrid phases, we explored Sillén-
Aurivillius intergrowth of a single-layer Sillén with three-layer Aurivillius perovskite. This
has enabled us to prepare a series on new layered hybrid phases of general composition,
BisxLaxBaTiz014Cl (x = 0 — 2). For the synthesis of these hybrid phases a multi-step solid
state reaction strategy was adopted, where the precursor oxides, namely, a series of three
layer Aurivillius, BisxLaxTi3012 (x = 0 — 2) and a Sillén, BiBaO,Cl, were first synthesized.
Then in a second step each member of the Aurivillius was further reacted with the Sillén
phase to prepare the hybrid phases. All the Sillén-Aurivillius phases reported here were
visible-light absorbers with band gaps ranging from 2.66 to 2.87 eV. The compounds
exhibited excellent RhB and MB degradation at different pH conditions. Moreover, the
hybrid catalysts were highly active toward selective degradation of MB as well from mixed
RhB-MB dye solutions in neutral and alkaline media. Among the three catalysts,
BisLa,BaTiz014Cl showed enhanced activity which was attributed to slow recombination of
photogenerated e —h" pairs and superior dye adsorption. Based on the band edge position of
BisLayBaTiz014Cl and HOMO-LUMO levels of the dyes, *OH, O,* and h* were perceived
as active species at pH 2, whereas participation of only O,* and h* were realized at pH 7 and
11. This was further supported by scavenger test results where retardations were noticed
with *OH, 0,* and h* scavengers at pH 2, while almost negligible retardation was observed
with *OH scavenger only at pH 7 and 11. These catalysts were reusable and stable after five

photocatalytic cycles without showing any appreciable loss of activity. Lastly, this work
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opened up a new way of making visible-light harvesting compounds from UV active

compounds by intergrowth of Sillén and Aurivillius phases.

In summary, all the compounds that are reported in the present investigation are
visible light absorbers and active under natural sunlight-irradiation. Exceptional sunlight-
driven photocatalytic activity of these bulk oxides toward dye degradation in a wide range of
pH (2-11) has been demonstrated. The catalysts showed excellent stability and recyclability
after five successive cycle of dye degradation. Moreover, the five-layer Aurivillius
perovskites have showed excellent COD removal efficiency that is more or less concomitant
with the dye decoloration from pollutant dye water system under sunlight-irradiation. By
various scavenger experiments it was also established that the sunlight-driven photocatalytic
degradation is largely mediated by hole (h") transfer from the photocatalyst to the dye
pollutant unlike conventional ROS (*OH, O,°*) mediated degradations. This has further been
supported by an energy level diagram involving valence and conduction band positions of
the semiconductors with respect to the potentials of *OH/H,0, 0,/0,* and HOMO-LUMO
levels of the dye. Furthermore, a pH mediated strategy for selective dye degradation has also
been demonstrated. This has been achieved with the new five-layer Aurivillius perovskites,
BisATisFeO15 (A = Ca, Sr, Pb), and Sillén-Aurivillius hybrids, Bis.xLaxBaTizO14Cl (x =0 -
2). Comparing the activity of all the semiconductors toward RhB degradation in the acidic
medium, the Sillén-Aurivillius hybrid phases have turned out as the most active ones despite
having a low solar direct normal irradiance at the time of dye degradation experiments.
Moreover, the degradation efficiency seemed to be slightly higher in case of four layer
Aurivillius compounds as compared to the five layer compounds reported here under similar
experimental conditions. Realizing the robustness of the single semiconductor catalyst
systems under various pH conditions and their high dye degradation efficiency with natural
sunlight, we believe our work will have a great impact in the area of catalysis using solar

radiation.

The present work has tremendous potential and gives insight for the development of
various new types of layered oxides for sunlight-driven photocatalysis not only in the area of
dye pollutant degradation but many other organic pollutant degradation, selective
degradation and recovery of precious chemicals etc. Our idea can further be extended for the

development of new oxides with other lanthanides and transition metal cations involving 3d
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as well as 4d and 5d elements. Further, the Sillén-Aurivillius hybrid series can be extended
toward other halides and perovskites of varied layers. The future work will help in deeper
understanding of structural dependence on specific factors responsible for high
photocatalytic activity and such structure-property correlation may be used for tailor-made
design and synthesis of new generation of photocatalysts.
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