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Abstract

The advent of heterogeneous catalysis has facilitated the solar assisted toxic pollutant
removal and synthesis of fine chemicals. Mixed anion compounds are known to be
effective photocatalyst for visible light-induced water splitting, but the available materials
have been almost limited to oxynitrides and oxysulfides. In this thesis we have
synthesised, single layer Sillen—Aurivillius perovskite tantalum based oxyhalide
Bi;TaOgX (X= Cl, Br, I) and metal loaded Bi,TaOgBr (M@Bi,TaOgBr). The materials
were prepared using conventional solid-state route and photodeposition of metals onto
Bi,TaOgBr. The prepared catalysts were characterised by PXRD, FE-SEM and DRS,
which inferred they were single phase, micrometre sized particles with band gap in the

visible region.

The prepared photocatalyst BisTaOgBr was used to convert RhB to Rh110 under
visible light and sunlight irradiation. We observed ~40% vyield at pH=7, and the
percentage yield being pH dependent. The photocatalysts exhibited excellent stability
under visible light irradiation as evident from the cyclic stability tests of 50 cycles in the
case of RhB to Rh110. We also examined the photocatalytic activity of the prepared
M@Bi,TaOgBr by degradation of RhB under visible light illumination. We observed the
excellent activity of the Pd@Bi,TaOgBr with a rate constant of 0.35372 min™* surpassing
commercial state-of-the-art P25 TiO, (0.10359 min™) by 3.4 times. Such high activity of
Pd loaded catalyst is believed to be due to the presence of various active sites on its
surface, owing to efficient electron transfer from CB of catalyst to the Fermi level of Pd
which helps in effective separation of electron-hole pairs. Pd@BisTaOgBr is superior to
current commercial catalysts, in terms of catalytic efficiency and recycling stability which
indicated the possibility of realising industrial scale use of toxic pollutant removal under

solar irradiation.

The valence band maximum of BisTaOgBr is unusually high, owing to highly
dispersive O-2p orbitals (and not Br-4p orbitals), affording a narrow band gap and
enhanced stability against photocorrosion. This study suggests that Sillen—-Aurivillius
perovskite oxyhalides is a promising system for versatile band level tuning for

establishing efficient water oxidation under visible light.
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1. INTRODUCTION

“Thousands have lived without love, not one without Water!”- W.H. Auden

Water, as defined by Cambridge Dictionary, is “a clear liquid, without colour or taste
that falls from the sky as rain and is necessary for animal and plant life”. Water covers the
two-thirds of the earth's surface and human body consists of 75% of it. Hence it is one of
the essential elements responsible for life on earth. However, due to increased
industrialization and urbanization, there has been a surge in the discharge of a large

number of toxic wastes into the water bodies. Some types of the wastewater include:

% Sewage Waste: Sewage, garbage and liquid waste of households, agricultural lands
and industries are discharged into lakes and rivers consisting harmful chemicals and
toxins.

% lllegal Dumping: Dumping of solid wastes and litters in water bodies causes
enormous problems. Litters include glass, plastic, aluminium, Styrofoam cups etc.

X2 Industrial Waste: Industrial waste contains pollutants like asbestos, lead, mercury,
toxic dyes and petrochemicals which are incredibly harmful to both people and
environment.

% Oil Spill: Seawater gets polluted due to oil spilt from ships and tankers the spilt oil
does not dissolve in water and forms a thick sludge polluting the marine ecosystem.

Eventually, there are two choices to overcome these problems. Firstly, prevention
and control by adopting various strategies to minimise the waste generation and secondly,

by the development of different treatment methods.

Industrial wastewater consists of both organic and inorganic nature including toxic
substances like dyes and pigments, which are discharged without treatment. Dyes may be
classified according to the chemical structure or by their usage or based on application
method. Broad classifications can be 1) Natural Dyes 2) Synthetic Dyes. Natural dyes are
those derived from plants, invertebrates, or minerals. The majority of these dyes come
from plant sources such as roots, barks, leaves etc. Synthetic dyes are derived from
organic or inorganic compounds. Examples of this class of dyes are Direct, Acid, Basic,

Reactive dyes etc.



1.1  Classification of dyes

The correct system for the classification of dyes is by its chemical structure, which
has many advantages. Firstly, it helps in identifying dyes as belonging to a group that has
characteristic properties, for example, azo dyes or xanthene dyes. The types of dyes are

listed below:

1.1.1  Acidic dye

Acidic dyes are highly water-soluble dyes contain —SO3H groups, which are
usually present as sodium sulphonate salts. Under acidic condition, the -NH,
functionalities of the fibres are protonated to give a positive charge: -NHs". This charge
interacts with the negative counterpart, allowing the formation of ionic interactions. As
well as this, van der Waals bonds, dipolar bonds and hydrogen bonds are formed between
dye and fibre. Example- Nigrosine, Eosin, India Ink etc.

1.1.2 Basic Dye

Basic dyes consist of cationic functional groups such as -NRs" or =NR,". The
common anionic group attached to acrylic polymers is the -SOg3’, closely followed by the
carboxylate group, -CO,". These can be introduced as a result of co-polymerisation, or by
the residues of anionic polymerisation inhibitors. It is this anionic property which makes
acrylic polymers suitable for dyeing with acidic dyes since a strong ionic interaction
between dye and polymer exists. Examples-Crystal Violet, Methylene Blue, Safranin etc.

1.1.3 Reactive Dye

Reactive dyes utilise a light absorbing unit attached to a substituent that is
capable of directly responding with the fibre substrate. The covalent bonds that attach the
reactive dye to natural fibres make them among the most noticeable of dyes. Reactive
dyes, such as Procion MX, Cibacron F etc. can be used in ambient conditions. These dyes

are the best choice for dyeing cotton and other cellulose fibres for domestic purposes.

114 Disperse dye
Disperse dyes are prepared by dyeing of cellulose acetate, and these are
water-insoluble dyes. These dyes are finely ground in the presence of a dispersing agent

and are commercially available as the powder. The primary applications of these dyes are



in dyeing polyester, nylon, cellulose triacetate, and even acrylic fibres. Examples- C.I.
Disperse Violet 4, C.1. Disperse Red 15 etc.

1.1.5 Azo Dye

Azo dyes can supply a complete rainbow of colours, mainly aromatic. The
name ‘azo’ comes from the -N=N- group by making it part of an extended delocalized
system consisting aromatic moieties. Azo dyes are most abundant and most versatile
dyes. High stability in heat and during washing and resistance to the microbial activity
made them dearer for industrial use. Most of the azo dyes contain one azo group, but
some contain two, three or more. The bright colour is due to the azo bonds and

chromophores; they do not occur naturally. Examples- Methyl Orange, Direct Blue 1 etc.

1.16 Xanthene Dye

Xanthene dyes are those containing the xanthylium or dibenzo-y -pyran
nucleus (xanthene) as the chromophore with amino or hydroxy groups meta to the oxygen
as the usual auxochromes. They are essential because of their excellent colours absorption
properties in the visible light. As a consequence of their rigid chromophoric nucleus,
xanthenes are often fluorescent, which also adds to their strength and brightness, but, as is
often the case with fluorescent dyes, they have lower lightfastness compared to other
dyes. Examples are Rhodamine B, Rhodamine 110, Pyronine B etc.

1.2 Water Pollution from Dyeing Industries

The use of dyes has enormously increased during the last two decades. A large
number of organic chemicals, salts of heavy metals such as Zn, Pb, Cr, Cu, Hg, Ba, weak
acids and alkalis are required for the manufacture of dyes. In addition the other industries
such as textile, plastics, paper and pulp also generate effluents containing toxic organic
dyes. Dyes from the textile industries pollute the environment due to its intense colour
and carcinogenicity. This has become an issue of a worldwide concern. Reactive
intermediates formed from the dyes also initiate the morphological and genetic
alterations, thereby making the dye cytotoxic and carcinogenic!™. In addition, the release
of these dye effluents causes eutrophication which perturbs aquatic ecosystems. The main
intermediates used are benzoic acid, nitrobenzene, chlorobenzene and aniline which are

ranked as highly toxic and suspected carcinogens.



Photo 1.1- (a) Untreated toxic effluents from industry released to water bodies; (b) A

river turned into a toxic pool of dyes released from industries.

1.3 Water Pollution From Agricultural Sector

A pesticide is a substance or mixture of substances intended for preventing,
destroying, repelling or mitigating any pest (insect, rodent, nematode, fungus and weed).
At present, there are more than 10,000 different pesticides. They are broadly classified

according to their general chemical nature into several principal types:

X Herbicides - meant for killing weeds or undesirable vegetation.
Example — Alachlor

X Fungicides- toxic to moulds (fungi) and check plant disease.
Example — Thiram

X Insecticides- designed to kill insects in crops.

Example — Malathion

When the agro-chemicals are discharged to the main water bodies without any
prior treatment, they can cause havoc to the ecological balance in the environment as
these molecules have carcinogenic and mutagenic properties towards aquatic organisms
and thus pose a threat to human life at the end of the food chainl®®!. Thus, it is pertinent to

develop method to counteract these problems by adopting suitable techniques.



Photo 1.2 - (a) Excessive spraying of insecticides causes eutrophication; (b) Water

runoffs from an agricultural land.

1.4  TREATMENT TECHNIQUES FOR DEGRADATION OF POLLUTANTS

For mitigating the pollution related problems a tremendous surge of research is
been carried out to develop new cost-effective and robust methods of purifying water and
simultaneously minimising the use of toxic chemicals and its impact on the environment.
Thus to protect the water resources, Indian government has set forth limits for different

water bodies!!. The permissible limits for waste water are listed in Table 1.1.

Table 1.1 : Permissible limits for the disposal of wastewaters®™

Into inland Into public On land for
Parameters surface sewers irrigation
waters
pH 5.5-9.0 5.5-9.0 5.5-9.0
Biological oxygen demand 30 350 100
(for 5 days at 20 °C)

(mg/L)
Chemical oxygen demand 250 - -

(mg/L)




Suspended solids (mg/L) 100 600 200

Total dissolved solids 2100 2100 1000
(inorganic) (mg/L)
Temperature (°C) 40 45 -
Phenolic compounds 1 5 -
(mg/L)
Cyanides (mg/L) 0.2 2 0.2
Sulphides (mg/L) 2 - -
Fluorides (mg/L) 2 15 -
Total residual chlorine 1 - -
(mg/L)
Cadmium (mg/L) 2 1 -
Mercury (mg/L) 0.01 0.01 -

Many physicochemical methods such as coagulation, precipitation, adsorption,
membrane filtration and oxidation have been tried for treatment of contaminated effluent.

The different conventional treatment techniques are discussed below:

X2 Coagulation

Surface waters contain suspended and colloidal solids from land erosion, decaying
vegetation and microorganisms. Salt and silt are considered as a coarser material and can
be removed by filtration whereas finer particles must be chemically coagulated to produce
larger floc which can be removed by subsequent settling and filtration. Commonly used
coagulants are aluminium sulphate, potash alum, ammonia alum, ferrous sulphate and

ferrous chloridel®.
X lon Exchange Processes

An insoluble resin can be used to remove ions both positive and negative charges and
releases other ions of similar charge into solution with no structural changes in the resin.

They remove specific anions such as nitrate, fluoride, arsenic, magnesium and calcium.



The exchange resins are organic polymer beads usually in size range of 0.3 to 1.4. mm

diameter with the specific gravity of 1.3 to 1.4,
< Membrane Filtration

Membrane filtration processes used to remove colloidal and particulate contaminants. The
RO and NF processes use semi-permeable membranes to separate dissolved salts, organic
molecules and metal ions. The application of different membrane systems is based on
pore size for removal of contaminants. The membrane process which uses a membrane
with pore size of 0.1 to 0.7 um is referred to as microfiltration (MF), and when the pore
size range is 0.008 to 0.8 um, it is called ultrafiltration (UF). The membrane process in
the pore size range of 0.005 to 0.008 pm is called as nanofiltration (NF) and 0.0001 to
0.007 um for reverse osmosis (RO). These two processes include the removal of aqueous

salts, dissolved organic compounds and metal ions!®*?.

1.5  Drawbacks of Conventional Treatment processes

Biological treatment would be cost effective, but most of the dyes are resistant to
biological degradation. This treatment may remove BOD (Biological Oxygen Demand),
COD (Chemical Oxygen Demand), and suspended solids but is ineffective in removing
the colour of dyesi*). Thermal and non-thermal processes have been used to treat the

(1213 By using chemical coagulation

[14]

organic wastes, and they have their limitations

method, the azo dyes cannot be removed due to their hydrophilic property

Physicochemical methods such as coagulation and flocculation produce large
amounts of sludge which creates disposal problems™!. Electrolytic precipitation, foam
fractionation and micro-filtration are rather expensive from the economic point of view.
Aerobic processes are not suitable to remove azo dyes due to the electron withdrawing
nature of the azo bonds™. Chlorination and ozonation are also being used for the
treatment of textile effluents. Though these techniques remove the colour and organics,
the process is not economically viable!*). Some general advantages and disadvantages of

various physical and chemical treatment processes are listed in Table 1.2.



Table 1.2- Advantages and disadvantages of various conventional treatment processes

Physical/Chemical Merits Demerits
Methods
Rapid Process High energy costs and
Flocculation/Coagulation formation of by
products
Good removal of a Adsorbent requires
Adsorption wide range of dyes regeneration or
disposal
- Removes all dye types ~ Concentrated sludge
Oxidation _
production
Membrane based Economically feasible High sludge
Technologies production

Hence, a sensible approach is needed to degrade the harmful pollutants. One such
approach is implementing Advanced Oxidation Process (AOP) for abatement of

pollution.

1.6 Advanced Oxidation Process (AOP)

Treatment using Advanced Oxidation Process (AOP) has proven to be a promising
technology by various researchers for the degradation of harmful pollutants such as dyes,

insecticides, endocrine disruptors, phenols etc.

Advanced Oxidation Processes include the following methods:

7/
*

Photolysis (UV or UV-Vis)

Hydrogen peroxide

a) H,0,+UV

b) Fenton: H,Op+Fe?"Fe®*

c) Photo Fenton: H,O.+Fe?*'Fe** + UV)

Ozone (Ozonation, Photo-ozonation, Ozonation+catalysis)

K/
°e

K/
°e

X/
°e

Photocatalysis (using semiconductor oxide catalysts- TiO,, AgsPQy, etc.,)



This thesis deals with the photocatalytic route of AOP, so that we will discuss only

photocatalysis in detail.
1.7 Photocatalysis

The International Union of Pure and Applied Chemistry (IUPAC) has defined a
catalyst as — “A substance that increases the rate of a reaction without modifying the
overall standard Gibbs energy change in the reaction”*®]. The catalyst is both a reactant
and a product of the reaction, i.e., the catalyst is restored after each catalytic action.
Furthermore, the catalyst does not influence the thermodynamical equilibrium
composition after the cessation of the reaction. Photocatalysis is another branch of
catalysis which makes use of both light and catalyst. Verhoeven!*® defined photocatalysis
as a change in the rate of a chemical reaction under the action of light in the presence of
photocatalysts that absorb light quanta and are involved in the chemical transformations

of the reaction participants. Water treatment using photocatalytic technology®”

, has

attracted much attention in recent yearsi® %!, The field of photocatalysis has grown

enormously since the demonstration of photocatalytic water splitting on TiO, by

Fujishima and Honda!?® in 1972. Frank & Bard®"! reported the reduction of CN" in water

which led to increasing the research for pollution abatement using solar energy. Kabra®®

et al. listed such advantages of photocatalysis and they are:

> Photocatalysis is an alternative for the energy intensive conventional treatment
techniques utilising renewable solar energy.

> Conventional treatment methods transfer pollutants from one medium to another
whereas photocatalysis results in the formation of innocuous products.

> A vast number of contaminants present in different water bodies can be detoxified
by this method.

> Pollutants in any physical state (solid, liquid and gas) can be treated by this
method.

> Mild reaction conditions and recovery of the catalysts make this technique a
greener one and hence does not burden the environment and

> As this technique converts the pollutants into CO, and mineral salts, secondary
waste generation is minimal.
In all the photocatalytic oxidation processes a semiconductor either in the form of

oxide, nitride, sulphide or oxyhalide, oxynitrides are used. Hoffmann*®! et al. reviewed

9



environmental applications of a considerable number of semiconductors. He concluded
that semiconductor photocatalysis appears to be a promising technology for air
purification, water disinfection, hazardous waste remediation, and water purification.
1.7.1 Semiconductor Photocatalysis

When a semiconductor is irradiated with photons whose energy equals or
exceeds its bandgap energy, electrons (e”) are promoted to the conduction band, leaving
positive holes (h*) in the valence band, and these holes and electrons act as oxidizing and
reducing agents respectively”. Holes react with hydroxyl groups present in the water
and produce strong oxidizing OH- radicals. On the other hand, electrons react with

adsorbed molecular oxygen yielding superoxide radicals®™ 0,™.
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Fig 1.3- Various redox processes assisted by photocatalysis

These hydroxyl radicals and superoxide radicals act as powerful oxidizing
agents. The formation of these radicals is governed by the conduction (CB) and valence
(VB) band potentials of the photocatalyst with respect to the redox potential of the surface
reaction. Unless the excited high energy photoelectrons are used up before their rapid
recombination to the conduction band edge, it is not possible to catalyse a reduction
reaction where the reduction potential is more negative than the CB. Likewise, it is
difficult to catalyse an oxidative reaction where the reduction potential is more positive
than the VBE2.
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Semiconductors such as ZnO, TiO,, Fe;03, WO3, SnO,, ZrO,, CdS, SrTiOs,
AgsPO,, ZnS etc. are known to be good photocatalysts for dye degradation studies owing
to their electronic structure characterised by a filled valence band and an empty
conduction band®®!. But the energy gaps were different for different photocatalysts. The

bandgap energies of widely used semiconductors are shown in Figure 1.4.
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Fig 1.4- Band positions of some visible-light photocatalysts and the redox

potentials of water splitting at pH =7 in aqueous solution®*!

1.7.2 Z-scheme Photocatalysis

A system consisting of two photocatalytic reactions connected with a redox
mediator has been called a — “Z-scheme” reaction system and it has been employed
mostly for the splitting of water. Various researchers reported that “Z-scheme system” in
the combined structure involves two-step excitation process which is similar to the
photosynthesis of plants® 3", In the Z-scheme photocatalysis shown by
Ag/AgBr/BiOBr catalyst is shown in Figure 1.5.

In this catalyst, the excitation of AgBr and BiOBr occurs first. The excited
electrons from BiOBr flow into metallic silver through the Schottky barrier, because the
CB potential of BiOBr is more negative than the Fermi level of silver. At the same time
the Fermi level of silver is more positive than the VB of AgBr. Due to this, electrons flow

from silver to VB level of AgBr.
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Fig 1.5- Schematic of photocatalytic reaction process and charge transfer processes

involving the Ag/AgBr/BiOBr hybrid under visible light illumination

These two electrons transfers (BiOBrcg>Ag & Ag—>AgBrys) prevent the
electron/ hole recombination and separates the holes in the VB of BiOBr and electrons in
the CB of AgBr. Therefore Ag/AgBr/BiOBr Z-scheme photocatalyst has shown an
improved photocatalytic activity. Similar Z-scheme photocatalysis was reported by a lot

of researcherst®"#4°1,
1.7.3 Metal Modified Semiconductor Oxide Catalysts

Dopants such as noble metals, transition metals have been added to titania catalyst
to improve its optical response and to reduce the recombination of photogenerated
electrons and photogenerated holes®™. The lifetimes of electrons and holes must be long
enough to allow them to reach the surface of the photocatalyst in any photocatalytic
reaction. The addition of transition metal ions produces new trapping sites which affect
the lifetime of the charge carriers. A lifetime of 89.3 ms has been reported for pure

titania, whereas doping reduces this lifetime considerably. Noble metals have high
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resistance to corrosion and oxidation in moist air unlike most base metals and hence have
been used as dopants for titania.

The primary objective of doping is to induce a bathochromic shift, i.e. a decrease
of the bandgap or introduction of intra-bandgap states which results in more visible light

absorption as shown in Figure 1.6 and 1.7.
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Fig 1.6- Band gap of metal doped semiconductor

Depending on the type of dopants (co-catalyst) and their concentration, they can
allow the light absorption to be widened into the visible region. The overlap of the
conduction band due to Ti(3d) with d levels of the transition metals causing red shift of
the band edge of TiO,. The ionic radii of the host material should have similar size of the
dopant ion. Then only the metals can be easily incorporated into the crystal lattice of
TiO,.

For example, the ionic radii of Ni**= 0.72 A, Zn*= 0.74 A, Cr**= 0.76 A and
Fe**= 0.69 A are quite similar to that of the host Ti **=0.75 A ions and they can easily be
doped in to titania lattice™?. Zaleska® et al. reviewed the effect of doping of TiO, and
reported that the titanium dioxide is an effective photocatalyst for water and air
purification and for self-cleaning surfaces. She suggested the process of visible light-
activated TiO, could be prepared by metal-ion implantation, reduction of TiO,, non-metal

doping or sensitising TiO, with dyes.
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Fig 1.7- The band structure of: (a) pure TiO,, (b) N-doped TiO, and (c) N/Zr-co-
doped TiO; calculated with GGA + U method. The highest occupied state of pure
TiO; is chosen as its Fermi energy and is set to zero. The band gap value has been
marked on the figures the band gap of pure, N-doped and N/Zr co-doped TiO,
calculated are 3.14 eV, 2.94 eV and 2.86 eV respectively®®"

The paper also reviewed the preparation methods of doped-TiO, with metallic and
non-metallic species, including various types of dopants and doping methods currently
available and also discussed the mechanism of heterogeneous photocatalysis in the
presence of TiO,. Numbers of researchers have studied the different metal
doped/impregnated TiO, catalysts towards the degradation of harmful pollutants and they
are given in the following section. Huang™" et al. showed that platinum deposits on TiO,
trap photo-generated electrons, and subsequently increase the photo-induced electron
transfer rate at the interface. Behnajady™ et al. studied and compared the effect of silver
catalysts prepared by liquid impregnation method and photodeposition method. The
photocatalytic activity of silver doped TiO, was tested by the photocatalytic degradation
of C.1. Acid Red 88 (AR88) as a model compound from monoazo textile dyes. Results
showed that the silver doped TiO, is more efficient than undoped TiO, at photocatalytic
degradation of AR88 and they attributed this due to its ability to trap electrons. This
process reduces the recombination of light generated electron-hole pairs at TiO; surface.

Barakat®™ et al. observed higher activity for Co** doped TiO, in the photocatalytic
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degradation of 2-chlorophenol and confirmed the significant absorption shift into the
visible region compared to pure TiO,.

Choil™ et al. studied the titanium dioxide (M-TiO,), doped with 0.1 to 1.0 % of
13 different metal ions which are silver (Ag"), rubidium (Rb"),nickel (Ni?*), cobalt
(Co?"), copper (Cu®), vanadium (V*%), ruthenium (Ru®"), iron (Fe*), osmium
(0s*),yttrium (Y*"), lanthanum (La®*"), platinum (Pt**, P£**), and chromium (Cr**, Cr®")
and showed red shift in the absorption bands for some of the doped titania catalysts
beyond 400 nm. Mirkhani®® et al. reported higher rate constant values in the
photocatalytic degradation (PCD) of azo dye over 1% Ag-doped TiO, than bare titania
under UV irradiation. Xie & Yuan®! investigated the photodegradation of the dye X-3B
by Ce*" doped TiO, under visible light irradiation. They correlated the photoactivity to
the particle size, morphology and electron scavenging effect.

1.8 Mechanism of photocatalysis

Various redox processes are possible when light shines on the semiconductor

materials. The primary semiconductor photocatalytic mechanism proceeds as follows :

> Under UV or visible light illumination of semiconductor, when the photon of
radiation is greater than the band gap energy of semiconductor, promotion of
electrons from valence band to the conduction band occurs.

> The photoexcited electrons in the conduction band reduce the dissolved oxygen to
superoxide ions, which may further react with protons and produces HO,' radicals.
These radicals further undergo reaction with superoxide anions yielding H,O,.

> The holes in the valence bond oxidize water to yield reactive hydroxy radicals,

which decomposes the organic substrate into carbon dioxide and water.
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Fig 1.8- Mechanism of photocatalytic dye degradation®”

The powerful oxidants such as hydroxyl radical, superoxide radical anion and
H,0, play essential roles in initiating the oxidative degradation of adsorbed pollutants.
The process of degradation proceeds via a number of free radical reactions which produce
a large number of intermediates and they undergo simultaneous oxidative cleavage to
form CO,, H,0 and mineral salts. Hence the photogenerated electrons are required to be

removed from the surface of the semiconductor to achieve an effective oxidative process.
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2. SCOPE OF THE PRESENT STUDY

2.1 Photocatalytic transformation of Rhodamine B to Rhodamine 110

|[59-62]

Xanthene based dyes are used for their unique photophysica properties.

Rhodamine 110 being a xanthene dye is likewise known for its unique applications® .
Its industrial synthesis is quite challenging due to numerous side product formation
during synthesis, leading to difficult separation procedure. Recently, research for the
search for latent fluorophores'®®-®® or pro-fluorophores has been carried out, because of
its advantage over ‘‘conventional’’ fluorophores which exhibit bulk fluorescence leading
to missing information in biological experiments. Researchers found two crucial
yardsticks are indispensable for an efficient pro-fluorophores which are: (a) easy
detectability, (b) high reactivity of the bond undergoing cleavage.

Moreover, among all rhodamine dyes, Rh1101®7Y is widely used in this purpose
because it carries non-alkylated amino groups which helps easy access to the lone pair of
electrons on nitrogen, hence can be easily coupled with carboxylic or acyl groups such as
the enzymatic activity of caspase, esterase etc. However, its preparation in pure form is
extremely challenging involving low temperaturel, refluxing conditions!. Rh110 can
be easily prepared by removing 4 ethyl groups from RhB. Therefore RhB de-ethylation
would have easily solved the problem. However de-ethylation of aromatic amines is
difficult due to the strong C-N bond energy which is difficult to cleave without harsh
conditions. The von Braunt™ reaction is the only known organic reaction to carryout N-
dealkylation in which a tertiary amine reacts with cyanogen bromide to yield an
organocyanamide. If such a procedure were available, Rh110 could have been easily
obtained. In the first reports of Rh110, it was modified in order to synthesise fluorogenic
amide substrates for assays of serine proteases”>" and caspases!’® 2.

Rh110 emerged as an excellent candidate since it is highly fluorescent as well as
the uncleaved substrate is non-fluorescent (low background signal), and it is a perfect
leaving group because cleavage of the amide bond is accompanied by a significant
increase in the extent of aromatic conjugation (and thus a large increase in stability).
Hence, several bis-substituted peptidel®®% derivatives of Rh110 were synthesised and
used in enzymatic activity studies. After this pioneering work in the synthesis of pro-
fluorophore compounds, several bis-substituted peptide derivatives of Rh110 began to be
traded by some chemical suppliers such as Aldrich or Molecular Probes. It can be seen in
the Table 2.1 the cost of Rh110 to almost ~300 times as compared to RhB due to its
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unique applications. The cost of commercial®® Rhodamine dyes on average for common
suppliers: Acros Organics, Aldrich, Alfa Aesar, Fluka, Radiant dyes laser, Sigma-Aldrich
are provided in Table 2.1.

Table 2.1- Commercial Cost of common Rhodamine Dyes

Rhodamine Dye Structure Cost €/g
Rhodamine B 0.45
Rhodamine 110 128
Rhodamine 6G 1.60
Rhodamine 123 1650
Rhodamine 116 205
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Rhodamine 101 80

Rhodamine 19 156

It is interesting that even though deethylation is not possible as a synthetic procedure,
degradation of RhB via deethylation mechanism is long known, first observed by
Hondal® in 1977. Here we report a new catalyst with highly efficient deethylation
ability; this is because the decomposition rate of the deethylaed product is slow as
compared to RhB. The yield is ~ 40% at pH=7 and is pH dependent.

Photo 2.1- RhB converted to Rh110 after 130 min photoirradiation (a) in normal
light; (b) under UV chamber
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2.2 Photocatalytic dye degradation by metal loaded BisTaOgBr

The use of semiconductor materials for visible light assisted photocatalysis has
developed as an exciting area of research to address the energy crisis issues related to

sustainable fuel production and environmental remediation(®* ¢,

Moreover,
semiconductor photocatalysts will have wide-ranging applications including, water
disinfection®” and organic pollutant degradation®. In dealing with organic pollutants,
especially dyes, removal or degradation may be achieved by adsorption, complete
breakdown or converting them into non-toxic fragments. To attain these goals by
photocatalysis with efficient use of sunlight can pave the way for a cleaner and
sustainable environment.

The discovery by Fujishimal® and Honda in 1972 in their seminal paper on water
splitting reaction for hydrogen generation using TiO, as a semiconductor photocatalyst,
However, its major drawback has been its high band gap of ~3.2 eV, leading to inefficient
absorption of sunlight (only ~4% in the UV region). The research thrust has been
extensively been carried out to find catalyst active under visible region®® . In this
regard, significantly promising advancements have been made on oxide semiconductors
with layered structures. Notably, among them, Bi-containing layered oxides have drawn
considerable attention due to their effective visible light absorption and high stability. On
the other hand, it has been reported that the bandwidth originating from hybridization of
Bi-6s with O-2p in these compounds is favourable for high carrier mobility leading to
enhanced photocatalytic activity.

Recently, Bi-based compounds®®®® such as BiOCI®” BioBr® BiOI*,
BiOBry.', and BiOI,Cli,*® has received considerable interest because of their
enhanced catalytic activity under visible-light irradiation. Also, Tantalum and Bi-
containing photocatalyst exhibited visible-light response ability such as., BisNbyTa;-
0714% BiTa0,*! and In,Ta0s%. The primary reason for such excellent efficiency
can be attributed due to the internal electric fields in layered materials which favours
charge separation, which subsequently induces redox reactions on the semiconductor
surface and contribute towards photocatalytic activity®%!. In addition, the polarising
fields existed between the distorted [MOg] and [BiOg] and existence of the interlayer
permanent electric field hasten the separation of excitons upon photoirradiation,

facilitating the high photocatalytic efficacy of layered materials.
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The noble metal loaded semiconductor oxide systems demonstrates decreased
recombination rates of excitons due to increased charge separation between the electrons
and holes, in which the electrons gather on the metal and holes remain on surface of the
photocatalyst. Though, metal loading onto a catalyst enhances photocatalytic activity,
there are many instances in the literature where results are not always positive™ % due
to the oxidation states of the noble metals and also on the Fermi energy level. For
example, Sano™! et al.. found that oxidized Pt, compared with metallic Pt exhibited a
low improvement in the gas phase photodegradation of acetaldehyde. They attributed the
advantage by metallic Pt over oxidized Pt owing to its ability to generate superoxide
radical anions (O;"). Very recently, Sillen- Aurivillius phases composed of Bismuth
Niobium oxyhalide- BisNbOgCI"**! has demonstrated excellent photocatalytic activity
and stability in terms of photocatalytic water oxidation reactions. This phases are
composed of two-layered phases, namely Sillen and Aurivillius represented as:
[Biz02][An1BnOsn+1][Biz02][X]m (n =1, m= 1, A= Pb*, Sr**; B = Nb, Ta, X= Cl, Br, |
etc.). These oxyhalides have been earlier extensively investigated as multiferroics™? and
dielectrics™!,

Motivated by these facts, we are interested in the further improvement of the
photocatalytic activity of the layered bismuth tantalum oxyhalide perovskite. In this work,
metal loaded (Pd, Pt, Ag) layered Bi-based oxyhalide BisTaOgBr (X= CI, Br, 1)
photocatalysts were synthesised, characterised, and used to degrade RhB dye in water.
The photocatalytic activity of these catalysts was studied under visible light irradiation.
Moreover, the observed photocatalytic activity follows the order Pd@BisTaOgBr >
Pt@BisTaOgBr > Ag@Bi,sTaOgBr > Bi,TaOgBr.

Photo 2.2- Photocatalytic degradation of RhB solution by prepared catalysts.
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3. EXPERIMENTAL SECTION

Chemicals

Bismuth(I1l) Oxide (Bi,O3, HIMEDIA, 99.99%), Tantalum(V) Chloride (Ta,Os, Sigma
Aldrich, 99.9%), Bismuth(lll) nitrate Pentahydrate (Bi(NO3)3.5H,0, Sigma Aldrich,
99.99%), Potassium Chloride (KCI, HIMEDIA, 98%), Potassium Bromide (KBr
HIMEDIA, 98%), Sodium lodide (Nal, HIMEDIA, 98%), Palladium(Il) Chloride (PdCl,,
Sigma-Aldrich, 99.99%), Silver Nitrate (AgNOs3;, Sigma-Aldrich, 99.99%),
Hexachloroplatinic acid Hexahydrate (H,PtCls.6H,O, Sigma-Aldrich, 99.999%),
Titanium(lV) Dioxide (P25 TiO,, Sigma Aldrich, >99.5%), Rhodamine B
(C28H31CIN,O3, Sigma Aldrich, 90%), Rhodamine 110 chloride (Cz0H14N203-HCI, Sigma
Aldrich, 80%), Ethylene Glycol (C,HsO,, Spectrochem, AR), Absolute ethanol (C,Hs0OH,
Merck, 99.9%), Acetone (C3HgO, Rankem LR), Isopropanol (C3HgO, Merck, 99%)
Potassium Bromide (KBr, IR Spectroscopy grade, HIMEDIA), Perchloric Acid (HCIOy,
HIMEDIA), Tertiary butanol (C4H300, Spectrochem, AR), Benzoquinone (CgHsOq,
Merck, AR), Ammonium Oxalate (C,HgN,O4, HIMEDIA, AR) and Sodium Hydroxide
(NaOH, Rankem, AR) were used as received without further purification. Milli-Q water

was used in all the experiments as required having resistance 18.2 MQ cm™.
Synthesis of Bismuth Oxyhalide BiOX (X= ClI, Br, 1) Microspheres

The BiOX powders were synthesised by a simple soft chemical method™. In a typical
synthesis, Bi(NO3)3.5H,0 was added slowly into an EG solution containing
stoichiometric amounts of KCI, KBr and Nal respectively, with the Bi to X molar ratio of
1. The mixture was stirred for 30 minutes at room temperature in air and then poured into
a 25 mL Teflon-lined stainless autoclave until 80% of the volume was filled. The
autoclave was then heated at 433 K for 12 hours under autogenous pressure, and then air
cooled to room temperature. The resulting precipitates were collected and washed with
ethanol and DI water thoroughly and dried at 323 K in air.

The mechanism for the formation of the hierarchical microspheres can be illustrated in

the following three points:
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1. Firstly, the formation of BiOX nanoparticles takes place and then they grow into
nanoplates at the early stage of the formation.

2. Then, the solvent ethylene glycol induces the formation of self-assembly of these
nanoplates to form loose microspheres

3. Lastly, the formation of hierarchical microspheres through a dissolution re-
crystallisation process of the pre-formed nanoparticles takes place similar to

Ostwald ripening.

The detailed illustration of the synthesis procedure and the formation mechanism of

BiOX in via solvothermal process are provided below in Figure 2.1 and 2.2 respectively.

<
N—

. 160°C, 12
Stirring hours
Bi (NO,) .5H,0
+ KX in Ethylene i
Glycol 30 mins
X=Cl, Br, |
——

Photo 3.1- Schematic illustration showing solvothermal synthesis of BiOX.

Fig 3.2- lllustration of the formation mechanism of hierarchical BiOX Microspheres®™.
Synthesis of Sillen-Aurivillius perovskite halide BisTaOgX

Stoichiometric quantities of Bi,O3, BIOX and Ta,Os powders were weighed, and then
properly grounded in using mortar and pestle (Agate), and then the resulting powder was
transferred in silica boat. After that, the boats were placed in a muffle furnace at 1073 K
for 24 hours with intermediate grindings after 12 hours. The heating rate was 279 K per
minute, and then naturally cooled to room temperature. The detailed illustration of the

synthesis procedure is provided in Figure 2.3.
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Photo 3.3- Schematic illustration of the synthesis of Bi;TaOgX via solid-state route.

Synthesis of co-catalyst loaded Bis TaOgBr

The metal nanoparticles loaded BisTaOgBr catalysts with less than 1 wt% were
synthesized by photodeposition method under sunlight. Aqueous solutions of PdCl,,
AgNO3, H,PtCls.6H,0 were weighed and put into 10 vol% agueous methanol solutions in
three beakers, to each of them 0.4 g of Bi,TaOgBr was added. The solutions were
irradiated with 400W Xe light (Newport, USA) having a water filter (IR cutoff). The
solution was purged with argon before starting the photodeposition, and after deposition,

the solution was washed thoroughly with water-ethanol mixture and dried in air.
Characterization

Powder X-ray diffraction (XRD) patterns were collected on a Rigaku Ultima IV
diffractometer equipped with a 3 kW sealed tube Cu Ka X-ray radiation (40 kV and 40
mA) equipped with a DTex Ultra detector using parallel beam geometry (2.5 °primary and
secondary solar slits, 0.5° divergence slit with 10 mm height limit slit). The samples were
grounded into a fine powder using a mortar and a pestle was placed on a glass sample
holder for room temperature measurement. The data were collected over 26 from 5°to 70°
with a scanning speed of 2 ° per minute with 0.01° step. Scanning electron microscopy
(SEM) images were obtained using a field-emission scanning electron microscope
(FESEM, JEOL, JSM-7600F).
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The FE-SEM was operated with an accelerating voltage of 20-30 kV and a
chamber pressure of 10° Torr. All SEM samples were prepared by drop casting ethanolic
solutions of the sample on silicon wafers and allowing the solvent to evaporate slowly at
room temperature in a vacuum desiccator. The chemical composition of the prepared
materials were measured by EDS (Energy Dispersive X-ray Spectroscopy, Oxford
Instruments) operating at 10 kV.

The diffuse reflectance spectra (DRS) were measured using UV-vis
spectrophotometer (Cary Series) and BaSO, powder was used as the reference. The
samples were grounded into a fine powder using a mortar and a pestle, and then
transferred carefully into the solid holder maintaining uniformity of the surface.
Photoluminescence Spectroscopy (PL) studies were carried using Spectrofluorometer
(Horiba Scientific) using a quartz cuvette. All Time-Correlated Single Photon Counting
(TCSPC) measurements were carried out in a Fluorocube, Horiba Jobin Yvon, NJ. For
fluorescence lifetime measurements, the peak count was fixed to 10,000 and the
excitation and emission polarizers were oriented at the magic angle (54.71°). For time-
resolved fluorescence lifetime measurements, the peak difference was 10,000 counts and
the orientation of the emission polarizer was 0° and 90° with respect to the excitation
polarizer for parallel fluorescence intensities and perpendicular fluorescence intensities
respectively. The emission monochromator for Rhodamine B and Rhodamine 110 was
fixed at 583 nm and 533 nm respectively with a bandpass of 4 nm. The 375 nm laser
diode was used as a light source for the excitation of both Rhodamine B and 110. The
instrument response function (IRF) was collected using Ludox (colloidal silica). The
width (FWHM) of IRF was ~250 ps.

The flat-band potential was calculated using an electrochemical workstation (CHI-
760 series, USA) using a conventional three-electrode cell. The 5mg catalyst was on a
ITO with nafion, iso-propanol and water mixture (50pl:1ml:4ml) which served as the
working electrode. Subsequently, Pt counter and a saturated Ag/AgCI reference electrode
were used. AC amplitude and frequency were 10 mV and 1 kHz, respectively.

Fourier Transform Infrared Spectroscopy (FTIR) studies were carried on a Perkin
Elmer Spectrum Two Spectrometer. Samples were grounded with KBr powder using a
mortar and a pestle, and then the mixture was pressed into a pellet using a hydraulic press
for further measurements. UV-Visible absorption spectroscopy studies were recorded
using a Carry Series UV-Vis spectrophotometer at room temperature, the range of the

measurement was from 200-800 nm with a step of 1nm.
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The HRMS (Waters Synapt G2-Si Q-TOF Mass Spectrometer) studies were
carried out in Electron Spray lonization (ESI) mode with a Q-TOF Mass Analyser.

Photo-reactor and light source

A 400 W Xe lamp was used as the visible light source with IR filter. A cut-off filter of
420nm was used to ensure only visible light can pass. The reactor used for the experiment
is made of a pyrex glass beaker of volume 50 mL. In the reactor, 25 ml of solution was
poured and continuously stirred to keep the suspension of catalyst uniform throughout the

solution.
Photocatalytic Experiments

An agueous 25 mL dye solution with a concentration of 10 mg/L of dye was used for all
photocatalytic studies. The amount of catalyst used was fixed as 40 mg for 25 ml of dye
solution, unless otherwise mentioned. The suspension containing dye solution and
catalyst was magnetically stirred for 30 minutes in the dark to attain adsorption-
desorption equilibrium and the resulting aliquot was exposed to light for photo-
conversion.

Photocatalytic experiments were carried out under visible light irradiation using
the above mentioned light source. Temperature dependent and pH dependent reaction was
also carried out. The solution pH was adjusted using HCIO, and NaOH. During the
illumination of the light, 1 ml of solution was continuously taken from the reaction cell
for regular intervals of time. The collected samples were then centrifuged to remove any
catalyst particle present in the solution for further analysis. Dye solutions were analysed

based on Beer-Lambert law at its maximum absorption wavelength.
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4, RESULTS AND DISCUSSION

4.1  Photocatalytic transformation of Rhodamine B to Rhodamine 110

4.1.1 Powder X-ray Diffraction

The Powder X-ray diffraction patterns showed that the prepared tetragonal BiOX and
orthorhombic BisTaOgX are single phase as shown in the Figure 4.1 and 4.2. The average

crystal size of the samples is estimated to be about 2 um by the Debye-Scherrer equation,

__ 0.89A
- BcosH

(where D is the crystallite size in nm, A is the Cu Ka wavelength, B is the half-width of
the peak in radians, and 0 is the corresponding diffraction angle). The lattice parameters

and average crystallite size of the prepared BisTaOgX are mentioned in the Table 4.1.
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Fig 4.1- PXRD patterns of (a) BiOCI, (b) BiOBr and (c) BiOl.
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Fig 4.2- PXRD patterns of (a) Bi;TaOgCl, (b) BisTaOgBr and (c) BisTaOgl.

Table 4.1- Table of lattice parameters of Bi;TaOgX

Catalysts BisTaOgCl BisTaOgBr BisTaOgl
a(A) 5.4770 5.4942 5.5279
b (A) 5.5166 5.5356 5.5656
c(A) 28.5658 29.0375 29.5001
Avg. Crystallite 2.35-2.40 2.34-2.36 2.32-2.39
Size (um)

4.1.2 Field Emission Scanning Electron Microscopy

The morphology and size of the samples were characterized by field emission

scanning electron microscopy (FE-SEM). Figure 4.3, shows the microspheres of BiOX,

28



with sizes of 250-150nm obtained readily by the solvothermal method. Figure 4.3

exemplifies the SEM micrograph of Bi;TaOgX with average size ~2 ym.

Fig 4.3- SEM images of (a) BiOCI, (b) BiOBr, (c) BiOl, (d) Bi;TaOgCl, (e )BisTaOgBr
and (f) BisTaOgl.
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4.1.3 Diffuse Reflectance Spectroscopy (DRS)

UV-vis diffuse reflectance spectra (DRS) were obtained using a UV-Vis
spectrometer by using BaSO4 as a reference and were converted from reflection to
absorbance by the Kubelka-Munk method. To calculate the optical band gap, the

following Tauc*'* equation was used:
Y
ahv = A(hv — Ej) "2

(where A = constant, hv = light energy, Eq = optical band gap energy, o = measured
absorption coefficient) For in-direct band gap materials, in the equation, n reflects the
characteristics of the transition in a semiconductor, i.e. n = 1 for direct transition and n =
4 for indirect transition, BisTaOgBr is known as an indirect semiconductor. In Figure 4.4,
we show the optical absorption spectra of Bi;TaOgX in the orthorhombic structure. The
perovskite show typical semiconductor absorption spectra with extended visible light
absorption. It can be observed according to the spectrum, a steep absorption edge of the
samples fall in the visible region of the spectrum. Absorption originates from the UV
region and continues up to visible region which establishes that these materials are
potential candidates to show photocatalytic activity in the visible region. The observed
band gap is consistent with the intense yellow colour of n-type semiconductor BisTaOgX.
The band gap is estimated to be 2.42 eV, 2.52 eV and 2.13 eV for Bi,TaOgCl, Bi,TaOgBr
and BisTaOgl respectively.
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Fig 4.4- DRS plots of (a) Bi4sTaOgCl, (b) Bi;TaOgBr and (c) Bi;TaOsl.
4.1.4 Crystal Structure of Bi,TaOgX

The Sillen-Aurivillius phase, BisMOgX is a layered structure that crystallizes in
orthorhombic phase with P2;cn space group and was first synthesised by John F.
Ackermant™*®. As reported by Kusainoval**®! et al.. Bi,O,, TaO4 and ClI layers are stacked
one over the other and forming a stable, unique layered intergrowth perovskite along c
direction (Figure 4.5). The Sillen—Aurivillius phases are structurally very similar to the
Aurivillius phases, but with an additional halide layer between the [Bi,O,]** layers. The
series can be described as [Bi2O2] [An-1BnOzn+1] [Bi2O2] [Xm] where n is the number of
perovskite layers (A), and m the number of halide layers (X); abbreviated to ApXn,.

The corner sharing TaOg octahedrons show a considerable degree of distortion
and tilting in the crystal structure. Similar to BisNbOgCI®¥ structure, there are two
coordination environments of Bi: distorted BiOg and anti-square prism comprising of
Bi0O,4Cl, moiety. Induced polarization field between the TaOg octahedra and Bi,O, layers,
and between [CI] and [Bi,O,] layers are believed to be responsible for effective electron—

hole separation.
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Fig 4.5- Crystal Structure of BisTaOgX consisting of Sillen and Aurivillius blocks

4.1.5 Flat Band Potential

The flat-band potential of Bi;TaOgBr was determined from the Mott—Schottky[m]

plot. The Mott-Schottky equation relates the capacitance to the applied voltage across a

semiconductor-electrolyte junction.

1 2 (V v kT)
Cszc - A applied fb e

where, Cg. is a specific capacitance of our material; €,, ,, e and N4 are permittivity of
vacuum, relative permittivity, electron charge and donor concentration respectively;

Vappiiea and Vg, are applied potential and flat band potential of materials respectively; kT

. . KT) . . :
is a Boltzman energy term. In the above equation, the value (T) is negligible, in

comparison with the other term, hence the above equation takes the below form for

present analysis.
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1 _ 2 (V v )
Cszc & 3reNA applied fb

We obtained the flat band potential in an aqueous 0.1 M Na,SQO, solution (pH = 2)
shown in Figure 4.6. We obtained —0.367 V (vs Ag/AgCl) corresponding to —0.24 V (vs
SHE at pH = 2). Supposing that the flat-band potential is located just below conduction
band minimum (CBM), the VBM (valence band maximum) has been estimated to be

~2.28 V using its band gap.
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Fig 4.6- Mott-Schottky plot of Bi;TaOgBr in 0.1 M Na,SO, solution (pH=2).
4.1.6 Visible light driven photocatalysis

Photocatalytic activity of BisTaOgBr has been investigated under visible light
irradiation. Rhodamine B has been selected as a model dye for evaluation of the
photocatalytic activity. Rhodamine B is a structurally stable cationic dye, which is
represented in Figure 4.7. Rhodamine B (RhB, Mol. Wt.= 479.02, Amax= 553 nm) also
known as Basic Violet 10, is a xanthene dye with chemical formula CygH3;CIN,O3
(Colour Index No- 45170). The chemical name of Rhodamine B is [9-(2-carboxyphenyl)-
6-diethylamino-3-xanthenylidene]-diethylammonium chloride, which is red in colour in
aqueous solution. It is highly soluble in water (15 g/ L) and aromatic amines formed from

the natural reductive anaerobic degradation of Rhodamine B are potential carcinogens™.
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Fig 4.7- Chemical Structure of Rhodamine B

The spectral changes taking place during the photodegradation of RhB over
Bi;TaOgBr is shown in Figure 4.8 at pH=7. RhB has its major absorption peak at 553 nm
whose absorbance decreases with time under light irradiation. The RhB/Bi;TaOgBr
aqueous dispersion undergone a decrease in absorption when irradiated with visible light
(A > 420 nm) as shown in Figure 4.8. It also leads to a simultaneous wavelength shift of
the band to shorter wavelengths. Under visible illumination, the dye is de-ethylated in a
stepwise manner with the colour of the dispersion changing from an initial red colour to a
light green with the ethyl groups are removed stepwise, as confirmed by the gradual peak

wavelength shifts toward the blue region.
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Fig 4.8- Temporal UV-Vis spectra of RhB conversion to Rh110 using BisTaOgBr under
visible light irradiation.
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The fully de-ethylated RhB molecule, i.e, Rh110 has its Amax at 500 nm. The
observed blue shift is due to the N-dealkylation pathway as known in literature. For
comparison similar photocatalytic conversion was done on RhB by TiO, (P-25). We
observed the loss of RhB over P-25 was faster as well as did not undergo a blue shift as in
the case of BisTaOgBr. We carried out photocatalysis of Rhodamine B to Rh110 at
different pH. Moreover, observed that with the increase in pH, the yield of the Rh110
increased to a maximum at pH=7 and then decreased beyond that. The observation can be
attributed due to the differential adsorption of the dye on the catalyst surface with the
change of pH. It has been known in the literature that Rhodamine B undergoes
degradation by two pathways: 1. Chromophore Cleavage; 2. N-dealkylation. The
photodegradation of RhB over BisTaOgBr with different initial pH was carried out, and
the percentage yield is showed in Figure 4.9.

50

40.7

Percentage Yield

2 4 5 6 7 8 11
pH
Fig 4.9- pH dependent percentage yield of RhB conversion to Rh110 using BisTaOgBr

A variation in pH had a dramatic influence on the degradation of RhB in aqueous
Bi,TaOgBr dispersions. The photoconversion rate of the RhB dye increased from pH 2 to
7 and decreased after that. Also, at pH=7 we get the maximum amount of N-dealkylated
product. Comparing the UV-Visible absorption spectrum after 130 min of irradiation with
that of starting shows that approximately 40% of RhB formed Rh110 after being fully

dealkylated and the rest was degraded through the destruction of the conjugated structure.
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The catalyst has a positive surface charge at lower pH which facilitates the adsorption of
RhB through the lone pairs of amino groups present in RhB and undergoes faster
degradation via chromophore cleavage as compared to N-dealkylation. The existing pH
of the solutions can affect the magnitude of adsorption of RhB on the catalyst surface and
thus may indirectly enhance the transformation rate of RhB. To further reveal the
relationship between the extent of adsorption and the dealkylation process, we carried out
the influence of pH on the adsorption of RhB on the catalyst surface, as shown in Figure
4.9. The initial rate of RhB conversion increased with an increase in the pH of the
dispersion in the range from pH 2-11, but decreased thereafter due to the adsorption of

RhB by the catalyst promote the transformed rate.

Xanthene based dyes are known to show excellent fluorescence in the visible
light, making it useful for various applications. We have also carried out the
photoluminescence studies with time of the RhB/BisTaOgBr aqueous dispersion at pH=7.
The temporal changes of the emission maxima were observed in photoluminescence

spectrum shown in Figure 4.10.
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Fig 4.10- Photoluminescence spectras (a) before and (b) after photoirradiation

RhB dye is known to have its emission maxima at 583 nm in water, so with the
passage of time, it has undergone a blue shift to 533 nm corresponding to the emission
maxima of Rh110. The excitation was carried at 300 nm for all the PL spectras, so we see
the second harmonic coming up in the spectrum at 600 nm. So, from the PL studies, it can
be concluded that the catalyst-RhB aqueous dispersion in the presence of light gets
converted to Rh110.
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To identify the species produced in the photochemical conversion of RhB, the
High Resolution Mass Spectrometry studies of the dye, intermediates, and final products

were done as shown in Figure 4.11 and 4.12.
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Fig 4.11- HRMS spectra collected at different intervals (a) 0 min (b) after 45 min

photoirradiation.

The Rhodamine B has its characteristic molecular ion peak at 443 m/z, which
undergoes stepwise converted to Rhodamine 110 having molecular ion 331 m/z. The
change in the mass spectrometry was examined at specific time intervals of the
photocatalysis. It was observed that 28 m/z fraction representing an ethyl group was
deducted from the 443,418,387,359 and finally stopping at 331. So, the phenomenon of
N-dealkylation could be monitored by HRMS at different time intervals, and we obtain
pure Rh110. It is to be also noted that pure RhB contains an impurity at 355 m/z, but with
the passage of time, we observe that the impurity vanishes after 75 mins of
photoirradiation of RhB/BisTaOgBr.
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Fig 4.12- HRMS spectra collected at different intervals (a) 110 min (b) after 130 min
photoirradiation.

We can carry on until 50 cycles with considering normal concentrations used for
such investigations by other researchers. After 50 Cycles, we see only ~ 30% slowdown
in the catalyst efficiency, but no change in the percentage of yield of Rh110 yield and
remain nearly same. Numerically, we converted 25 mg of RhB (each cycle-0.25mg/20
mL) with 40 mg of catalyst and obtained about ~ 4 mg of Rh110. In all the papers, the
investigation is limited to about 0.25 mg. Therefore we have demonstrated the excellent
efficacy of the process to 50 repeat times as compared to state-of-the-art examples.

Further, we have found that the catalysis becomes slow when RhB concentration
is about 200 uM due to high absorption of light by the dye. Therefore we have done 50
equivalent cycles using 10 equivalent cycles at a time. We further used natural sunlight to
examine our hypothesis, and observed similar efficiency as that of the simulated visible

light, as shown in the Figure 4.13.
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Fig 4.13- Temporal UV-Visible spectra of RhB conversion to Rh110 using BisTaOgBr

under sunlight irradiation.

Moreover, we have found that the catalyst efficiency can be regained after 50
cycles by simple heating in air at 1023 K for 5 mins, as evident from the powder X-ray
diffraction in Figure 4.14.
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Fig 4.14- PXRD patterns of Fresh and Regenerated catalyst.
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To understand the adsorption phenomenon of the dye over the catalyst surface, we
carried out adsorption studies at a very lower concentration of RhB (5 uM) in the dark for
24 hours and recording the UV-Visible spectra after regular intervals of time. Figure 4.15
illustrates the temporal UV-Visible spectra of the adsorption phenomenon which
exemplifies that RhB adsorption on the catalyst surface is negligible for 2 hours, but it is
significant once it has been kept for an elongated period of 24 hours. This study infers

that the conversion of RhB to Rh110 takes place only in the presence of visible light.
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Fig 4.15- UV-Visible spectra of adsorption studies carried out till 24 hours

Also, FTIR spectra of RhB dye, Bi,TaOgBr and RhB adsorbed on BisTaOgBr
(after photo irradiation) were recorded as shown in Figure 4.16. According to previous
literature!**®! the assignments for the RhB (before irradiation) are as follows: the bands at
3430 cm " are due to —OH stretch vibration, the bands at 2974, 2928 cm * are caused by —
CHy— and C—CHjs stretch vibration, respectively. The peaks at 1590, 1528, 1468 cm*
correspond to aromatic ring vibrations, while the 1341 cm™ peak attributes to C-aryl
bond vibration; the peak at 1720 cm™ are due to C=0 groups. The peak at 1646 cm™* is
caused by vibrations of the C—N bond and the heterocycle vibrations cause the peak
ranging at 1530-1558 cm . After the photoirradiation, the IR spectra of RhB adsorbed on
the BisTaOgBr show that there is no RhB adsorbed on the surface of the catalyst as above

evident peaks are not observed.
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Fig 4.16- FTIR spectra (a) BisTaOgBr (b) Rh B (c) RhB-BisTaOgBr after photoirradiation

Consequently, the fluorescence lifetime (t;) of RhB in aqueous solution was
determined to be 1.75 ns, while a 3.85 ns lifetime (t,) of the de-ethylated RhB or Rh110

was obtained by fitting the trace after 130 min irradiation shown in Figure 4.17.

According to I(t)= Az exp (t/t1) + Az exp (t/12), the traces were fitted by bi-exponentially.

These parameters demonstrate that the amount of reactant RhB decreases while the

produces Rh110 with a longer lifetime as the irradiation time goes on. The recorded

lifetime of Rh110 is in agreement with that of the literature reported values.
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Fig 4.17- Fluorescence decay kinetics of (a) RhB and (b) solution after photoirradiation
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4.2 Photocatalytic dye degradation by metal loaded BisTaOgBr

4.2.1 Powder X-ray Diffraction

The Powder X-ray diffraction patterns showed that the prepared orthorhombic
Bi,TaOgX and metal loaded Bi,TaOgBr (M@Bi,TaOgBr) are single phase as shown in the
Figure 4.18. The XRD patterns of the metal deposited samples also illustrate that there are
no diffraction peaks of the metal species can be observed. This is because the small
crystallite size and low concentration of metal loading as also found in previous

literature®®!,

Bi TaO Br
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Ag@Bi4TaOSBr

Pt@Bi4TaOSBr

Intensity (a.u)
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Fig 4.18- PXRD patterns of prepared M@Bi,TaOgBr

4.2.2 Field Emission Scanning Electron Microscopy

The morphology and size of the samples were characterized by field emission
scanning electron microscopy (FE- SEM). Figure 4.19 shows the metal loaded Bi,TaOgBr
samples, with different sizes and morphology of the metal nanoparticles on the pure
catalyst. For the Ag@BisTaOgBr sample, we observed rod like nanostructure with
average size of 50 nm in length and 10 nm wide, which gives them high aspect ratio.

Pd@Bi,TaOgBr samples have larger particles of Pd ~30 nm, and Pt@Bi,TaOgBr samples
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were composed of nanoparticles of size ~5 nm and was uniformly dispersed over the
surface of Bi,TaOgBr.

The Energy Dispersive X-ray Spectroscopy was performed on a random assembly of the
co-catalyst loaded samples which is composed of ~1.00 wt% loading of the metal

nanoparticles shown in Figure 4.20, and retained the stoichiometry of the prepared

Bimuth Tantalum oxybromide.

Fig 4.19- FE-SEM micrographs of (a) Ag@BisTaOgBr (b) Pd@BisTaOgBr and (c)
Pt@Bi4T&OsBr.
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Fig 4.20- Elemental composition of (a) Ag@Bi4TaO8Br (b) Pd@Bi4TaO8Br and (c)
Pt@Bi4TaO8Br obtained from EDS studies.

4.2.3 Diffuse Reflectance Spectroscopy

UV-Vis diffuse reflectance spectra (DRS) were carried out using a UV-Vis
spectrometer by using BaSO, as a reference and were converted from reflection to
absorbance by the Kubelka-Munk method. To calculate the optical band gap the

following Tauc equation was used:
— _r\2
ahv = A(hv Eg)

where A = constant, hv = light energy, Eq = optical band gap energy, o = measured

absorption coefficient, for in-direct band gap materials. . In the equation, n reflects the
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characteristics of the transition in a semiconductor, i.e. n = 1 for direct transition and n =

4 for indirect transition, M@BisTaOgBr is known as an indirect semiconductor.

10 — Bi, TaOgBr

08 — Pd@Bi4TaOBBr
2 ' — Pt@Bi TaOgBr
% 0.6 - — Ag@BiyTaOgBr
o)
|-
S 044
ol
<

0.2 -

0.0

200 300 400 500 600 700

Wavelength
Fig 4.20- DRS plots of M@BisTaOgBr and bare Bi,TaOgBr.

In Figures 4.20 and 4.21, we show the optical absorption spectra and Tauc plots of
Bi;TaOgBr and M@Bi,TaOgBr. It can be observed that according to the spectrum the
absorption edge of the samples fall in the visible region of the spectrum, compared to the
bare BisTaOgBr. Absorption originates from UV region and extends up to visible region
which manifests that these materials have potential to show photocatalytic activity in the
visible region. The observed band gaps are 2.45, 2.49, 2.50 and 2.52 eV of Pd, Pt, Ag and
of BisTaOgBr respectively.
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Fig 4.21- Tauc plot of M@BisTaOgBr and bare BisTaOgBr.
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4.2.4 Photoluminescence Properties

Photoluminescence emission spectra of photocatalysts helps to inspect the
efficiency of charge carriers generated on illumination of light. It helps in understanding
the trapping, migration and transfer of the electron and hole pairs in semiconductor
photocatalyst. The room temperature photoluminescence emission spectra of
M@Bi,TaOgBr are shown in Figure 4.22. The emitting maximum of the samples were
observed at 562 nm when excited at 320 nm. The doping of metal results in the decrease
in photoluminescence intensities as compared to the undoped one. It is observed from the
plots that identical shapes and peak positions were observed over all the samples, but the
emission peak intensities varied for the different metal loadings.

Palladium loaded BisTaOgBr caused the highest decrease of about ~11 times in
the intensity of the photoluminescence peak at 562 nm compared to pure catalyst. The
photoluminescence spectrum of a semiconductor can be ascribed to the radiative decay
process, i.e. recombination of self-trapped excitations. Therefore, the presence of Pd, Pt
and Ag metals on the photocatalyst decreases the radiative recombination process of the
photogenerated electrons and holes. However, it should be noted that the above
phenomenon is concentration dependent of the co-catalyst (metal), higher concentrations
of these leads to new recombination centres and hence decreases the photocatalytic

activity.
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Fig 4.22- Photoluminescence spectra of M@Bi,TaOgBr and bare Bi,TaOgBr.
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4.2.5 Photocatalytic Activity

The effects of depositing metal nanoparticles as co-catalyst on the photocatalytic
activity of BisTaOgBr were evaluated by measuring the degradation of Rhodamine B in
an aqueous solution of pH=2 under visible light irradiation. Figure 4.23, shows temporal
evolution of the spectral changes during the visible light photodegradation of RhB over
the metal loaded photocatalysts. From this figure, it can be noted that the intensity of the
absorption peak at 553 nm decreases drastically in few minutes of visible light irradiation,
which indicates that this catalyst exhibits extremely high visible light photocatalytic
activity. It is known that a dye photosensitization mechanism is closely related to the
properties of the dye, such as the structural stability of the dye, the absorbability of the
dye on catalyst surface, and the absorbance of the dye. So to confirm that is not
photosensitization, we carried out control experiments in absence of light and in absence
of catalyst (only visible light irradiation of dye solution) which confirms that this dye

mineralization is occurring only via photocatalysis.
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Fig 4.23- Temporal UV-Visible spectra of RhB degradation by Metal loaded and
bare BisTaOgBr.
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Fig 4.24- Photocatalytic RhB degradation by Metal loaded and bare Bi,TaOgBr.

To quantitatively understand the photocatalytic reaction kinetics of RhB
degradation under visible-light irradiation, the following pseudo first-order model™®! was
used to analyse our photocatalytic degradation data:

In (f:—‘:) =kt
(where k; = pseudo-first-order rate constant; and Co: the initial concentration of RhB, C;:
the RhB dye concentration at any time (t)). The results with visible light irradiation are
displayed in Figure 4.25. A good correlation to the pseudo first- order reaction kinetics
was found for RhB in the presence of M@Bi,;TaOgBr. The removal rate of RhB by
Pd@Bi,TaOgBr is much higher than rates by Pt@Bi,TaOgBr, Ag@Bi,TaOgBr and bare
BisTaOgBr. -
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Fig 4.25- Plot of In(Co/Cy) as a function of irradiation time of M@Bi,TaOgBr, bare

Bi,TaOgBr and P25 TiO,.
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Further, we compared our loaded catalysts with commercially available P25 TiO,
shown in Figure 4.25. We observed that the Pd@BiaTaO8Br catalyst outperformed the
commercial state-of-the-art P25 TiO, having rate constant 0.10359 min™, while 0.35372
min? for Pd@BiaTaO8Br. The enhanced activity is mainly due to its strong adsorption
of light in the visible light region and low lying Fermi energy levels of Pd, assisting the
migration of photogenerated electrons from the CB to the surface of Pd. Thus, the
electron—hole separation is enhanced which improved the photocatalytic activity of the
compound. The observed rates are 0.35372 min™, 0.13496 min™ and 0.12789 min™ for
Pd, Pt and Ag@Bi,sTaOgBr respectively. All metal deposited samples show much higher
photocatalytic activity than that of the pure sample.

Here, we define the dye degradation efficiency by:

CO_Ct
D = 1
( Co )x 00

(where D: degradation efficiency, Co: the initial concentration of RhB, C;: the RhB dye

concentration at any time (t)). The degradation efficiency of the catalysts are 99.85%,
98.71%, 98.53%, 98.96%, 93.37% for Pd, Pt, Ag, Pure and P25 TiO; respectively, shown
in Figure 4.26. So the deposition of 1.0 wt% co-catalyst brought about significant
enhancement in the rate of the degradation. Pd@Bi,TaOgBr demonstrated 3 times faster
rate constant than the commercial state-of—the-art P25 TiOs.
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Fig 4.26- Plot of percentage degradation of RhB by M@Bi,TaOgBr, bare Bi;TaOgBr and
P25 TiO..
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4.2.6 Stability Test and Product analysis

The stability of photocatalysts is an important yardstick to be evaluated for their
commercialization. The recyclability of the photocatlytic RhB degradation was carried
out as shown in Figure 4.27. After 10 cycles the Pd@BTaO8Br sample demonstrated
excellent reusability of the catalyst. A negligible loss of 2.15% in activity was observed in
the 10th cycle, which can be attributed to the loss of some amount of catalyst during
reusability. The PXRD pattern of Pd@Bi,TaOgBr after the recycling experiments is
provided in the Figure 4.28.
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Fig 4.27- Plot of cyclic stability test for degradation of RhB by Pd@Bi,sTaOgBr.

The unusual band structure of Bi,TaOgBr seems to play an important role on the
stability during photocatalytic activity. In previous literature mixed anion materials such

st oxysulfidest™®, or oxyhalides!® has majority contribution of p-

as oxynitride
orbitals of the non-oxide anions on VBM having lesser electronegativity compared to
Oxygen. As a consequence the photogenerated holes around VBM are prone to self-
oxidize these ions during the photocatalysis e.g., 2N*~ + 6h* >N, 2X™ + 2h* — X,
resulting in photocorrosion to give an inactive surface. On the contrary, the VBM of
Bi,TaOgBr is mainly composed of the dispersive O-2p band. As a result, we observe

enhanced photocatalytic dye degradation efficacy.
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Fig 4.28- PXRD pattern of Fresh and Regenerated Pd@Bi,TaOgBr.

To analyse the species produced in the photodegradation of RhB, the temporal
High Resolution Mass Spectrometry profiles of the dye, intermediates, and final products
were monitored as shown in Figure 4.29. RhB has its characteristic molecular ion peak at
443 m/z, which vanishes under visible light irradiation, and new peaks arise at 325, 355,
179 m/z. The change in the mass spectrometry was examined at specific time intervals of
the photocatalysis revealed the removal of RhB. Based on the HRMS data, it can be
inferred that RhB undergoes degradation to small oxidized molecules such as 4-
(methoxycarbonyl) benzoic acid (179 m/z), 2-(methoxycarbonyl) benzoic acid (179 m/z),
benzoic acid (123 m/z), 2,6-dimethyl phenol (123 m/z) etc.
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Fig 4.29- HRMS spectras collected at different intervals (a) 0 min; (b) after 10 min; (c)
after 15 min photoirradiation using Pd@ BisTaOgBr.

4.2.7 Photocatalytic Degradation Mechanism

It is well known that superoxide radical anions (O,"), holes (h*) and hydroxyl
radicals (OH") are among the main reactive species that play major role in the
photocatalytic dye degradation process. So, too understand the role of various reactive
species in visible-driven RhB degradation various scavenger tests were performed over
Bi,TaOgBr. Figure 4.30 represents trapping experiments using various scavengers under
visible light. Ammonium oxalate, tertiary butanol and benzoquinone were used as holes
(h"), hydroxyl radicals (OH") and superoxide radical anions (O,"), It can be observed
from the Figure 4.30 that addition of hydroxyl radicals (OH") scavenger did not have
much effect on the degradation of Rhodamine dye. However, dye degradation was
inhibited upon addition of holes scavenger and superoxide radical anions scavenger.
These observations of scavenger experiments indicated holes (h*) and superoxide radical

anions (O,") as the dominant species playing active role in the RhB degradation under
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visible light in presence of Bi,TaOgBr. Based on these trapping experiments we have

proposed a mechanism of the degradation process as shown below:
Biy,TaOgBr + hv - Bi,TaOgBr (e_, + h}))
Bi,TaOgBr (e_,) + Pd — Bi,TaOgBr + Pd (e”)
Pd(e")+ 0, > Pd+ 0,
0, + H,0 - HO, + OH~
HO, + H,0 - OH" + H,0,
OH™ + Bi,TaOgBr (h},) » OH + Bi,TaOgBr

Bi,TaOgBr (h},) + 0, + OH' + RhB - Oxidized Products + CO, + H,0
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Fig 4.30- Percentage degradation using different scavenger using Pd@Bi,TaOgBr.

The presence of Pd, Pt and Ag deposited on BisTaOgBr is believed to retard the
fast charge-pair recombination by serving as an electron sink (Schottky barrier electron
trapping) and to facilitate the interfacial electron transfer to dioxygen or other electron
acceptors, which has been supported by electrochemical and time-resolved spectroscopic
investigations on extensively studied TiO,. It is known that the photocatalytic activities of
photocatalyst are primarily regulated by the ratio of surface electron transfer rate to the

exciton recombination rate. So if the transfer of electrons in the surface of the catalyst is
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fast, it enhances the overall catalytic reaction. And, it is been known that the dispersed
metal nanoparticles loaded onto the photocatalyst act as deep electron trap states which
facilitate the electron and hole separation. Hence, introduction of a small amount of
Pd/Pt/Ag leads to significant improvement in the photocatalytic activity. Further, if
concentration or loading amount of co-catalyst is high it forms overlapping agglomerates
and leads to the loss of surface area and formation of new recombination centres, which
give a negative effect on the activity of catalyst. So, in accordance to the discussion a
possible mechanism of the enhancement of photocatalysis by Pd@BisTaOgBr is
elucidated in Figure 4.30.

LUMO

Oxidized products
CO,+H,0

HOMO
RhB

Fig 4.30- Schematic representation of the photocatalytic RhB degradation mechanism.

The electrons in the valence band of BisTaOgBr are excited in presence of light
and gets transfer to conduction band. Introducing co-catalyst such as Pd, Pt and Ag
facilitates the trapping of electrons in the deep states (of metals) stimulating the electron—
hole separation and subsequently transfers the trapped electron to the adsorbed O, which
act as an electron acceptor on the surface of the Bi;TaOgBr. The generated O, "~ oxidises
the RhB into smaller fragments. On the other hand, the active species such as OH" and h*
formed also degrade the organic compound. Thus we observed the overall rate in the
order Pd@BIi,TaOgBr > Pt@Bi,;TaOgBr > Ag@BisTaOgBr > Bi,TaOgBr.
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S. CONCLUSION

In this study, we have synthesised Sillen-Aurivillius layered perovskite Bi,TaOgBr
and its metal loaded analogue (M@BisTaOgBr) using Solid-state and photodeposition
techniques. We have used the solvothermal route to synthesise the Bismuth oxyhalide
(BiOBr) precursor. The prepared materials were further characterised by PXRD, FESEM,
EDS, DRS and was found to be micrometre size polycrystalline solid with band gap in the
visible region. The photocatalytic activity of the prepared photocatalysts was checked
using a model reaction that involves degradation of toxic pollutants and photochemical

organic transformation to prepare fine chemicals.

RhB is considered as a potential hazardous waste and toxic pollutant which are
released from industrial manufacturers such as textile industry. The conversion of RhB to
Rh110 is important because Rh110 is extensively used in biological research due to its
excellent photophysical property. The unique application of Rh110 is its use as a latent
fluorophore, which is exceptionally advantageous over other xanthene based dyes. The
efficiency of the photocatalyst was measured by recording UV-Vis plots along with the

calculation of rate constant and percentage yield at varying pH.

We have obtained a yield of 40% at a pH=7 for the conversion of RhB to Rh110
using Bi,TaOgBr. Moreover, Pd@Bi,TaOgBr exhibit excellent photocatalytic activity for
the degradation of RhB dye with a rate constant of 0.35372 min™* surpassing commercial
state-of-the-art P25 TiO, (0.10359 min™). Such high activity of Pd loaded catalyst is
believed to be due to the presence of various active sites on its surface, owing to efficient
electron transfer from CB of catalyst to the Fermi level of Pd which helps in effective
separation of electron-hole pairs. We have also performed the stability tests of our
catalyst and, we observed that the catalyst could be reused up to 10 cycles of
photocatalysis. Even after the 10 catalytic cycles, we can regain the photocatalytic

activity by firing the catalyst at 750°C in open air for 5 mins.
As commercial catalysts have drawbacks like photocorrosion, poor visible light

absorption, this prepared photocatalyst can be a potential alternative them due to its

excellent photocatalytic activity, visible light absorption and stability.
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6. SCOPE FOR FUTURE WORK

This thesis attempted to investigate the photocatalytic properties of layered Sillen-
Aurivillius perovskite phases. The thesis investigates the structural influence on
photocatalysis, thereby finding insights to understand the fundamental aspects of impact

of the crystallite size, crystal structure and band gap to tune its photocatalytic activity.

The work on the transformation of RhB to Rh110 can pave a way to the synthesis
of newer, important fine chemicals using solar energy. This methodology can be
extensively used for the synthesis of expensive chemicals using a readily available
cheaper variant. Secondly, photocatalytic degradation of toxic pollutants was carried out
by mobilising the solid catalyst in the aqueous solution which may limit its practical
application as the catalyst can be washed away with the polluted effluent. So to prevent
such percolating of the catalyst material, the photocatalyst may be immobilised over a

substrate such as a ceramic sheet or glass plate for practical applications.

Further, these photocatalysts can be used efficiently for solar energy harvesting reactions

such as water splitting, CO, reduction, N, fixation etc.
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