e UNIVERSITE
L LX)

j LAVAL

Design and development of bismuth-based ternary
oxides and their hybrid composites for solar-driven
photocatalytic degradation of pharmaceutical pollutants

These

Rokesh Karuppannan

Doctorat en génie chimique
Philosophige doctor (Ph. D.)

Québec, Canada

© Rokesh Karuppannan, 2021



Design and development of bismuth-based ternary
oxides and their hybrid composites for solar-driven
photocatalytic degradation of pharmaceutical
pollutants

Theése

Rokesh Karuppannan

Sous la direction de

Trong-On Do, Directeur de recherche



Résumé

La technique de photocatalyse solaire offre une solution prometteuse pour une ¢élimination
efficace des polluants pharmaceutiques émergents comme les antibiotiques dans les eaux
usées. Les matériaux photocatalytiques a base de semi-conducteurs jouent un réle crucial
dans la dégradation compléte de ces nouveaux polluants pharmaceutiques. A ce propos, de
nouveaux photocatalyseurs nanocomposites ont montré une performance catalytique
importante par rapport aux photocatalyseurs classiques dans la dégradation des antibiotiques
dans I’eau. Ces photocatalyseurs nanocomposites surmontent des défis notamment une
photo-absorption insuffisante, une mauvaise séparation de charge, un transfert de charge
lent, une recombinaison de charge importante, une mauvaise réaction de surface, une
stabilité faible et une récupération difficile. Dans ce contexte, nous avons développé des
hybride matériaux photocatalytiques nanostructuré et nanocomposite tout en exploitant leur

performance pour la dégradation des antibiotiques sous la lumiére solaire.

Un nouveau matériau de pérovskite ferroélectrique a base de bismuthate de calcium
(CaBi03) nanostructuré avec une disproportion de différentes multicharges Bi** et Bi*', a
été développé via des méthodes de complexation de glycine et d’échange d’ions. La
disproportion efficace obtenue de charge Bi**/Bi>" et ’arrangement bien organisé du cristal
octaédrique de BiOg ont offert une photo-absorbance efficace du visible ainsi qu’une
photogénération et une séparation importante de porteurs de charge dans CaBiOs. En outre,
les matériaux CaBiO3 développés présentent une nanostructure avec une surface spécifique
plus élevée qui offre des propriétés de surface améliorées en faveur de la réaction catalytique.
De plus, les matériaux a base de CaBiOs sont étudiés pour la dégradation des antibiotiques

de ciprofloxacine et de tétracycline sous la lumiére solaire.

Un nanocomposite efficace de BiVO4-APS-Cgo a été développé en intégrant les
nanoparticules Cgo fonctionnalisées par aminosilicate a la surface de nanocouches ultrafines
de BiVO4. L’intégration de Ceo sur BiVOj4 a €largi I’absorption de la lumiére dans le domaine
du visible et a également offert une génération et une séparation efficaces des porteurs de
charge photo-induits. En fait, ’aminosilicate a établi une forte interaction interfaciale entre

Ceo et BiVOs, ce qui a fourni un transfert de charge efficace et une stabilité remarquable du



composite BiVO4-APS-Cso.  Par conséquent, BiVO4-APS-Cso a montré une activité
photocatalytique beaucoup plus élevée vis-a-vis la dégradation de ciprofloxacine sous

irradiation solaire.

Le nanocomposite BixWOe/NH>-UiO-66 a été¢ développé par 1’incorporation de NH»-UiO-
66 sur Bi;WOs ayant une forme micro/nanoflorale dans le but d’améliorer I’activité
photocatalytique pour la dégradation de ciprofloxacine sous I’irradiation de la lumiere
solaire. L’activit¢ photocatalytique améliorée, expliquée par la formation d’une
hétérojonction avec un fort contact interfacial entre BixWOs et NH2-UiO-66, a permis
d’¢largir le domaine d’absorption lumineuse, de réduire la recombinaison de paires électron-
trou photogénérées et d’accélérer le transfert des porteurs de charges.
L’hétérojonction BixWOs/NH2-UiO-66 suit le mécanisme de transfert de charge de type Z-
schéme et posséde des sites hautement réactifs offrant une forte propriété redox au

composite BixWOs/NH»-UiO-66.



Abstract

The solar photocatalytic technique is a promising solution for the effective removal of
antibiotics, which are emerging pharmaceutical pollutants in water and wastewater. The
semiconductor based photocatalytic materials plays crucial role in achieving the complete
degradation of these pharmaceutical pollutants. In this direction, the design of
nanostructured hybrid photocatalysts shows superior catalytic performance as compared to
the conventional photocatalysts towards the effective degradation of antibiotic molecules in
water. These nanostructured hybrid photocatalysts overcome the limitations of weak photo-
absorption, poor charge separation, slow charge transfer, high charge recombination, limited
surface reaction, lesser stability and difficult recovery. In this context, we have developed
potential nanostructured and nanocomposite photocatalytic materials and explored their

performance in degradation of antibiotics under solar light.

Novel ferroelectric perovskite material, nanostructured calcium bismuthate (CaBiOs3) with
distinct Bi** and Bi** multi-charge disproportion was developed via glycine-complexation
and ion-exchange methods. The efficient Bi**/Bi** charge disproportion and well-organized
BiOs octahedral crystal arrangement provided an enhanced visible photo-absorbance and
higher charge carrier generation and separation to CaBiO; system. The developed CaBiO;
materials exhibited nanostructure with higher surface area which provided enhanced surface
properties for catalytic reactions. Moreover, the developed CaBiOs materials were
potentially explored for degradation of ciprofloxacin and tetracycline antibiotic drugs under

solar light.

An efficient BiVO4-APS-Cep nanocomposite was developed by integrating aminosilicate
functionalized Ceo nanoparticles on the surface of ultrathin BiVOs4 nanolayers. The
integration of Cso on BiVO4broadened the light absorption spectrum in the visible light range
and offered an enhanced generation and separation of the photoinduced charge carriers. The
aminosilicate group established a strong interfacial interaction between Cgo and BiVOs,
which provided remarkable charge transfer efficiency and stability for BiVO4-APS-Ceo
composite. The as-synthesized BiVO4-APS-Ceo displayed high photocatalytic activity

towards ciprofloxacin degradation under solar light irradiation.



BixWO¢/NH2-UiO-66 nanocomposite was designed incorporating NH>-UiO-66 with
Bi2WOs micro/nanoflower for enhanced photocatalytic activity towards ciprofloxacin
degradation under solar light irradiation. The improved photocatalytic activity attributed to
the formation of heterojunction with strong interface contact between BioWOs and NHo-
Ui0O-66, broadened the photoabsorbance range, reduced photogenerated electron-hole pair
recombination, and accelerated charge carrier transfer. The Bi2WOs/NH2-UiO-66
heterojunction follows Z-scheme charge transfer mechanism with high surface reactive sites

providing strong redox property to BioWOs/NH>-UiO-66 composite.
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Introduction

1.1 Antibiotics: emerging pharmaceutical pollutants

Water is one of the major resources for the survival of different ecological systems on earth.
Now, with rapid population expansion and industrialization, the water demand has increased
dramatically. The burgeoning world population also leads to a massive intake of chemical
substances at different levels; the number of chemical industries and the growing discharge
of chemicals into the environment is therefore increasing quickly. Therefore, maintaining the
quality of water sources is highly necessary towards keeping healthy ecosystems and
assurance of safe drinking water. The common water pollutants includes dyes, pesticides,
poly-aromatic compounds, polychlorinated compounds and persistent organic pollutants and
they have been significantly identified and removed by appropriate measures and
techniques[1]. But recently the scientific communities identified the presence of
pharmaceutical residues in water/wastewater and their harmful effects on human life and
other ecosystems have received huge attention worldwide. Till date, the pharmaceutical
compounds are not covered under any pollution regulations and their effects on the biological
and human system are not studied well[2]. However, the occurrences of these pharmaceutical

products are rising in global water bodies is shown in Figure 1.1[3].
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Figure 1.1. The number of pharmaceutical compounds detected in surface waters,

groundwater and tap/drinking water worldwide[3].

Pharmaceutical industry is one of the most important and largest industries worldwide and at

the same time, a large number of contaminations is being generated by the pharmaceutical



production. These pharmaceutical products are disseminated in higher quantities to the
environment intentionally and/or accidentally. Subsequently, these pharmaceutical
compounds can be found in different environmental compartments such as soil, water
surfaces and even in drinking water. Especially, these pharmaceutical products are frequently
detected in natural and wastewater system[2, 4]. The quantity of pharmaceutical pollutants
and their metabolites collection in water bodies are not high-pitched (ng to mg per liter),
however, these pharmaceutical molecules are specifically designed to initiate biological
responses at very low concentration levels. Therefore, it may lead to some adverse effects on
biological systems and human health such as aquatic toxicity, high resistance bacteria, acute
and chronic disease, hormonal and endocrine disruption. Also, most of the pharmaceutical
drugs possess very stable chemical structure and non-biodegradable properties. Therefore,
the detection of pharmaceutical compounds in the water system has evolved as a growing
concern worldwide, which is essentially due to their potential toxicity and hazard to the living

ecosystems and humans beings[5].

Figure 1.2. Potential sources of antibiotic release and entry into water systems[6].

Among the various pharmaceutical products, antibiotics have received more attention as they

generate serious toxicity and produce long-term chronic effects to humans and ecosystems,



and the antibiotic residues generate serious environmental health issues such as antimicrobial
resistivity, antibiotic resistive bacteria and gene mutations. The potential sources of antibiotic
dissemination into water bodies are shown in Figure 1.2. According to the World Health
Organization (WHO), the antimicrobial resistance is an emerging problem, which generates
multi-drug resistant infections to human and animals[7, 8]. Therefore, antibiotics are
considered as “‘contaminants of emerging concerns” or “emerging pharmaceutical pollutants”
due to their potential toxicity and their rising occurrence in global water bodies. In addition,
the antibiotic residues in the environment could result into various adverse effects and
generate stable organic by-products, which are difficult to degrade by the conventional waste-
water treatment processes and they could cause the generation of secondary pollutions as
well as lead to increase the population of antibiotic resistant bacteria. Hence, there is an
urgent need to address these emerging concerns and develop an efficient and sustainable
technique for degradation of these antibiotic pollutants from water and wastewater. There are
numerous techniques available to remove antibiotic chemicals from water, which include
adsorption, photocatalysis, ozonolysis, filtration and biological processes as depicted in

Figure 1.3[5, 9, 10].
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Figure 1.3. Various processes for the degradation/removal of pharmaceutical pollutants from

water.

Of these techniques, the semiconductor based solar photocatalytic technique deserves a great

consideration because of its potential redox ability and superior degradation performance,



high mineralization efficiency and less/harmless products generation, being exclusively
performed under solar light[11, 12]. However, the photocatalytic efficiency of semiconductor
photocatalysts mainly depends upon several crucial factors such as band gap, band structure,
charge separation, charge transfer, redox potential and surface properties[13]. Accordingly,
considerable efforts have been made to tuning these properties by designing nanostructured
hybrid photocatalysts with controlled preparation methods[14]. These nanostructured hybrid
materials fundamentally offer enhanced surface and catalytic properties delivered by large
surface area, rich active sites, extended photoabsorbance, high charge generation, improved
charge separation, efficient charge transfer and strong redox properties[11, 14-16]. Hence,
these nanostructured and nanocomposite photocatalysts effectively degrade and mineralize

the antibiotics in water in presence of sunlight.

1.2 Objective of thesis

This thesis aims at designing nanostructured and nanocomposite photocatalysts with high
performance using potential semiconductor materials for the degradation of emerging

pharmaceutical pollutants under sunlight.

First objective is to provide a detailed review of the current progress in the design of
nanostructured composite photocatalysts for antibiotic degradation. Promising materials for

higher photocatalytic performance and their nanostructure designs are proposed.

Second objective is to develop and explore promising photocatalysts toward pharmaceutical
pollutants degradation. It encompasses designs of CaBiO; nanosheet, BiVO4-APS-Cso and
BiWOe/NH2-UiO-66 nanocomposite and their photocatalytic performance in antibiotic

degradation under solar light.

Third objective is to suggest a potential material for efficient solar-driven photocatalytic

degradation of pharmaceutical pollutants.



1.3 Structure of thesis
Introduction

In this part, the emerging environmental issues concerning pharmaceutical pollutant
generation and potential solar energy assisted photocatalytic technique to deal with these

environmental problems.

Chapter 2: Literature review

In this chapter, the fundamentals of semiconductor-based photocatalysis are discussed in
detail. In addition, the construction and performance of nanostructured and nanocomposite
photocatalysts and design of new photocatalytic materials towards the degradation of

emerging pharmaceutical antibiotic pollutants from water.

Chapter 3: Characterization techniques

This chapter describes the fundamentals of various advanced characterization techniques

used to investigate the physical and chemical properties of the developed catalytic materials.

Chapter 4: Calcium bismuthate (CaBiO3): a prospective sunlight driven perovskite
photocatalyst for the degradation of emerging pharmaceutical contaminants

CaBiOs is a new ferroelectric perovskite WA, Ciprofloxacin/Tetracycline
structured material with co-existing Bi**/Bi** ‘,’%j’ ‘ ‘_
charge disproportion. It showed synthesis ‘ ‘\ ‘_ o produs
method-dependent structural features and \ ’ ‘ ‘ 80,
defects, as well as excellent photocatalytic O sivo,
activity towards the degradation of ‘\ ‘.\ .

Defective-CaBiO,
ciprofloxacin and tetracycline antibiotic

under solar light.



Chapter 5: Integration of aminosilicate functionalized fullerene (Ce) QDs on bismuth
vanadate (BiVOy4) nanolayers for the photocatalytic degradation of pharmaceutical
pollutant

An efficient BiVO4-APS-Csp composite was <e> (e- [ e- e | e- P
developed by integrating the aminosilicate CB -0.90ev

functionalized Ceo nanoparticles on the surface

BiVO,

of ultrathin BiVOs4 nanolayers. The strong By

integration and interfacial contact of BiVOs-

APS-Ceo resulted in a superior photocatalytic

activity towards ciprofloxacin degradation in

presence of solar light.

Chapter 6: Amine-functionalized metal-organic framework integrated bismuth
tungstate (Bi2WQOs/NH2-UiO-66) composite for the enhanced solar-driven
photocatalytic degradation of ciprofloxacin molecules

BixWO¢/NH2-UiO-66 nanocomposite
was designed incorporating NH>-UiO- <'>

v
66 with BioWOe micro/nanoflower for \ > Do o

0,

~ Cp
improved  photocatalytic  activity

towards ciprofloxacin degradation
under solar light irradiation. The Z-
scheme heterojunction with strong
interface contact improved charge ., oducs <
separation, offered faster charge
transfer and strong redox property to

BixWOs/NH2-UiO-66 composite.

Conclusions and future work

This part summarizes the conclusion of the research works presented in this thesis and

proposed some materials for future works.



Chapter 2 : Literature review

2.1 Fundamental of photocatalysis

Photocatalysis is a semiconductor based photoinduced advanced oxidation process. It utilizes
solar energy to perform the potential redox reactions for degrading antibiotic contaminants.
The photocatalytic process proceeds through the following four main steps: photo-
absorption, charge separation, charge transfer and redox reaction. A semiconductor
photocatalyst has valence band (VB) and conduction band (CB) separated by an energy gap
known as band gap energy (Eg). Generally, the semiconductor photocatalyst undergoes the
photo-absorption that excites the electrons from valence band to conduction band, leaving
holes in the valence band. This charge separation further leads to the promotion of electrons
from conduction band to the photocatalyst surface to perform the reduction reaction and the
holes to perform the oxidation reaction[17-19]. It should be noted that both the oxidation and
reduction (redox) reactions are fundamental processes in photocatalysis, which essentially

lead to the primary and secondary degradation processes as depicted in Figure 2.1.
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Figure 2.1. The process of photocatalytic degradation of antibiotics.

The primary reaction involves the direct oxidization of the antibiotic molecules by
photogenerated holes (h"). The secondary reaction involves free radicals, while the
oxidization of water molecules with photogenerated holes produce hydroxyl radicals ("(OH),
it’s consequently initiates the oxidation reaction. On the other hand, the photogenerated
electron can be entrapped by oxygen molecule, leading to the formation of superoxide

radicals (O;"") and oxidize the antibiotic molecule. Among them, the hydroxyl radicals have



attracted more attention in photocatalytic degradation process due to their strong oxidation
potential and as they yield non-selective destruction, which will be able to convert a wide
range of contaminants without any additives. Therefore, the photocatalytic redox reaction
with free radicals generation is able to oxidize and completely mineralize the antibiotic

pollutants[20, 21].

2.2 Semiconductor photocatalyst

The photo-response semiconductor materials plays a key role in the photocatalytic process
due to their band structure, crystal and surface properties[22]. The semiconductor
photocatalysts with suitable band gap and band alignment can provide an efficient
photoabsorbance and potential charge diffusion. The high order of crystallinity and crystal
defects tend to reduce the probability of recombination of photo-generated electron-hole
pairs and provide efficient charge transfer in the system. Their large surface area means
higher colloid dispersion and surface-active sites, which facilitate the enhanced adsorption
of reactant molecules and higher photocatalytic activities[13, 23, 24]. However, the
semiconductor based photocatalytic materials possess several limitations such as wide band
gap energy, high number of structural defects, poor charge carrier’s separation, greater charge
recombination, low charge transfer and poor surface properties. In addition, the photo-
corrosion properties of the semiconductor photocatalysts also limit the stability and overall

efficiency of the photocatalytic system[25, 26].

2.3 Nano-photocatalyst

Nanotechnology has made ground-breaking impact on photocatalytic material design and
development. Nanomaterials have large surface area, diverse morphology, enriched surface,
catalytic and physio-chemical properties and easy fabrication[27]. All these properties are
beneficial for the significant development of novel nano/nanostructured photocatalysts.
Exclusively, a nanostructured photocatalyst is providing diverse and potential routes towards
enhancing the photocatalytic efficiencies by many folds. Nanoscale design generally favors
the surface-dependent photocatalytic activity as it provides more specific surface area and
reactive sites. Also, the nanostructured photocatalysts facilitate the generation of larger

amounts of photogenerated electron-hole pair separation, which essentially reduces the



charge recombination and improves the photocatalytic activity. The nanoparticles facilitate
the fast charge carrier migration to the surface due to the core to surface of catalyst distances

being shorter than in bulk materials(Figure 2.2)[27].

A
D'I-
Reduction Oxidation
A
D
A \ +
v *f h* Reductib Short PRty " Q;ﬁon

More * \e '{

recombination

Bulk photocatalyst Nano photocatalyst

Figure 2.2. Charge carrier’s migration and recombination process in bulk and nano-

photocatalysts.

The migration of charge carriers requires a potential gradient for fast and effective charge
transfer, which is closely correlated with morphology, structure and surface properties of
semiconductor photocatalyst. A notable development has been made in the morphology and
size-controlled synthesis. Investigations were even carried out on the relationship between
the morphological or structural characteristics and the photocatalytic properties. For
example, the nanoaggregates have resulted in significant advances in tailoring the
photocatalytic performances. The synthesis of aggregates is mainly dependent on the
templates, surfactants and additives. For instance, the mesoporous titanium dioxide (TiO2)
nanoaggregates were synthesized from titanium glycolate precursor via three different post-
treatment methods such as hydrothermal, calcination and hydrothermal-calcination
techniques. These post-treatment techniques obviously influenced the TiO; nanoaggregates
and their structural formation, and thereby influenced their catalytic performance as well.
Accordingly, the as-developed mesoporous TiO; nanoaggregates were studied for their
adsorption- and photocatalysis-mediated performances towards the removal of ciprofloxacin

(Figure 2.3)[28].



(a) Adsorption e P (b) Photocatalysis o,
BET oo % .
A '?‘:'\ = < < K
s Ve Larger surface area and pore volume thaLgs_ .
\\ \ separation
— ~ — ~ !
’ Adsorptior bl G S charge _

>\ > - \adsorption

Adsalg(ioa - B A== N
H e \
ey T 7 / To, To, Tio, ~
2y Y e (hydr) (hydrecalc) (calc)

\ Tio, TiO, TiO,
h (hydr) (hydr+calc) (calc)
~

oxidizaftomr

© Water molecule p.:;m(‘na\ym
activit
Hydrophilic N, b >l >
property COZ, HZO
: Tio, To, Tio,
Organic products (hydr) (hydr+calc) (calc)

Figure 2.3. The adsorption and photocatalytic performance of mesoporous TiO>

nanoaggregates[28].

Similarly, ZnO nanoaggregates were synthesized using polyol-aqueous medium by
optimizing the polyol and water composition. The photocatalytic performance of ZnO
nanoaggregates was examined on ciprofloxacin photodegradation under simulated solar light
irradiation also compared with different nanostructures[29]. Further, Zn.GeOs hollow
spheres were fabricated via in-situ template-engaged approach, with increasing reaction time
Zn>GeOs nanorods (400-600 nm size) were gradually transformed into ZnGeO4
nanobundles. As-compared to bulk Zn,GeOs (solid state synthesis), the template assisted
hollow spheres ZnoGeOs was found to show efficient photocatalytic activity and excellent
photostability on metronidazole degradation due to their hollow structure and high specific

surface area[30].

2.4 Ultrathin photocatalyst

The ultrathin two-dimensional materials present significant advantages in photocatalytic
performance and solar energy conversion due to their unique structural and electronic
properties[31, 32]. The ultrathin materials tend to possess distinct photoexcitation processes
thus yielding diverse photocatalytic activities, because of the abundant surface structural
features and strong quantum confinement effects. It is well-known that the photocatalytic
performance is closely interrelated with morphology, structure and dimension of
photocatalysts. The atomically thin materials provide ultra-high specific surface area, which
allows efficient photo absorption. Also, the ultrathin nature permits fast photo-excited charge

carriers transfer from core to surface of the photocatalyst thereby reducing recombination
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and increasing charge separation[33]. Relatively, the ultrathin materials are reduced to
single-unit cell thickness, hence establishing a higher conduction band dispersion than
compared to bulk materials. Ultrathin photocatalysts with two-dimensional assemblies were
found to have high catalytic efficiency due to their unique architecture and structural
properties, increasing the two-dimensional conductivity and providing superior structural
stability[31, 34]. For example, the ultrathin TiO; nanoflakes with average thickness of 1.66
nm displayed strong photoabsorbance and faster charge carriers transfer due to the ultrathin
thickness and two-dimensional structure which yields ultra-high fraction of surface atoms
and increased charge density concentration on TiO nanosheet surface. These materials
resulted in 450 times higher photocatalytic conversion as compared to bulk TiO, towards the

carbon dioxide reduction to formate (Figure 2.4)[35].

Formate

Figure 2.4. Carbon dioxide photoreduction on ultrathin TiO2 nanoflakes[35].

Similarly, ultrathin BizWOs sheets with average thickness of 3-4 nm exhibited higher
photocatalytic activity than BizWOs nanodisks in both organic pollutant degradation and
water oxidation. The two-dimensional crystal structure and electronic properties facilitated
fast hole transport which provided stronger oxidation ability to ultrathin BioWOs. In addition,
in the ultrathin structure, photogenerated charge carriers rapidly migrates to the surface,
resulting in greatly lowered recombination rate and enhanced photocatalytic activity[36].
Hence, the ultrathin photocatalyst design provides high surface area and efficient charge
carrier transfer thus potentially improving the adsorption and photocatalytic degradation of

antibiotics.
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2.5 Nanocomposite photocatalyst

In general, a single component semiconductor photocatalyst shows a limited solar light
absorption, poor charge separation, higher rate of charge recombination, low charge transfer
efficiency and photo-corrosion[21, 37]. To develop nanocomposite photocatalysts, a
nanostructured semiconductor can be coupled with single or multiple nanoscale materials
with specific properties (metal or metallic compound , semiconductor, carbon materials)[38,
39]. It is realized that the surface and structural properties of semiconductor-
metal/semiconductor-metallic/semiconductor-semiconductor/semiconductor-carbon are the
key features to construct potential heterojunction composites. A large surface area and high-
efficient interface with effective contacts are important tools for the improved charge transfer
and reduced recombination in the system. An optimal band gap and band edge alignment also
determine the separation and transport efficiency of photogenerated charge carriers, which
should be considered during the fabrication of heterojunction nanocomposites. Then the
suitable materials should be chosen to couple them in order to achieve high-efficient and
stable photocatalysts[21, 26, 37-43]. Hence, a nanocomposite photocatalyst can potentially
overcome the above drawbacks of single component semiconductor photocatalyst and even
provide additional benefits. Besides, the designing of such hybrid nanocomposite systems
functioning with distinctive photocatalytic mechanisms such as Schottky, plasmonic, Z-
scheme and p-n heterojunction, etc. Therefore, nanocomposite materials designing play a
vital role in improving photocatalytic performance and so up to now many nanocomposite

photocatalysts have been developed and applied for antibiotic degradation.

2.5.1 Semiconductor-metal/metallic composites

The incorporation of metal/metallic nanoparticles with semiconductors is one of the most
effective routs to achieve higher photocatalytic performance. Most of the efficient
nanocomposite photocatalysts are generally obtained by loading of metal/metallic
nanoclusters onto the surface of semiconductor nanostructure. The semiconductor-
metal/metallic nanocomposite photocatalysts offered two benefits: (i) improved charge
separation at the semiconductor-metal interface by the formation of Schottky barrier and (ii)
increased absorption visible photoabsorbance via the surface plasmon resonance effect

(Figure 2.5)[44].
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Figure 2.5. Schematic illustration of plasmonic-photocatalyst and Schottky-photocatalyst

working mechanism.

i) Schottky photocatalysts

The development of semiconductor-metal composite established a Schottky barrier via Fermi
level equilibration between metals and semiconductor interface. Due to the existence of the
Schottky barrier, the Fermi level equilibrium alignment of metal and semiconductor leads to
the creation of a “built-in electric field” near the interface, which is favors the rapid charge
carrier separation in the system[44]. Notably, the efficiency of Schottky barrier is also
governed by the difference in the work function of metal and semiconductor involved in the
system. For example, the silicate supported CdS/Pt heterostructure composite was fabricated
and Pt nanoparticles were photo-deposited on silicate integrated CdS nanosphere. The
Schottky barrier formation between Pt and CdS enhanced the electron-hole pairs separation
and suppressed reverse migration of electrons from photoexcitation, thereby improved
photocatalytic activity and degradation of tetracycline[45]. On the other hand, the metal
carbides are demonstrated to be the promising candidates for photocatalytic applications
because of their metal-like properties and good electrical-thermal stability. In this direction,
the fabrication of Agi3PO4/Ti3C> Schottky photocatalyst was greatly improved the
photocatalytic activity and photo-stability of Ag3PO4 towards the degradation of tetracycline.
In consequence of the surface hydrophilic functional groups of Ti3Cs tend to construct a
strong interfacial contact with AgszPOys, it facilitated to have a strong Schottky junction
between Ag3;PO4 and Ti3C; towards enhancing the charge carriers separation and stability of

the photocatalyst (Figure 2.6)[46].

13



S
>

Inhibit Rapid charge  Efficient multiple electron
Photocor‘gion shuttling reduction reactions

. CB____ ] 0, + 2H*
Er
| Efficient degradation H,0,

Organic pollutants

=7)

o
i 3@
w
[e]
=
Q
=
=3
<
o’
fo*]
=
&

Potential (V) vs. NHE (pH
N =
[

------------ «OH

VB :
Ag,PO, : TG bProductS
Products '

Organic pollutants

w
\

Space charge layer
(‘upward’ band bending)
Figure 2.6. The Schottky barrier formation and photocatalytic degradation mechanism of

AgsPO/TisCa[46].

ii) Plasmonic photocatalysts

On other hand, the metal components (i.e., noble metals) in the metal/semiconductor
heterostructure could also enhance the light absorption of semiconductors through a surface
plasmon resonance (SPR) effect. The SPR effect of noble metals could be described as the
collective oscillation of surface electrons, when the frequency of photons matches with
frequency of surface electrons the oscillation established against the restoring force of
positive nuclei, then it would be transferred to the semiconductor. Thereby, enhanced photo-
absorption and photocatalytic activity of the nearby semiconductor photocatalyst can be
observed. In such plasmonic photocatalyst, the resonance photon wavelength varies with
different metals. Also, the surface plasmon absorption is strongly dependent on the particle
size and morphology of the metals. In this direction, gold, silver and platinum have been
widely investigated plasmonic metal for improving the photocatalytic performance with
various semiconductor. Among them, gold and silver are most commonly used plasmonic
metals as they show tunable plasmonic resonance in the visible region[47, 48]. For example,
the WOs3/Ag plasmonic composites were developed by photo-deposition of Ag NPs onto the
WO3 nanoplates surface. The silver metal particle assigned to SPR effect, which essentially
broadened the visible absorption range of WOs3/Ag composites and improved the
photocatalytic degradation of antibiotic sulfanilamide. The photocatalytic results showed that

the WO3/Ag composites accomplished much better activity than pure WO3, which reached
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highest removal efficiency of 96.2% in 5 h[49]. Similarly, the Ag/BizTaO7; plasmonic
photocatalyst showed significantly higher photocatalytic efficiency up to 85.42% of
tetracycline removal in 120 min under visible light irradiation, which was ~1.5-fold higher
as compared to the pristine Bi3TaO7. The improved photocatalytic efficiency was endorsed
to the surface plasmon resonance effect of metallic silver (Ag) nanoparticles. Meanwhile, the
potential incorporation of Ag nanoparticles into BizTaO7 surface established the inner-
electromagnetic field, which boosted the photogenerated charge carriers separation[50].
Also, this mechanism was found to be suitable for the bimetal-semiconductor composite of
Au/Pt/g-C3N4 photocatalyst. Under visible light, Au nanoparticles established charge
separation and transfer the electrons into g-C3Ns semiconductor. The surface plasmon
resonance effect of Au and electron-sink function of Pt nanoparticles were found to improve
the optical absorption property and photogenerated charge carriers separation in g-C3Ny
(Figure 2.7), which synergistically supporting to photocatalytic degradation of tetracycline
antibiotic and observed 93.0% degradation efficiency in 180 min[51].

>

Potential(eV)‘ .

g-C3N,

Figure 2.7. The enhancement of photocatalytic activity of Au/Pt/g-C3N4 nanocomposites
was attributed by SPR effect of gold under visible light irradiation[51].
2.5.2 Semiconductor-semiconductor composites

The semiconductor-semiconductor architecture greatly improves the efficiencies of the
photocatalytic system because it offers highly distinctive charge collection and separation.

The semiconductor-semiconductor heterojunction composite is mainly established two
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different type of effective architecture correspondingly p-n junction and Z-scheme
heterojunction photocatalyst for improving charge separation and photocatalytic activity
(Figure 2.8). The fabrication of semiconductor-semiconductor heterojunctions composite
includes two steps; firstly, the main component which acts as host, then the second
component, which will be well distributed on the surfaces on host to fabricate the
semiconductor-semiconductor effective heterostructure composite. The designing and
construction of semiconductor-semiconductor composite offers several benefits (i) efficient
photoinduced charge separation and charge transfer, (ii) longer charge carrier life-time and
less charge recombination, (iii) provides separate active sites and (iv) extended light

absorbance range[52, 53].
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Figure 2.8. Schematic illustration of p-n junction-photocatalyst and Z-Scheme-

photocatalysts (mediator and mediator-free) mechanism.

i) p-n junction photocatalysts

The p-n heterojunction photocatalyst can be established by the coupling of p-type and n-type
semiconductors. In p-n junction semiconductor composite, the semiconductors with different
band levels interface could form integral potential with easy charge separation, which can

promote photogenerated electron-hole pairs separation and their transfer to the surroundings.

16



The p-n junction mechanism follows the transfer of photogenerated electrons from a
semiconductor with more negative conduction band into a semiconductor with less negative
conduction band. Meantime, the photogenerated holes from the semiconductor with a lower
valence band will jump into semiconductor with higher valence band. The generated p-n
junction formation can efficiently promote the charge separation and inhibit the charge
recombination towards enhancing the photocatalytic performance[54]. For instance, the
Co0O/g-C3N4 p-n heterojunction photocatalysts were prepared via CoO nanoparticles were
uniformly distributed on the wrinkled g-C3N4 surface to formed efficient p-n heterojunction
photocatalyst. As-fabricated CoO/g-C3N4 p-n heterojunction photocatalyst performance was
explored on tetracycline degradation (90% in 60 min) and showed a superior visible-light
photocatalytic activity as compared to individual g-C3Ns and CoO. The superior
photocatalytic activity was ascribed to the fast charge separation were attributed to the inner
electric field created by the formation of a p-n heterojunction between CoO and g-C3N4

(Figure 2.9).
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Figure 2.9. The band alignment and charge transfer mechanism of CoO/g-C3Ns p-n

heterojunction (a) before contact and (b) after contact[55].

Moreover, the CoO nanoparticles aggregation was repelled by the introduction of g-C3Na,
which improved the photocatalytic stability of CoO/g-C3N4 p-n heterojunction[55]. Further,
a stable p-n heterojunction CuS/BiVOs photocatalyst developed through in suit growth of
CusS nanoparticles over the surface of BiVO4and it showed enhanced visible light absorption

and effective photoinduced charge carrier’s separation. The CuS/BiVO4 heterostructure also
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offered high surface area and large number surface-active sites for the effective
photocatalytic process. Accordingly, the CuS/BiVOs composites showed 86.7%
ciprofloxacin degradation under visible light. The degradation efficiency was 2.59 and 16.54
times higher than that of pristine BiVO4 and CuS, respectively[56]. Recently, a novel
organic-inorganic polyaniline/silver molybdate (PANI/Ag2MoOs) p-n heterojunction
nanocatalyst was successfully fabricated via in-situ deposition method over AgMoO4 on
PANI. The p-n heterojunction consequently induced efficient photogenerated charge
separation and migration due to the formation of internal electric field at heterojunction. This
developed composite completely degraded the neurotoxic fluoroquinolone antibiotic of
ciprofloxacin under UV light within 40 min. In addition, PANI was beneficial towards

improving both the photocatalytic activity and stability of AgaMoQO4[57].

ii) Z-scheme photocatalysts

The construction of Z-scheme photocatalysts is exhibiting more benefits on the
photocatalytic performance, which possess more advantages such as increased light
harvesting, spatial separation of reduction and oxidation sites, strong redox ability. Z-scheme
heterojunctions were constructed to overcome the limitation of the lower redox potential of
the p-n heterojunction system. As compared to p-n heterojunction, the Z-scheme
photocatalyst possesses the same band structure configuration but opposite charge transfer
mode. During light irradiation, the photogenerated electrons transfer from semiconductor
with lower conduction band into semiconductor with higher valence band holes and
continuous redox reaction was occurred at semiconductors interfaces. Meantime, the
photogenerated electrons with strong reduction abilities in the conduction band of
semiconductor and holes with strong oxidation abilities in the valence band of the
semiconductor are preserved. As a result, Z-scheme photocatalyst is found to have separate
reductive and oxidative sites and lesser charge recombination for driving the photocatalytic

reactions[58, 59].

a) Mediator containing Z-scheme photocatalysts

The mediator contains Z-scheme photocatalyst or all-solid-state Z-scheme photocatalytic

system constructed by two different semiconductor photocatalysts with solid electron
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mediator at the interface of semiconductors. The higher charge-carrier separation and transfer
both are succeeded by solid-state mediator at the interface of the semiconductors. Mostly,
the noble-metals (Ag, Au,.) and reduced graphene oxide (RGO) were used as solid-state
electron mediator[58]. For example, the construction of Ag>,O supported reduced GO
enwrapped TiO2 nanobelt nanocomposite led to the formation of a solid-state Z-scheme
photocatalytic system, which significantly suppressed the photo-corrosion and promoted the
charge separation in the composite. The photocatalytic performance of the developed Z-
scheme RGO-Ag>O/TiO; composite was studied on tetracycline degradation under UV light,
visible light, near-infrared light and simulated solar light irradiation. The RGO incorporation
between Ag>O and TiO, was potentially improved photogenerated electrons transfer from
Ag0O to TiOz in Z-scheme system, which prolonged the lifetime of the photogenerated
charge carrier (Figure 2.10). In addition, the reasonable spatial configuration and hole
protective mechanism of Z-scheme photocatalytic system were realized to prevent the Ag.O

nanoparticles from photo-corrosion[60].
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Figure 2.10. (a) Time-resolved transient photoluminescence spectra and (b) Z-scheme

charge transfer mechanism of RGO-Ag>0/Ti0, nanocomposite[60].

Interestingly, a novel magnetic Z-scheme photocatalyst WO3/Fe304/C3N4 was potentially
developed and investigated on tetracycline degradation and found to degrade the tetracycline
around 90% in 120 min. The introduction of Fe;O4 offered the magnetic properties, where it
can also act as a conducting mediator between the WO3 and g-C3N4 components, which can
also participate on photo-generated charge carrier separation and transfer. Accordingly, the

percentage of Fe;O3 and WOs3 in theWOs/Fe;04/C3Ny4 Z-scheme system, their impact on
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tetracycline degradation was systematically studied[61]. Recently, the plasmonic metal Ag
bridged 2D/2D BisFeTi3015/g-C3N4 Z-scheme heterojunction photocatalysts with powerful
interfacial charge transfer was established through ultrasound process. The as-developed
2D/2D heterostructure composite exhibited a notable improved photocatalytic activity on
tetracycline degradation under visible-light (~70% in 60 min) and simulated solar irradiation
(~85% in 20 min). It was explained that the incorporation of Ag nanoparticles between the
interlayers of BisFeTizOis/ultrathin g-C3N4 nanosheets established the high-speed charge-
transfer channel and accelerated the charge transfer in the constructed 2D/2D heterostructure

(Figure 2.11)[62].
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Figure 2.11. The Z-scheme superfast interfacial charge transfer of 2D/2D BisFeTi3015/g-
C3Ny heterostructure[62].

b) Mediator-free Z-scheme photocatalysts

The Z-scheme photocatalysts gained great interests because of its stronger redox capacity
and enriched photocatalytic performance. However, the mediator containing Z-scheme
photocatalysts system usually constructed using two different semiconductors with electron
mediators at the interface, but the backward reactions and poor stability are significantly
affecting the photocatalytic performance of this system. Therefore, the mediator-free Z-
scheme or direct Z-scheme system designing relatively established more promising practical
applications than compared with mediator-containing Z-scheme system. The direct Z-scheme
photocatalyst usually constructed with two semiconductor photocatalysts without mediator,
one acts as strong oxidation photocatalyst and the other acts as strong reduction

photocatalyst. The oxidation photocatalysts possess low valence band position and exhibit
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strong oxidation ability, while the reduction photocatalysts usually have a high conduction
band position and display strong reduction ability. Moreover, the mediator free Z-scheme
photocatalyst possesses more advantageous as compare to the mediator-containing Z-scheme
system as they provide the limited backward reaction, higher stability, fast and simple charge
transfer[59]. For example, an efficient direct Z-scheme based on CulnS2/BiWOs
heterojunction with intimate interface contact was constructed via the direct growth of
Bi2WOs on CulnS; microspheres. The efficient intimate interface contact offered direct
charge transfer pathways in the CulnS2/Bi2WOg Z-scheme heterojunction. Such arrangement
remarkably promoted the photo-generated electron-hole separation and led to the higher
photocatalytic performance (Figure 2.12). Accordingly, the developed Z-scheme
CulnS2/Bi2WOg heterojunctions showed a higher tetracycline removal efficiency (90.5%) as

compared to pure CulnS: and Bi2WOs under visible light irradiation[63].
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Figure 2.12. The interfacial electron transfer process and possible photocatalytic mechanism

of Z-scheme CulnS,/Bi;WOs heterojunction[63].

Similarly, the redox mediator free direct Z-scheme marigold flower like Caln2S4/TiO2
composite was prepared via facile wet-impregnation method. The redox-mediator-free direct
Z-scheme fabrication was significantly suppressed photo-induced charge recombination rate
and also improved charge transfer thereby achieved higher photocatalytic efficiency on
degradation of pharmaceutical compounds isoniazid and metronidazole. The developed
direct Z-scheme Caln2Ss marigold-flower-like/TiO> showed a higher photocatalytic

degradation efficiency of isoniazid (71.9%) and metronidazole (86.5%) as compared to
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individual TiO, and Caln;S4[64]. Further, a mediator-free Z-scheme vy-FexO3/g-C3Ny
heterojunctions was developed over mesoporous y-Fe>O3 nanospheres anchored on g-C3N4
nanosheet, the mesoporous property and enhanced specific surface area were offered large
number of active sites to y-Fe>O3/g-C3N4 heterojunctions system. Furthermore, Z-scheme
heterostructure construction between y-Fe;O3 and g-C3N4 were potentially extended and
speeds up the photo-induced charge carrier separation and transfer, which is more beneficial
for boosting the photocatalytic activity and degradation of tetracycline (73.8% in 120 min)
under visible light[65].

2.5.3 Semiconductor-carbon composites

The semiconductor-carbon composite photocatalysts have been recently paid more attention
due to their higher surface area, good conductivity, chemical stability and special electronic
properties. The carbonaceous materials such as graphene, carbon quantum dots (CQDs) and

carbon sphere are widely explored in photocatalysis (Figure 2.13).

Carbon QDs

Figure 2.13. Schematic illustration of graphene-photocatalyst and carbon QDs-photocatalyst

mechanism.

Also, there are numerous graphene, CQDs and carbon sphere-based nanocomposite
photocatalysts were developed via different preparation routes and explored photocatalytic
applications, the semiconductor-carbon established to be potential photo-induced charge
separation and charge transfer thereby enhance the overall photocatalytic performances of

the system. Moreover, semiconductor-carbon composite offers (i) efficient charge separation
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(i1) higher charge mobility, (iii) extended photoabsorbance (iv) large specific surface area (v)

good chemical and photostability[66-68].

i) Graphene photocatalysts

The graphene materials have received huge attraction in hybrid photocatalytic material
designing because of their unique two-dimensional (2D) hybridized carbon structure, which
specifically offers higher specific surface area, fast charge transfer and greater chemical
stability[69, 70]. Also, their unique structural properties offer efficient photoinduced charge
separation and transport properties thereby establishes the improved photocatalytic
performances. Since it can be used as potential candidate for designing semiconductor-
carbon composite photocatalyst for antibiotic degradation. For example, a two-dimensional
graphene (GO) and reduced-graphene oxide (RGO) sheets have attracted much attention in
photocatalysis because of their unique structure properties. For example, a distinctive ZnTe
nanoparticles were well-spread onto a two-dimensional wrinkled graphene sheet surface, the
RGO functioned as a solid support as well as a nucleation center of ZnTe nanocrystal. RGO-
ZnTe composite exhibited around 2.6 times higher photocatalytic efficiency than ZnTe
toward the degradation of tetracycline antibiotic under visible light. The enhanced catalytic
performance was attributed to better interaction and synergy between RGO and ZnTe
nanoparticles[71]. Similarly, the reduced graphene oxide offered good conductivity with
outstanding electron transporting properties, which inhibited the photo-excited electron-hole
pairs recombination in Fe3Os@g-C3N4/RGO ternary photocatalyst. Furthermore, graphene
oxide is found to increase the photostability to Fe;O4@g-C3N4/RGO and showed enhanced
photocatalytic performance on tetracycline degradation[72]. Further, the sandwich-like TiO»-
rGO composite was fabricated via Pickering emulsion approach, where the TiO:
nanoparticles were closely and densely packed on rGO sheets (Figure 2.14). This unique
structure significantly enhanced the light absorption, accelerated the charge separation and
improved the adsorption capacity of antibiotic, thereby increased the photocatalytic removal

of tetracycline under visible light around, which was around 94% in 40 min[73].
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Figure 2.14. Fabrication of the TiO2-GO composite by Pickering emulsion method[73].

A highly efficient and stable AgxMo0O4/Ag/AgBr/GO heterostructure photocatalyst was
demonstrated an excellent charge separation and photocatalytic performance. Consequently,
the antibiotic tetracycline hydrochloride was completely degraded within 75 min by
Ag>Mo04/Ag/AgBr/GO heterostructure, which is 1.36 times higher photocatalytic efficiency
than that of without GO based AgxMoO4/Ag/AgBr heterostructure composite. Because of the
graphene oxide that acted as an efficient electron acceptor, where it also prevented the
metallic silver exchange into silver ions thereby improving the stability of the heterostructure

photocatalyst[74].

ii) Carbon quantum dots photocatalysts

In recent years, the semiconductor-carbon quantum dot composites have also been received
more interest in photocatalysis due to their distinct electronic properties. In this direction, the
carbon quantum dots (CQDs) possess many unique properties such as (i) excellent charge
transport properties, which can enhance photogenerated electron-hole separation and reduce
recombination process (ii) the extension of the excitation wavelength into visible light region,
acting as photosensitizers (iii) possible to act as either electron acceptor or electron donor.
Therefore, fabrication of semiconductor-CQDs composites would provide enhanced
photocatalytic activity[75, 76]. For example, carbon quantum dots-loaded mesoporous g-
C3N4 (mpg-C3N4/CQDs) was found to show synergistic absorption effect and higher visible
photodegradation of fluoroquinolones antibiotic ofloxacin (90.1% degradation). The mpg-
C3N4/CQDs composite introduced a larger number of adsorption sites, exclusive up-

converted photoluminescence properties and efficient charge separation in order to improve
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the degradation of ofloxacin, a fluoroquinolone antibiotic[77]. The photocatalytic
performance of CQD modified-BixMoOs was explored on the degradation of ciprofloxacin
and tetracycline hydrochloride under visible light. The well-distribution of CQDs (~7 nm)
on Bi;MoOs nanosheet surface enhanced the photocatalytic activity and found to have 5.7
times higher ciprofloxacin degradation efficiency than that of pure BiMoOs. The CQDs were
played a major role on the observed superior photocatalytic activity of CQD-BiMoOg
composite. In this system, the CQDs essentially acted as a photocenter for light absorbance
as well as the charge centers towards improving the charge separation and reducing the
charge recombination and thereby enhanced the antibiotic degradation[78]. More
interestingly, Ag'-CDs-BixWOs ternary composites with excellent solar-light-driven
photocatalyst activity were studied on tetracycline degradation. The CDs (carbon dots) were
uniformly spread on BixWOg nanosheets surface, where it also potentially performed as the
efficient electron acceptors. The coexistence of CDs and Ag” significantly improved the
photogenerated electron-hole pairs separation and distinctly improved visible light
absorbance (Figure 2.15). It facilitated a superior photocatalytic activity towards the
tetracycline degradation with 91.33% removal efficiency in 10 min and complete degradation

was achieved in 20 min[79].
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Figure 2.15. (a) Photocatalytic mechanism of Ag"-CDs-Bi,WOs and (b) photocatalytic

removal efficiency of tetracycline with different catalyst in 10 min under solar light[79].

Further, 2-4 nm sized CQDs were well dispersed on dandelion-like ZnS surface and found
to have higher photocatalytic activity on ciprofloxacin removal under simulated sun light.

The optical and electrochemical results were proved that the enhancement of photocatalytic
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activities assigned to improved electron-hole charge separation efficiency by CQDs. Because
of the smaller size, carbon quantum dots (CQDs) can be uniformly distributed and can
establish well contact onto the semiconductor surface, which built bulk-to-small surface

channels and excellent charge transport ability[80].

2.6 Bismuth materials

The development of new hybrid photocatalysts with proper counterparts and design is highly
required for effective removal of antibiotics from water. The new photocatalyst can offer
significant advantages over traditional photocatalytic materials such as interesting
visible/solar absorption, narrow band gap, fast and efficient charge transfer, higher redox
potential, and higher surface and catalytic properties. Recently bismuth-based materials such
as metal bismuthate, bismuth vanadate and bismuth tungstate have received significant
interest in photocatalysis due to its unique structure, electronic and physical properties, which
offer interesting visible light absorption, better charge separation and high photostability[81-
83]. Hence, the development of bismuth-based nanostructured and nanocomposite
photocatalysts could possibly offer high photocatalytic performance towards antibiotic

degradation.

2.6.1 Metal bismuthates

Metal bismuthates MBiO3 (M = Ca, Cd, Mg and Zn) are theoretically proposed perovskite
structured ferroelectric oxides, which can be operated under visible light irradiation. The
MBIiO; exhibits small band gap (~2.0 eV), strong visible-light absorption, small carrier
effective masses and large electrical polarization. MBiO3 materials are taking more
advantage towards photocatalytic application due to their effective Bi**/Bi°* charge
disproportionation and small radii of M-site cations in the MBiO3 compounds. Besides, the
designing of small band gap ABOs3 ferroelectric oxides by combining of small A-site cations
such as Mg?*, Zn?*, Cd** and Ca?" with larger B-site cation of bismuth was favoring to higher
the charge ordering and better light absorption, specifically disproportionation of Bi** into
Bi**/Bi**. Also, MBiOs offers the ferroelectric compounds with smaller tolerance factor (t)
and the band edges formed by the 6s-like states derived from the Bi** and Bi** cations. The

spatially extended 6s orbitals of Bi** and Bi>" cations should guarantee a high photogenerated
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carrier mobility as observed in similar material. The band gap reduction in these-system is
mainly due to the stereo-chemically active lone pair of Bi** 6s shifting the top of the valence
band to higher energy, which does not affect the redox processes during photocatalytic
process. Therefore, the development of new bivalent MBiO; ferroelectric perovskite
materials are possibly potential candidate for photocatalytic oxidation of pharmaceutical
pollutants[84]. Recently, we have developed for the first-time calcium bismuthate (CaBiO3)
perovskite material with distinct Bi** and Bi** multi-charge disproportion (Figure 2.16) via

glycine-complexation and ion-exchange methods.
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Figure 2.16. CaBiOs perovskite material with distinct Bi** and Bi®" charge
disproportion[13].

The as-developed CaBiO; found to have an efficient Bi**/Bi>* charge disproportion and well-
established BiOg octahedral crystal arrangement, where it also offered an efficient visible
photo-absorbance and higher photo-generated charge carrier generation and separation.
Moreover, the effective Ca** incorporation into bismuthate (BiOg) crystal lattices potentially
modified band structure and band potential of CaBiOs, which offered more suitability for
photocatalytic redox properties. Also, the developed nanostructured CaBiO; materials
offering higher surface area resulting in enhanced surface properties for the improved
catalytic reactions. Furthermore, the developed CaBiO3 materials have also been potentially

explored on the degradation of antibiotic contaminants under solar light[85].
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2.6.2 Bismuth vanadate

Bismuth vanadate (BiVOs) is a narrow band gap semiconductor, and its tunable structural
and electronic properties provide excellent photocatalytic activity and photostability to the
system. The photocatalytic activity is strongly depended on the crystal structure of the
material. The BiVOys exists in three different crystal structure such as monoclinic scheelite,
tetragonal scheelite and tetragonal zircon. Among them, the monoclinic BiVO4 with a narrow
band gap of 2.4 eV reveals superior photocatalytic performance than other crystalline
phases[82]. The electronic structure of BiVOs exists with Bi 6s and O 2p in the valence band
and V 3d states with minor contributions of Bi 6p and O 2p in conduction band. The BiVO4
shows a greater visible photocatalytic performance due to Bi-O dodecahedral distortion and
their distinct overlap of O 2p and Bi 6s orbitals in the valence band is a benefit for the higher
mobility of photogenerated charge carriers and reducing band gap of BiVO4[86, 87]. For
example, quantum sized monoclinic BiVOs4 displayed size depended optical and
photophysical properties. As-compared to nano-BiVOs4, the quantum-BiVOs4 exhibits
increased band gap value due to the negative shift of conduction band edge by a quantum

confinement effect of BiVO4 as shown in Figure 2.17.
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Figure 2.17. The band structures of nanoscale-BiVO4 and quantum-BiVO4[90].

This property offered excellent photocatalytic activity to quantum-BiVOs for the overall
water oxidation without cocatalyst under solar light irradiation. Also, it proved that the

photocatalytic performance was improved by tuning particle size of BiVO4[88]. Further, the
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well-defined monoclinic BiVO4 nanoplates was synthesized without using any template or
organic surfactant by facile hydrothermal route. As-prepared m-BiVO4 nanoplates displayed
an efficient visible photocatalytic activity towards the degradation of organic contaminants
and photocatalytic water oxidation. The nanostructure designing with suitable surface

structures significantly enhanced visible photocatalytic activity of the material[89].

2.6.3 Bismuth tungstate

Bismuth tungstate (Bi2WOe) is a layer structured material which comprises of layered
[WO4]* between bismuth oxide [Bi202]*" layers. Due to its unique layered structure and ideal
band structure, it retains several advantages especially in photocatalytic applications. The
perfect band structure offers suitable visible light absorption, and their layered structure leads
to the efficient photogenerated electron-hole pairs separation, which can be ascribed to high
photocatalytic activity and good stability. The conduction band of Bi2WOs possess W 5d
orbital and valence band comprises of hybridization of the O 2p and Bi 6s orbitals[90]. Upon
photoexcitation, such band structure allows charge transfer from the O 2p and Bi 6s hybrid
orbitals to the empty W 5d orbitals as indicated in Figure 2.18. The largely dispersed valence
band resulted in narrow band gap (2.8 eV) of BixWOs material, and it also favors higher
photogenerated hole and electron mobility. Therefore, visible light driven BixWOs

photocatalysts have received extensive attention in photocatalytic applications.
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Figure 2.18. Band structure of the Bi,WOs materials[93].
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For example, the BixWOs monolayer with [BiO]"-[WO4]>-[BiO]" sandwich substructure
was developed by CTAB-assisted self-assembly route. The sandwich structure established
heterojunction interface with oxygen-depleted surface, and it offered an ultrafast
photogenerated charge carrier separation and highly reactive surface. Hence, the monolayer
catalyst surface generated a greater number of photogenerated holes which initiated an
excellent organic pollutant degradation. Also, the monolayer BizWOs formation showed an
efficient visible light absorbance due to their narrow bandgap[83]. Similarly, the ultrathin
Bi2WOs photocatalyst presented an excellent catalytic performance in organic pollutant
degradation and water splitting. Hence, the two-dimensional morphology with superior
electronic properties introduced fast hole transport delivering stronger oxidation ability to
ultrathin Bi;WOe. In addition, the ultrathin layered structural property of fast photogenerated
charge carrier migration to the surface promisingly reduce the charge recombination rate and
improve the photocatalytic activity[36]. The mesoporous single-crystal-like BixWOs with
integrated tetragonal architecture was developed by mixed molten salt method, the
synergistic effect of metal precursors and electrostatic attraction of crystal structure played
vital role in the construction of mesoporous BioWOs architecture. The unique architecture
efficiently altered their physical properties of mesoporous BixWOs thus enhance the charge
separation efficiency and lifetime of electron and hole pairs. Hence, the developed
photocatalytic material found superior photocatalytic performance in organic pollutants

degradation and oxygen evolution under visible light[91].
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Chapter 3 : Characterization techniques

3.1 X-ray diffraction analysis

X-ray diffraction (XRD) technique is commonly used to analyze and describe the
crystallographic structure and phases of materials. An X-ray source that produces X-rays by
directing a high-voltage electron beam at a metal target anode within an evacuated X-ray
tube (Figure 3.1 a). The detector will count the number of X-ray photons of a specific energy
for each 20 angle, which is proportional to reflection of the peak intensity. The XRD pattern
is made up of a series of intensity peaks that vary in intensity as a function of angle. The
peak positions depend on the crystal structure of the material, which includes the shape and
size of the unit cell. Furthermore, each peak in the spectrum is associated with a particular
atomic d spacing. Typically, X-ray diffraction occurs as X-ray photons are elastically
scattered by atoms in a periodic lattice. Constructive interference is generated by scattered
monochromatic X-rays in phase. According to Bragg's law, the constructive interference
arises only when the path length difference between two or more beams diffracted in the

same direction is an integer multiple of the wavelength (Figure 3.1 b).

2dsin®

Figure 3.1. (a) X-ray diffraction instrument and (b) Schematic illustration of the Bragg’s

law.

The difference in path length is determined by the atomic lattice spacing and the sine function
of the angle between the incident and scattering angles. Bragg's law of diffraction states that

the relationship between the angles measured for each peak and the corresponding d spacing.

nA = 2d sinf
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where n is an order of the interference, A is the wavelength of the X-rays (nm), d is the
distance between two lattice planes (nm), 0 is the angle between the incoming X-rays and the

normal to the reflecting lattice plane (degree).

3.2 Electron microscopy

Electron microscopy (EM) is an indispensable powerful technique to characterize micro and
nanoscale materials, as it provides detailed information on the size and morphology of
materials. In principle, electron microscopes investigate structures on a very fine scale using
a beam of highly energetic electrons. The high energy beam interacts with the atoms in a
material, incident electrons undergoes either elastic or inelastic scattering resulting in the

electron emission and transmission (Figure 3.2).
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Figure 3.2. The working principle of electron microscope.

Generally, electron microscopes are classified into two types: scanning electron microscopy
(SEM) and transmission electron microscopy (TEM), which are distinguished based on their
imaging concepts and specimen shapes. The scanning electron microscopy works based on
the electron emission process, while transmission electron microscopy operates on electron
transmission. The SEM technique analyze morphology of microstructure and nanostructure
material by scanning its surface by high resolution with great depth. In principle, highly
accelerated electrons beam focused onto a small region sample specimen to hit out the

secondary electrons or backscattered electrons. These generated backscattered electrons from
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material surface produces electronic signals, which are converted into images. The secondary
electron signal intensity is greatly dependent on the shape and the chemical composition of
the sample. The transmission electron microscopy is a distinctive technique providing high-
resolution images of objects when an electron beam interacts and transmit through the
specimen. In principle, the accelerated high energy electron beam passes through a thin-
section specimen of sample, the electron beam undergoes to scattering and transmission. The
transmitted and scattered electrons can be coupled to create interfering high-resolution
images. The irradiated specimen must be small enough to enable electron transmission and

the electron beam must have a high energy to transmit electrons.

In high-resolution transmission electron microscopy (HR-TEM) both transmitted and the
scattered electrons can be combined to generate interfering images that is as small as a unit
cell of the crystal. This technique can provide images of the crystal structures and lattice
imperfections on the atomic scale of the materials. The elemental and chemical composition
of a selected part of the material is characterized by energy-dispersive X-ray analysis (EDX
or EDS). In this process, when the high energy electron beam strikes on sample surface, the
core electrons are ejected from the atoms and generate electron vacancy. Then the created
electron vacancy in the lower shell is filled by an electron from a higher shell and the energy
difference between the two shells is emitted in the form of X-ray. Also, the energy of the
emitted X-ray depends on the atomic structure of the elements from which they were emitted

allowing the elemental composition of the specimen to be measured.

3.3 X-ray photoelectron microscopy

X-ray photoelectron microscopy (XPS) is a powerful surface chemical analysis technique for
determining the chemical composition and chemical state of the elements in the surface
region. XPS functions based on the photoelectric effect, while X-Ray beam is directed to the
sample surface, the high energy of the X-ray photon is adsorbed by the core electron of an
atom and causing electron emission (Figure 3.3). The emitted electron is defined as the
photoelectron, which break the nuclear attraction force at the core level and escaping from

the surface into the surrounding.
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Figure 3.3. The mechanism of photoelectron emission in X-ray photoelectron spectroscopy.

The electron analyzer captures these ejected photoelectrons and measure their kinetic energy
Ex (eV). The kinetic energies of ejected photoelectrons are not only characteristic of the
atoms of the element, but it also reveals details about chemical states of the atom. The XPS
spectrum plot the signals of the photoelectron versus binding energy. Further, the Einstein's

relationship determines the binding energy of the core electron.

Ex=hv -Ep-0

where Ex is the kinetic energy of the photoelectron; h is Planck’s constant, v is the frequency
of the exciting radiation, Ey is the binding energy of the photoelectron with respect to the

particular Fermi level and ¢ is the surface work function.

3.4 Nitrogen physisorption

The nitrogen physisorption equilibrium isotherms are used to measure the specific surface
area, pore size, pore size distribution and porosity of solid materials. This measurement
technique allows the physical adsorption of nitrogen or helium gases onto the catalyst surface
at low constant temperature (atmospheric boiling point of nitrogen or helium) to estimate
their surface area. It measures gas adsorption by increasing partial pressure and desorption
by decreasing partial pressures on the materials. The adsorption-desorption isotherms

resulting corresponds the relationship between volume of nitrogen adsorbed and desorbed vs
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relative pressure at constant temperature. The isotherm is the plot of adsorbed volume at the
standard pressure against the corresponding equilibrium pressure (P/P,) at a constant
temperature. The specific surface area is calculated by adsorption isotherms that relate the
volume adsorbed to the relative pressure. The Brunauer-Emmett-Teller (BET) theory is the
widely used to estimate the surface area of the porous material. Further, the nature of the
isotherms mainly depends on the porous structure of the materials. As per international union
of pure and applied chemistry (IUPAC) estimation the isotherms are classified to six types
(Figure 3.4).

Amount adsorbed

Relative pressure

Figure 3.4. Types of physisorption isotherms.

The type I isotherms are found in microporous materials, while type II and III isotherms
distinguish nonporous or macroporous materials in which adsorption occurred by multilayer
formation. Type IV and V isotherms characteristic mesoporous materials with multilayer
adsorption consisting of capillary condensation. Type VI isotherms represents uniform

nonporous surface, which allows stepwise multilayer adsorption.

3.5 Fourier transform infrared spectroscopy

Fourier transform infrared spectroscopy (FTIR) is a well-known spectroscopy tool to identify
chemical functional groups of materials. The infrared spectroscopy studies the changes in

vibrational and rotational motions of molecules resulting in functional group identification
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(Figure 3.5). It is used to prove the presence or absence of functional groups in the materials.
The infrared radiation induces vibrational and rotational excitation in the molecular bonds of
material under infrared radiation with frequency range of 400 to 4000 cm™'. The specific
chemical groups correspond to specific wavelength of infrared light and generate distinct
vibration frequencies. Also, each chemical bond with multiple vibrational modes, such as
stretching and bending modes can absorb multiple infrared frequencies with varying
intensities. Stretching absorptions produce stronger peaks than bending absorptions, but the
weaker bending absorptions help distinguish between similar types of bonds. The plot of
percentage transmittance against frequency (wavenumber) creates the infrared spectrum of

the sample or compounds.
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Figure 3.5. The types of vibration in infrared spectroscopy.

3.6 UV-visible spectroscopy

UV-visible spectroscopy (UV-Vis) is a very useful characterization technique to measure
optical properties such as absorption, transmission and reflectance of materials. In principle,
the material interacts with photons and undergoes wavelength dependent electronic

transitions (Figure 3.6). The material undergoes photo absorption and electronic transitions

36



thereby electrons move from their ground states to higher energy excited states in the
wavelength range of 200 to 800 nm. The intensity of absorbed or transmitted or reflected
photons is analyzed as a function of wavelength. This technique offers a quantitative

measurement of the wavelength dependent optical properties from light-matter interactions.
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Figure 3.6. The wavelength dependent electronic transitions of materials.

UV-vis spectroscopy widely used to investigate diffuse reflectance and absorbance properties
of the materials. The UV-vis diffuse reflectance spectroscopy is used to characterize solid
state material, functioning based on amount of light reflection by the material. The
absorbance of solid material estimated by the function of reflectance versus wavelength. UV-
vis absorbance technique is mainly utilized to analyze liquid sample, it’s evaluates based on
the difference between the incident and transmitted light efficiency of the solution. The
material concentration is estimated by linear relation between the absorbance versus
wavelength. Moreover, the information derived from the UV-vis spectrum can be used to

estimate the material's band gap.

3.7 Photoluminescence

Photoluminescence (PL) spectroscopy is a valuable technique for getting information about
material electronic structure and optical properties, as well as study photochemical properties
of charge carrier capture, migration and transfer efficiency. Figure 3.7 explains the basic
concept of photoluminescence, the emission of radiation late the photon absorption is known

as photoluminescence.

37



Excited State — — —@ - = — -

Nonradiative relaxation

Excitation --&--zc: Conduction band

photon
\ Luminescence
photon

N

—0 000000 —

Valence band

electrons

Figure 3.7. The basic mechanism of photoluminescence spectroscopy.

It can be represented quantum mechanically as an excitation to a higher energy state followed
by a return to a lower energy state with the emission of a photon. The material absorbs a
photon with a higher energy than its bandgap, followed by the electron-hole pair generation.
Due to their unstable properties, the excited electrons from bottom of the higher energy
level quickly return to the top of the lower energy level to recombine with the existing holes.
The recombination of photoinduced charge carriers could emit energy as irradiation resulting
in luminescence emission, this phenomenon is known as photoluminescence. The time
between absorption and emission is very short, lesser than ten nanoseconds. The
luminescence intensity reveals rate of photogenerated charge carrier recombination
efficiency, and also emitted photon energy is equivalent to the bandgap energy of the

material.

3.8 Photoelectrochemical study

The photoelectrochemical (PEC) technique is a potential characterization technique to study
the electronic properties of semiconductor based photocatalytic materials. The charge
carrier’s separation and transfer ability are evaluated by transient photocurrent and
electrochemical impedance study. Also, this technique can be used to estimate band position

of semiconductor materials from Mott-Schottky plots. A typical photoelectrochemical cell
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consists of a three-electrode system which includes working electrode, counter electrode and

reference electrode as shown in Figure 3.8.
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Figure 3.8. The basic setup of photoelectrochemical system.

Typically, the photoinduced electron-hole pairs are generated at working electrode in the
presence of an electric field. Afterward the photogenerated electrons are transferred to the
metal-based counter electrode, while the photogenerated holes move to the
semiconductor/electrolyte interface. Generated transient photocurrent and their intensity can
be used to characterise photoinduced charge carrier generation and separation of materials.
Further, the electrochemical impedance provides the charge transfer efficiency of
semiconducting materials, which can be obtained by measuring materials charge resistance

via Nyquist plot.
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Résumé

Cette étude est la premicre qui a montré I’efficacité photocatalytique de CaBiO3 (CBO) vis-
a-vis la dégradation des contaminants émergents (CEC) tels que la ciprofloxacine et la
tétracycline sous I’irradiation de la lumiére solaire. CaBiO; a été synthétisé en utilisant des
méthodes de complexation de la glycine (GC) et d’échange d’ions (IE). La différence
structurelle de ces différentes méthodes a été¢ mise en évidence par des résultats XRD et XPS,
vu le double état d’oxydation de Bi (Bi3"°") dans CaBiOs. Le CBO synthétisé par la méthode
GC (CBO-GC) a montré une large gamme d’absorption UV-visible de 200 a 550 nm et une
énergie de bande interdite de 2,30 eV, alors qu’elles ont été trouvées de 200 a 450 nm et de
2,65 eV pour le CBO synthétisé par la méthode IE (CBO-IE). Le potentiel VB de CBO-IE a
été¢ décalé vers une valeur plus positive (+2,45 eV) par rapport au CBO-GC (+1,90 eV) et
ainsi le potentiel CB calculé¢ de CBO-GC et CBO-IE a été trouvé respectivement -0,40 et-
0,20 eV. Une telle position de niveau d’énergie de VB et CB a favorisé la génération de
radicaux hautement réactifs pour une dégradation efficace des polluants. Ce positionnement
relatif des bandes d’énergie pourrait étre établi par les défauts surfaciques créés par les
lacunes d’oxygéne dans le matériau en raison du double état d’oxydation du Bi. Les mesures
de photocourant et d’impédance ont démontré une excellente séparation des charges et une
faible résistance dans le CBO-GC par rapport au CBO-IE. Par conséquent, le CBO-GC a
montré une dégradation photocatalytique favorisée, ainsi qu’une photo-stabilité et une

réutilisabilité améliorée par rapport a celles de CBO-IE.
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Abstract

This study is first to report the photocatalytic efficiencies of CaBiO; (CBO) towards the
degradation of the contaminants of emerging concern (CEC) such as ciprofloxacin and
tetracycline under the solar light irradiation. CaBiO; was synthesized using glycine-
complexation (GC) and ion-exchange (IE) methods. The structural difference by these
different methods was evidenced from XRD and XPS results, due to the induced-dual
oxidation state of Bi (Bi**3") in CaBiOs. The CBO synthesized by GC method (CBO-GC)
showed a broad UV-visible absorption range from 200 to 550 nm and band gap energy of
2.30 eV, while it was found to be 200 to 450 nm and 2.65 eV for the CBO synthesized by IE
method (CBO-IE). The VB potential of CBO-IE is shifted towards more positive (+2.45 eV)
as compared to the CBO-GC (+1.90 eV) and thereby the calculated CB potential of CBO-
GC and CBO-IE was found to be -0.40 and -0.20 eV respectively. Such positioning of the
VB and CB favored the generation of highly reactive radicals towards the effective
degradation of the pollutants. These relative alignments of the bands could be mediated by
the oxygen vacancy-defects in the systems owing to the dual oxidation state of Bi. The
photocurrent and impedance measurements demonstrated excellent charge separation and
lower resistivity in CBO-GC as compared to the CBO-IE. Accordingly, the CBO-GC showed
enhanced photocatalytic degradation efficiency, improved photostability and reusability as

compared to that of the CBO-IE.
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4.1 Introduction

The early detection and degradation of pharmaceuticals compounds in the water bodies has
become important considering their toxicity and potential hazardous to the ecosystems and
the lives on the planet[4, 5]. Among these pharmaceutical compounds, the antibiotic
chemicals receive the most serious attention, as they can lead to the serious health issues
through the production of antibiotic-resistant bacteria’s and antibiotic resistant genes, etc.,
which essentially have the ability to reduce the immunity of humans and animals to diseases.
More importantly, the antibiotic resistant bacteria-mediated infections are no longer sensitive
to antibiotic treatment, which could pose a serious threat to human’s health[7, 92]. Hence,
the antibiotic residuals are considered as an emerging pharmaceutical contaminant and
therefore, there is an urgent need to find a process to degrade them when they get released
and disposed into the environment, especially in water bodies[9, 93, 94]. In this direction,
photocatalysis has been widely studied for the degradation of organic and pharmaceutical
pollutants present in the water bodies[15]. In the past few decades, a wide range of
photocatalytic materials has been developed and explored for fast and efficient degradation
of pharmaceutical pollutants, especially antibiotics[48, 51, 57, 95]. However, the
development of potential photocatalytic materials for such application is always being a
challenge considering the various scientific and technological parameters of the process. In
such aspects, perovskites are the class of materials that essentially provide the required
features such as tunable band structure, photo-stability, etc for the effective photocatalytic
process[96-98]. As compared to binary oxides, several perovskite materials have
demonstrated the sufficient cathodic conduction band energies for photocatalytic reduction
process. In addition, one of the special features of perovskites, which is ferroelectricity or
piezoelectricity, is greatly helpful in many different ways toward enhancing the
photocatalytic process via increasing the charge separation, enhancing the surface adsorption
of pollutants and charge transportations for the effective photocatalytic activities[99, 100].
Perovskite materials are feasibly active in UV and visible light region; however, the visible
light active perovskite materials are gained importance for their cost-effective practical
applications. There are variety of visible light driven perovskites such as titanates, tantalites,
nibotates, ferrites are formerly developed and well-studied for the photocatalytic

applications[101].
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Recently, bismuth-based perovskite photocatalysts are widely explored in a greater extent
because of their unique photophysical properties and they offer a potential visible light
absorption and enhanced photo-induced charge separation. Notably, the bismuth-based
perovskite compounds can be established and stabilized in pentavalent oxidation state (Bi>*)
in the following Bi-based perovskites MBiO3; (M = Li, Na, K, Ag)[102-105], whereas the
dual-oxidation state bismuth-based perovskites (Bi*" and Bi’") tend to show the greater
photocatalytic efficiencies as compared to the mono-oxidation bismuth[81, 84, 106, 107]. It
should be noted that the bismuth ions (Bi 6s orbital) involve in the effective formation of
band energy structures in MBiO3 systems and it has become predominant when Bi ions
possess dual oxidation states, where the Bi** 6s ions and Bi*>* 6s ions specifically involves in
the formation of VB and CB respectively[84, 108], which essentially lead to the tunable
properties in MBiOs structures. However, the increased dual-oxidation states of Bi can lead
to the creation of more oxygen vacancy-defects in the system and it may affect the properties
of MBiO;[109, 110]. Therefore, the optimal concentration of dual oxidation states of Bi

should be meticulously engineered in the system.

In this direction, the calcium bismuthate with chemical formula of CaBiOs is theoretically
proposed as a single-phase ferroelectric perovskite oxide, which could be active under visible
light irradiation. CaBiO3 (CBO) shows small tolerance factor (t) with the band edges made
up by 6s states derived from the Bi** and Bi** cations[111]. In addition, the band gap of CBO
is relatively narrow as compared to the other typical transition metal oxides with d° electronic
configurations and hence the CBO shows the better solar light absorption properties. The
spatially extended 6s orbitals of Bi** and Bi** cations are found to be the origin for the high
mobility of photogenerated carriers as observed in the case of BaBiO3[84, 111]. With this
theoretical basis, herein, we have developed the multivalent charge disproportioned CaBiO3
(Bi**and Bi>") using two different synthesis routes known as glycine-complexation (GC) and
ion-exchange (IE) methods. Unlike the traditional ion-exchange method, the glycine
complexation process can potentially develop the charge disproportioned-CBO and decrease
the structural defects thereby it improves the optical, structural, crystalline and photoinduced
charge carrier mobility properties of CaBiOs. Further, the synthesized CaBiO3 systems have
also been investigated for their photocatalytic efficiencies under solar light towards the

degradation of the pharmaceuticals antibiotic pollutants such as ciprofloxacin and
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tetracycline, which are classified as the contaminants of the emerging concern, where they

could often be found in the water bodies.

4.2. Materials and methods
4.2.1 Chemicals

The precursor chemicals such as bismuth nitrate pentahydrate (98%), calcium nitrate
tetrahydrate (99%), glycine (99%), polyvinylpyrrolidone (MW-10000), ammonium
hydroxide (28%) and nitric acid (68-70%) were procured from the commercial sources and

used without any further purifications.

4.2.2 Synthesis of CaBiOs

The CaBiO3; (CBO) was prepared by novel glycine-complexation[112] method and

conventional ion-exchange method[109].

4.2.2.1 Glycine-complexation method

In this process (as shown in Scheme 4.1), 10 mL of 0.1 M Ca(NO3),:4H>O and
Bi(NO3)3-5H20 (dissolved in diluted nitric acid) solutions were mixed together with 20 mL
of deionized water and stirred for 0.5 h, followed by the addition of 900 mg of glycine and
300 mg of PVP (MW-10000). The mixture was continued for stirring for 0.5 h to ensure that
all the precursors were dissolved completely. To this, few mL of NH4OH solution was added
to adjust the pH of the mixture to be around ~8.0. Then, the solution was transferred into 150
mL Teflon coated autoclave and kept at 180 °C for 12 h in a hot air oven. After the reaction
time, the obtained solid product was centrifuged and washed with deionized water for several
times and dried at 60 °C for 12 h to obtained grayish brown powder. Finally, this as-
synthesized powder was calcinated at 450 °C for 4 h to obtain the CaBiO3; (CBO-GC), which

appeared greenish yellow in color.
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Scheme 4.1. Synthesis of CaBiO3 by the glycine-complexation method.

4.2.2.2 Ion-exchange method

Ca?
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In this typical process (as shown in Scheme 4.2), 5 mmol (1.4 g) of NaBiO3.2H>O was well

dispersed in 100 mL of deionized water by ultra-sonication. To this, 0.5 mL of HCI solution

was added dropwise, where the hydrolysis reaction was taken place and led to the formation

of yellow precipitate and then finally to the light brown precipitate. Afterward, 5 mmol (0.82

g) of Ca(NO3), was dissolved in 100 mL of deionized water and drop-wise added into the

above bismuthate mixture and stirred for 2 h. After this process, the solution mixture was

transferred into a 150 mL Teflon coated autoclave and maintained 180 °C for 48 h. Finally,

the resulted product was separated by centrifuging and washed with deionized water and

ethanol for several times. Then the obtained product was dried at 80 °C and calcinated at 450

°C for 4 h to obtain brownish yellow CaBiO; (CBO-IE) product.

---------
..................

-0 -0 N BN BN B 'Y X X X
--------- HCl (H¥) P VAR N Ca?* ANV | VAN W
-0 " 0" — " 0" @ @" — L B B B
......... Reduction . ® e * o % o ° o 180 nc/48h o« % o * a8 , e
v ‘o e 0. 0.
Sodium bismuthate Reduced-NaBiO; Calcium bismuthate
(NaBiO,) (CaBiO,)

Scheme 4.2. Synthesis of CaBiO3 by the ion-exchange method.

4.2.3 Characterizations

Na*

ca2+

* Bi5+06

i/ Bi3+06

All the synthesized CaBiO; samples were characterized for their structural, optical,

morphological, photo-physical and photocatalytic properties. The optical property was
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studied by UV-Visible spectroscopy (Cary 300 Bio UV-visible spectrophotometer). The
crystal structure was analyzed using X-ray diffraction technique (Bruker SMART APEX II
X-ray diffractometer equipped with a Cu Ko radiation source, A = 1.5418 A). The particle
morphology and size of the samples were investigated using scanning electron microscope
(JEOL 6360 instrument operated at 15 kV) and transmission electron microscope (JEOL JEM
1230 instrument operated at 120 kV). The nitrogen adsorption-desorption isotherms were
studied using a Quantachrome Autosorb-1 MP analyzer. The surface chemical composition
and chemical states of the catalysts were measured using X-ray photo-electron spectroscopy
(Kratos Axis Ultra) equipped with a focused X-ray source (Al Ka, hv = 1486.6 eV). The
photoelectrochemical properties were measured by a photo-electrochemical analyzer

(Autolab PGSTAT204) using 100W Xenon arc lamp.

4.2.4 Photocatalytic experiment

Photocatalytic performance of the synthesized CaBiO3 photocatalysts was examined on the
degradation of antibiotic molecules such as ciprofloxacin and tetracycline under solar light
illumination. In the typical experiment, 30 mg of photocatalyst was suspended in 100 mL of
ciprofloxacin (10 ppm) and tetracycline (30 ppm) antibiotic solutions. Prior to the light
irradiation, the photocatalyst-pollutant solution mixture was stirred at dark condition for
about 15 min to attain the adsorption-desorption equilibrium. Then, the mixture was exposed
under a 100W ABET Sunlite solar simulator, Xenon arc lamp with wavelength ranging from
250-1800 nm light irradiation and kept under a continuous stirring for the thorough mixing
of the photocatalyst and pollutant. For every 15 min, a small amount of solution mixture was
collected and investigated for its optical properties using a UV-Vis spectrometer to estimate

the degradation kinetics.

4.3. Results and discussion
4.3.1 Optical properties

The UV-Vis absorption spectra of both CBO-GC and CBO-IE clearly revealed (as shown in
Figure 4.1(a)) the visible light absorption characteristics of the CaBiO; system. This
observed broad visible light absorption range of CBO-GC and CBO-IE systems could be

attributed to the strong inter-site electron transition between Bi** 6s and Bi>* 6s states in the
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CaBiOs system[84, 111]. It should be noted that the CBO-GC is showing an extended visible
light absorption range up to 550 nm as compared to that of the CBO-IE that shows absorption
up to 450 nm, which could be due to their enhanced Bi**/Bi** charge disproportion in the
CBO-GC system. These results indicate that the CBO shows the synthesis methods
dependent optical properties. The glycine-bismuth complexation leads to the formation of
Bi**/Bi** charge disproportion rich CBO, which could be due to the glycine molecules that
stabilize the CBO system with oxygen vacancies through Bi**-O%-Bi** complexes.
Therefore, the CBO-GC with rich Bi**/Bi** charge disproportion exhibited a strong and
extended visible absorbance as there is a manifestation of electrons hopping or shuttling in

the CBO-GC system[84, 111].

(a)

Absorbance
©h v)1/2
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Figure 4.1. (a) UV-Vis spectra and (b) Tauc plot band gap energy of CaBiO3 (CBO-GC and
CBO-IE).

The band gap energy of the synthesized CaBiOs samples (CBO-GC and CBO-IE) is
estimated from their optical absorption spectra through the Tauc plot as shown in Figure
4.1(b). Generally, the typical narrow and indirect band gap energy of CBO is mainly
attributed to the incorporation of small radii calcium cations (Ca*") into bismuthate (BiOg)
crystal structure in the CaBiO3 system[111]. From the plot, the CBO-GC is showed the
decreased band gap energy of 2.30 eV as compared to the CBO-IE, which is 2.65 eV. This
could be because of the glycine-bismuth complexation that offers a well-organized calcium

ion’s incorporation into bismuthate lattices that shifted the valence band edge of bismuth
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(Bi** 6s) into lower energy, therefore it led to the formation of reduced band gap energy in
CBO-GC[84, 113]. On other hand, the ion exchange technique may offer the inadequate Ca**
incorporation into BiOg crystal structures, which has insignificant impact on the valence band
edge shifting in the CBO-IE system. Accordingly, the obtained band gap energy value of
CBO-GC (2.30 eV) was found to be nearly equal to the theoretically predicted band gap
energy of CaBiOs (2.09 eV)[111].

4.3.2 Crystalline and chemical composition analysis

The crystalline properties of CaBiO3; (CBO-GC and CBO-IE) are investigated using X-ray
diffraction (XRD) technique and the obtained results are shown in Figure 4.2(a). Both the
synthesized CBO-GC and CBO-IE systems are found to be crystalline in nature, but their
XRD patterns are found to be slightly different from each other. This could be due to two
possible reasons; (i) difference in the crystal structure and (ii) formation of impurities[84,

111].
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Figure 4.2. (a) X-ray diffraction spectra of CaBiO3 (CBO-GC and CBO-IE) and (b) X-ray
photoelectron narrow scan spectra of Bi4f (CBO-GC and CBO-IE).

It is realized that the CaBiOs; phase could possibly take either the perovskite structure and
crystallize in the monoclinic P21/c space group or ilmenite structure and crystallize in the
trigonal R-3 space group[111]. Accordingly, the differences in the obtained XRD patterns
(mismatching of the peaks) of CBO-GC and CBO-IE may be due to their structural
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difference. However, we predict that CBO synthesized via GC method might have
crystallized into perovskite structure, as it contains relatively low oxygen vacancy defects
with relatively minimized Bi3+/5+ charge fluctuations as compare to the CBO synthesized
via IE method[110]. Otherwise, it is also possible that the extra peaks appeared in the XRD
patterns could be due to the formation of some impurities such as bismuth oxide (Bi2O3) and
other possible impurity phases such as bismuth oxychloride (BiOCI), sodium bismuthate
(NaBiOs)[110, 114, 115]. However, the XPS spectra (as discussed in the following section)
showed no peaks corresponding to Na or Cl or any other peaks corresponding to any other
elements. In addition, to the best of our knowledge, there is no JCPDS data available for the
CaBiO;. Therefore, the observed difference in the XRD patterns could be ascribed to their

structural difference rather than the formation of impurities.

The structural characteristics of CBO-GC could be attributed to its synthesis process, which
facilitated the formation of a perfect BiO¢ octahedral arrangement along with a strong Bi-O
hybridization and appropriate placement of Ca?* ions in the CaBiOs system[84, 106]. On the
other hand, in the ion-exchange process, the acid hydrolysis partially reduces the Bi**Os into
Bi*'O¢ and encourages the non-selective bismuth reduction. This non-selective reduction
leads to the structural destruction in BiOs octahedral and poor Ca®* incorporation into BiOs
octahedral lattices, which eventually leads to the formation of different crystal structure

and/or secondary impurities phases as mentioned above[109, 114].

The X-ray photoelectron spectra (XPS) of bismuth (Bi), as displayed in Figure 4.2(b), show
the existence of mixed oxidation sate of Bi (Bi**/Bi’*) in the synthesized CaBiO3; materials.
The deconvoluted peaks of Bi can be assigned to Bi 4fs» and Bi 417, orbitals, where it has
been found that the strong peaks of CBO-GC and CBO-IE at 163.4 and 158.1 eV can be
assigned to +3 oxidation state of bismuth, whereas the weak peaks of CBO-GC and CBO-IE
at 164.0 and 158.7 eV can be assigned to +5 oxidation state of bismuth[109, 110, 116].
Accordingly, the charge distributions of Bi** and Bi** oxidation states of Bi in CBO-GC and
CBO-IE samples were estimated from their respective Bi XPS spectra. The estimation
showed that in the sample CBO-GC, the percentage of Bi** and Bi** is 68.67 and 31.33%
respectively. Similarly, in the sample CBO-IE, the percentage of Bi** and Bi*" is 80.79 and
19.21% respectively. It should be noted that the CaBiO3 system typically has two types of
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distorted BiOg octahedral on its unit cell, which are Bi*"Og and Bi**Os. The octahedral BiOg
are connected to each other and the Ca”" ions are located between octahedral BiOg. Therefore,
the developed CBO material contains two kinds of octahedral distorted and ordered cations
in their perovskite structure[84, 111]. These two different octahedral distorted units Bi**Os
and Bi**Og establish the dipole-induced internal electrical field, where the electron hopping

between Bi** and Bi®* can offer the enhanced ferroelectric properties to CaBiOs3 system[99].

The XPS survey spectra of CaBiO3 (CBO-GC and CBO-IE) are given in Figure S4.1(a)
(supporting information), where it clearly indicates that all the synthesized materials contain
the respective elements such as Ca, Bi and O with its native oxidation states and without any
impurities. The narrow scan XPS spectra of Ca, O and C elements are given in Figure S4.1(b-
d) (supporting information). The XPS spectra of calcium (Ca) (in Figure S4.1(b) supporting
information) show the peaks at 350.0 and 346.4 eV corresponding to Ca 2p12 and Ca 2p3.2
orbital of Ca*" ions. The Ols XPS spectra of CaBiO3; (CBO-GC and CBO-IE) could be
deconvoluted into three peaks, as shown in Figure S4.1(c), such as lattice oxygen (Bi-O),
oxygen vacancy (Ovacancy) and adsorbed oxygen (O-H). The O 1s spectrum of CBO-GC
clearly demonstrated that the CBO-GC contains only the lattice oxygen (Bi-O) and oxygen
vacancies (Ovacancy), While the CBO-IE contains the adsorbed oxygen (O-H) in addition to the
lattice oxygen (Bi-O) and oxygen vacancies (Ovacancy)[110]. Furthermore, the pronounced
asymmetric peak of O Is spectrum of CBO-IE indicates that the system relatively contains
more oxygen vacancy defects (77.6%) as compared to CBO-GC (38.8%). Accordingly, there
has been a shift towards higher binding energy observed in the Bi XPS spectrum of CBO-1E
as compared to CBO-GC, which might have occurred due to the inadequate Bi-O
interactions. This can be corroborated with the estimated concentrations of Bi-O, where it
was found to be 61.2 and 15.9% in CBO-GC and CBO-IE respectively. The oxygen vacancy
defects essentially affect the bismuthate (BiOg) lattice structures in CaBiO3 systems and
thereby it leads to the formation of highly distorted structure in CBO-IE[109, 110]. This could
be the reason for the observed structural discrepancy in the CBO-GC and CBO-IE, which
can be corroborated through the observed differences in their XRD patterns. Despite the rich-
oxygen vacancies in CBO-IE system, the presence of adsorbed oxygen (O-H ~6.8%) species
(Figure S4.1(c)) in the sample likely stabilize the system by screening the influence of

vacancy defects and enhance the surface-adsorption and reactivity of the sample towards its
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photocatalytic reactions. Figure S4.1(d) displays the deconvoluted C 1s XPS spectra of
CBO-IE and CBO-GC, where it demonstrates the characteristic existence of C=C, C-C, C-O
and C=0 species in the samples. We would like to highlight that the CBO synthesized by
sol-gel method did not show the existence of dual oxidation states of Bi, rather it possesses
its stable mono-oxidation state, which is +3 as confirmed through its XPS spectrum as shown

in Figure S4.2.

4.3.3 Morphological and surface area analysis

The morphological analysis of the synthesized CaBiO3 samples (CBO-GC and CBO-IE)
were performed using scanning electron microscopy (SEM) and transmission electron
microscopy (TEM) techniques and the obtained images are displayed in Figure 4.3(a-d). The
morphology of CBO-GC is found to be nano-flakes that aggregated into flower like structure
with the average length of flakes around 450 nm as shown in Figure 4.3(a-b). Similarly, the
morphology of CBO-IE is found to be nanosheets-like structure that aggregated into micro-
structured particle with an average length of the nanosheets around 600 nm as shown Figure
4.3(c-d). It is observed from these results that the ion-exchange method leads to the formation
of aggregated nanosheets, while the glycine-bismuth complex favors the formation of
dispersed nano-flakes morphology with thin layered structure of CaBiOs. This could be
because of the glycine that acts as chelating agent as well as shape controlling agent towards

the formation of thin layered nano-flakes structures of CaBiOs[112].
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Figure 4.3. SEM and TEM images of CaBiO; (a)-(b) CBO-GC; (c)-(d) CBO-IE and (e)
Nitrogen adsorption-desorption isotherm of CBO-GC and CBO-IE.

The nitrogen (N2) adsorption-desorption isotherm of CBO-GC and CBO-IE is shown in
Figure 4.3(e). The obtained results revealed that the CBO-GC demonstrates an enhanced
surface adsorption-desorption efficiency as compared to CBO-IE. In addition to the less
aggregation, the nano-flakes of CBO-GC also contain nanosized porous structure on the
surface, which led to the enhanced N> adsorption[112], while no such pores are found on the
surface of CBO-IE nanosheets. Accordingly, the surface area of CBO-GC is found to be
around 46.6 m?/g, while it is only 14.2 m?/g for CBO-IE. Therefore, the high surface area of
CBO-GC could offer more active sites on its surface and provide better active sites along
with an improved charge transfer pathway in CBO-GC towards the enhanced photocatalytic

reactions[99].

4.3.4 Photoelectrochemical and photocatalytic study

The photoelectrochemical (PEC) studies revealed the characteristic photo-induced charge
generation, separation and transfer processes in the CBO-GC and CBO-IE systems. The PEC
measurements such as chronoamperometry and impedance characteristics have been
investigated using sodium sulfate as electrolyte under the solar light irradiation and the
obtained results are shown in Figure 4.4(a-b). The chrono-amperometry study of the samples
demonstrated the characteristics of the photoinduced charge generation and separation in the
synthesized CaBiOs systems as shown in Figure 4.4(a). The photocurrent density of the
samples can be ascribed to the generation of photo-induced charge carriers and their effective
separation, where the higher and lower photocurrent densities during the ON-OFF cycles is
associated with the electron-hole charge separation process in the system under light and dark
conditions[117]. It should be noted that the photoconductivity in CaBiOs is fundamentally
originated due to the spatially extended 6s orbital of Bi** and Bi**cations[84, 111, 118].
Accordingly, it can be noted in Figure 4.4(a) that the CBO-GC shows relatively a higher
photocurrent density, which implies the manifestation of higher electron-hole generation and
charge separation in the system as compared to the CBO-IE system. The obtained graph
showed that the photocurrent density of CBO-GC is reached up to 162.8 pA cm™? at 0.6 V.
This could be due to the optimal band edge position, band gap energy, optimal Bi 6s charge

53



disproportion and perfect BiOg¢ octahedral hybridization in CBO-GC, which facilitated an
enhanced charge generation and separation of photo-induced electrons-holes in the
system[84, 111, 118] as compared to the CBO-IE. The charge disproportion in the system is
correlated with their oxygen vacancy defects, where the increased oxygen vacancies act as
recombination centers for the excited electrons, while the optimal oxygen defect act as trap
for the excited electrons that increase the life of the separated charge carriers by preventing

their recombination.
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Figure 4.4. (a) Chronoamperometric, (b) Impedance response-Nyquist plots and (c)

Photocatalytic degradation of antibiotic ciprofloxacin and tetracycline by the CBO-GC and
CBO-IE under solar light irradiation.

The impedance characteristics as revealed by the Nyquist plot demonstrate the recombination
resistance in the synthesized CBO-GC and CBO-IE samples as shown in Figure 4.4(b). The
Nyquist plot essentially reflects the charge transfer rate on the electrode surface, which can
be determined by arc radius of the curve[117]. Accordingly, the obtained smaller arc radius
of CBO-GC represents the effective electron-hole pair separation and lower resistivity in the
system. As described, the glycine-bismuth complexation leads to the formation of ideal BiOg
octahedral structures along with an effective Ca?" incorporation into the lattices of BiOs
framework. This eventually tends to the shifting of the valence band of CBO-GC towards an
optimal energy level along with the localization of Bi 6s bands near to its Fermi level and
thereby it demonstrated an enhanced charge transfer and greatly reduced electron-hole
recombination possibilities. Then, the CBO-IE showed a higher arc radius that revealed
higher resistivity and greater charge recombination, which can be attributed to their synthesis

(ion-exchange) process mediated structural distortion in the BiOg octahedral structure and the
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inefficient Ca®* incorporation into BiOs frameworks that led to the shifting of the valence
band edge potential to more positive and limited the charge transfer kinetics in the system in
CBO-IE. Therefore, the optimal charge disproportion and ideal structural arrangements in
CBO-GC offered a better light-harvesting ability and thereby the improved charge transfer

and reduced electron-hole recombination in CaBiO3 system[84, 111, 118].

The photocatalytic performance of the synthesized CBO-GC and CBO-IE samples were
examined on the degradation of antibiotics such as ciprofloxacin (CIP) and tetracycline
(TEC) under solar light irradiation[119, 120] and the obtained results are given in Figure
4.4(c). The time dependent absorbance spectra of ciprofloxacin and tetracycline degradation
over CBO-GC and CBO-IE samples are given in Figure S4.3(a-d) in the supporting
information. As showed in Figure 4.4(c), the CBO-GC showed a degradation efficiency of
90.5 and 68.6% on CIP and TEC respectively at the end of 90 min, while it was found to be
36.5 and 33.3% respectively for CBO-IE. It is known that the photocatalytic efficiency of a
material is governed by the factors such as the appropriate band edge position, band gap
energy, surface reactivity, enhanced charge separation and recombination resistance, etc.
Especially, considering the valence band (VB) and conduction band (CB) positions, the more
negative potential of CB facilitates the reduction reactions and favors the production of super
oxide anionic radicals (O2°*"), while the more positive potential favors the oxidation reaction
through the generation of OH® radicals[121-123]. The XPS valence band spectra (Figure
4.5(a-b)) showed that the VB potential of CBO-IE has been shifted towards more positive
(+2.45 eV) as compared to the CBO-GC (+1.90 eV) and thereby the calculated CB potential
of CBO-GC and CBO-IE was found to be -0.40 and -0.20 eV respectively as shown in Figure
4.5(c). Such positioning of the VB and CB essentially favored the generation of highly
reactive radicals towards the effective degradation of the pollutants[121]. Accordingly, as
illustrated in Figure 4.5(c), the VB potential of CBO-GC is +1.90 eV of may not be enough
to generate hydroxyl radical (OH®*/OH™ = 1.99 eV), but on the other hand, the CB potential
of CBO-GC is -0.4 eV, which could be enough to generate super oxide radical (02/0,*” = -
0.33 eV). Therefore, it is possible that the holes and superoxide radical’s active species can
be effectively generated over CBO-GC as compared to CBO-IE[38]. Thereby, it can be
proposed that the observed enhanced photocatalytic efficiency of CBO-GC could be possibly

due to the enhanced formation of super oxide anionic radicals and direct holes (h*) oxidation

55



of the pollutant molecules[124, 125]. The holes at the less positive VB potential of CBO-GC
possess the required energy to oxidize the pollutant molecules. In the case of CBO-IE, the
photocatalytic reaction might have occurred predominantly by the OH® radicals rather than
super oxide anion radical’s and holes[126]. Because of the VB potential of CBO-IE is 2.40
eV, which may be enough to generate hydroxyl radical (OH®*/OH™ = 1.99 eV) and CB
potential of CBO-IE is -0.20 eV may not be enough to produce super oxide radical (O2/O>*
=-0.33 eV). Therefore, the less positive potential of VB and more negative potential of CB
of CBO-GC together led to the enhanced photocatalytic efficiencies as compared to the CBO-

IE.
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Towards estimating any surface "adsorption" nature of CBO-GC and CBO-IE samples, the
degradation experiments were also conducted without solar light by following the same
experimental conditions and the obtained results are given in Figure S4.4(a-f) in the
supporting information. The obtained results showed that both the CBO-GC and CBO-IE
systems possess relatively less adsorption characteristics, where it was found to be around
26.6 and 20.6% of CIP and TEC respectively on CBO-GC sample and 10.7 and 6.4% of CIP
and TEC respectively on CBO-IE sample (both at the end of 90 min).The observed adsorption
properties of the samples could be attributed to their surface characteristics such as enhanced
porous nature and surface adsorbed hydroxyl ions over the CBO-GC and CBO-IE samples
respectively[28, 127].

Similarly, to examine the photolysis characteristics of CIP and TEC molecules, the
degradation experiment was conducted under solar light irradiation without adding the
photocatalysts and data are given in Figure S4.5(a-b) in the supporting information. The
obtained results showed that there is only a negligible amount photolysis of CIP and TEC
molecules occurred under the solar light irradiation. Further, towards examining the photo-
stability and reusability of the synthesized photocatalysts, the photocatalytic degradation
experiments were repeated for 5 runs using the used photocatalysts, the result given in Figure
S4.6(a-b). Both the systems CBO-GC and CBO-IE demonstrated good stability, however,
CBO-GC showed relatively enhanced stability as compared to CBO-IE, which could be
mainly attributed to their stabilized structural and compositional properties[57, 128].
Furthermore, as compared to other typical MBiOs based photocatalysts, this present CaBiOs3
photocatalyst relatively shows enhanced photocatalytic activity and stability. A comparative
analysis between the developed CaBiO3 and other MBiOs3 based photocatalysts towards their

photocatalytic efficiency is given in Table S4.1 in the supporting information.

4.4. Conclusion

In summary, we have developed new ferroelectric perovskite material calcium bismuthate
(CaBiOs) with distinct Bi*" and Bi*" multi-charge disproportion via glycine-complexation
and ion-exchange methods. The founded efficient Bi**/Bi>* charge disproportion and well-
organized BiOs octahedral crystal arrangement offered an efficient visible photo-absorbance

and higher photo-generated charge carrier generation and separation to CBO system. Then,
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the effective Ca?" incorporation into bismuthate (BiOg) crystal lattices was potentially altered
CBO band gap and band structure. The established band structure and band energy potentials
are more suitable for photocatalytic redox reactions. Subsequently, the developed CBO
materials are presented nanostructure with higher surface area which provide enhanced
surface properties to catalytic reaction. Furthermore, the developed CaBiOs; materials is
potentially explored on degradation of antibiotic contaminants under solar light. To best of
our knowledge this is the first reports on development of CaBiO; and its potential application

photocatalytic degradation of antibiotics.
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4.5.1 X-ray photoelectron spectra (XPS)
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Figure S4.1. XPS of (a) survey spectra (b) Ca 2p (c) O 1s and (d) C 1s spectra of CBO-GC
and CBO-IE.

4.5.2. Synthesis and chemical oxidation state of CBO-SG

Calcium bismuthate (CBO-SG) was also prepared via the conventional sol-gel method. In
this typical process, 0.1 M of Ca(NOs3)2-4H20 and 0.1 M of Bi(NO3)3-5H20 solution were
mixed together and stirred for 1 h. After that 0.1 M of tartaric acid solution was added
dropwise and allowed stirring for 1 h. Then, this aged sol was heated at 80 °C overnight until
all the water content was evaporated completely and obtained a white powder. Then this
white powder was calcined at 650 °C for 3 h to obtain the crystalline CaBiO3 phase (CBO-
SG), which appeared pale yellow in color.
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Figure S4.2. Bi 4f narrow scan X-ray photoelectron spectrum of CBO-SG.
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4.5.3. Photocatalytic degradation of ciprofloxacin and tetracycline
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Figure S4.3. UV-vis absorbance spectra of degradation of (a)-(b) ciprofloxacin and (c)-(d)

tetracycline using CBO-GC and CBO-IE under solar light, respectively.
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4.5.4. Adsorption of ciprofloxacin and tetracycline
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Figure S4.4. Surface adsorption of (a) ciprofloxacin, (b) tetracycline onto the CBO-GC and
CBO-IE photocatalysts under dark condition; UV-vis absorbance spectra towards
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4.5.5. Photolysis of ciprofloxacin and tetracycline
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Figure S4.5. Photolysis of (a) ciprofloxacin and (b) tetracycline under solar light without

photocatalyst.

4.5.6. Reusability of photocatalyst
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Figure S4.6. Photocatalytic reusability test of (a) CBO-GC and (b) CBO-IE on the

degradation of ciprofloxacin under solar light irradiation.
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4.5.7. Photocatalytic performance of CaBiO3; compared with related materials

Degrad
Oxidation | Light ation | Time | Refere
Photocatalyst Pollutants
states source efficien | (min) nces
cy (o)
Solar | Ciprofloxacin | 90.5 Present
CaBiO33 Bi3+ & Bi5+ . 90
light | Tetracycline | 68.6 work
. Acetaldehyde | ~100 195
BaBiO3 Bi3+ & Bi5+ VI'SIble Methylene [84]
light 100 | 120
blue
Visible
BaBiO; Bi** & Bi** ‘ Rhodamine B 83 240 [129]
light
Bi** self-doped Visible | Rhodamine B | ~100
. Bi*" & Bi** ' 40 [110]
NaBiOs light | Bisphenol A | 100
Bi** self-doped | | Visible | Carbamazepi
. Bi*" & Bi** ' 99.8 60 [107]
NaBi0O; light ne
Visible
NaBiO3 Bi** ) Rhodamine B | ~100 30 [130]
light
Visible | Rhodamine B | ~100 50
KBiO; Bi>* ' [104]
light .
Crystal violet 85 90
Methylene o5
Solar -
LiBiO; Bi%* ‘ blue 120 | [131]
light
Rhodamine B ~30

Table S4.1. Comparative table showing the photocatalytic efficiency of CaBiO; and other

MBI O; structures reported in the literature.
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Résumé

Un nanomatériau composite constitu¢ des points quantiques de fulleréne (Cso QDs),
fonctionnalisés par aminosilicate (APS), et de vanadate de bismuth (BiVO4-APS-Ceo) a été
développé via un processus hydrothermal facile en une seule étape. L’analyse structurelle par
XRD a réveélé que les QDs intégrés n’ont pas affecté la structure cristalline de BiVOs, tandis
que I’analyse par XPS a montré que ces QDs ont été intégrés en tant que Bi-V-O-Si-C. Les
¢tudes optiques ont indiqué que les Cso et APS-Cso QDs ont 1égerement affecté les propriétés
d’absorption optique du composite. D’autre part, la dispersion des QDs fonctionnalisés par
aminosilicate a considérablement réduit 1’agrégation dans les couches et a donné des couches
de BiVO4 de quelques nanometres d’épaisseur en raison de leur occupation intercouche
comme il a été illustré par les images TEM a haute résolution. Les études de
photoluminescence, de photocourant et d’impédance électrochimique ont montré que
I’intégration des APS-Cso QDs a considérablement amélioré les propriétés photocatalytiques
du composite en améliorant efficacement la résistance aux recombinaisons des charges, la
séparation des charges et le processus de transfert entre les constituants du nanocomposite.
Par conséquent, le composite BiVO4-APS-Cso a montré une efficacité photocatalytique
améliorée vis-a-vis la dégradation des molécules de ciprofloxacine (CIP) sous irradiation

solaire par rapport a celle de BiVO4 et BiVO4-Ceyo.
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Abstract

A composite system consisting of aminosilicate (APS) functionalized-fullerene quantum dots
(Ce0 QDs) and bismuth vanadate (BiVO4-APS-Ceo) has been developed via a facile one-step
hydrothermal process. The structural analysis by XRD revealed that the integrated QDs have
not affected the crystal structure of the host BiVO4, while the XPS studies showed that these
QDs have been integrated via the Bi-V-O-Si-C network. The optical studies indicated that
both the Cgoand APS-Cso QDs have hardly influenced the optical absorption properties of the
composite system. On the other hand, the dispersion of aminosilicate functionalized-QDs
considerably reduced the aggregation in the layers and yielded a few nanometer thick BiVO4
layers due to their inter-layer occupancy as seen from their high-resolution TEM images. The
photoluminescence, photocurrent and electrochemical impedance studies showed that the
integration of APS-Cgo QDs greatly improved the photoactive properties of the composite by
effectively enhancing the charge recombination resistance, charge separation and transfer
process between the integrated materials and surroundings. As a result, BiVO4-APS-Ceo
composites showed the enhanced photocatalytic efficiency towards degradation of
ciprofloxacin (CIP) molecules under solar light irradiation as compared to that of bare-BiVO4

and BiVO4-Ceo.
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5.1. Introduction

In recent years, the detection of antibiotics in the aquatic ecosystem has received much
attention due to their specific environmental risks and potential impacts on the aquatic
animals as well as human health[4, 5]. The improper disposal and overuse of antibiotic drugs
lead to serious issues worldwide. Antibiotics and their metabolites are often found in global
aquatic environments in different concentrations; however, it does not show any direct effects
and toxicity to humans[2, 3]. However, the antibiotic residues facilitate the emergence of
antibiotic-resistance microorganisms, which ultimately reduce the potential healing towards
humans, animals and other ecosystems from the induced toxic effects[7]. These antibiotic-
resistant bacteria no longer respond to the antibiotic treatment, which poses a serious threat
and it causes serious public concerns as well[132]. Therefore, it is an urgent need to develop
a potential technique for the effective removal of antibiotic residues from the water-bodies[9,
10]. Accordingly, many techniques such as adsorption, filtration, biological, electrocatalytic
and photocatalytic treatments have been developed for such applications[51, 133-136]. While
most of the conventional treatments are relatively less effective for the removal of antibiotic
contaminants, the semiconductor-based photocatalytic technique is considered as an efficient
technique for the removal of antibiotics from effluent water[12, 15, 137]. Semiconductor
photocatalysis is considered as a green and sustainable technology thanks to its potential
utilization of solar energy and high efficiency towards a wide range of pollutant removal
from water environments[11, 138, 139]. Over the past few years, bismuth-based
semiconductors have attracted significant interest in photocatalysis due to their complex
structure and unique physical properties, which offer interesting visible light absorption with
narrow band gap energy of around 2.4 eV and high stability[140]. Among the Bi-based
materials, BiVO4 has been explored for photocatalytic removal of organic contaminants,
water splitting, carbon dioxide reduction and organic conversion[88, 89, 141, 142]. However,
studies showed that the photocatalytic efficiency of the bare BiVOs can be further improved
by reducing its electron-hole charge recombination and by enhancing its surface
properties[ 143, 144]. Hence, great efforts have been made to overcome such limitations,
where the ultrathin BiVO4 showed superior photocatalytic performance as its ultrathin
nanostructures offer a large number of surface-active sites for the effective photocatalytic

process[82, 141]. Nevertheless, this ultrathin BiVO, photocatalyst still had an issue of slow
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charge transfer and fast charge recombination[ 145]. On the other hand, carbon nanostructures
(Ce0) have been widely used as supporting materials for the fabrication of semiconductor-
based composite photocatalytic system due to their excellent electron receiving and
transporting properties[ 146-148]. Therefore, combining BiVO4 and Ceo could make an ideal
system, which could increase the photocatalytic efficiency via the synergetic effects between
Ceo and BiVO4 nanostructures. Further, it is found that the silicate functionalization of Ceo
QDs can improve the overall photoconductivity and stability of the system through intact
integration of Cso and BiVO4[149, 150]. In this context, herein we have developed the
aminosilicate (APS)-functionalized fullerene (Ceo) integrated bismuth vanadate (BiVOs-
APS-Cs0) nanocomposite via one-step hydrothermal technique. The incorporation of
fullerenes can effectively improve the transfer of photo-generated electrons and slow down
the charge recombining rates and thereby it can enhance the overall photoredox property of
the system and accordingly the as-developed BiVO4-APS-Cso composite was found to show
excellent photocatalytic activity towards degradation of ciprofloxacin molecules under solar

light.

5.2. Materials and characterizations
5.2.1 Chemicals

The precursors such as bismuth chloride (BiClz), sodium orthovanadate (Na3VOs),
cetrimonium bromide (CTAB, Ci9H42BrN), Fullerene (Ceo), 3-aminopropyltriethoxysilane
(APTES/APS, CoH23NO38Si1), ethylene glycol (C2H¢O2) and toluene (C7Hsg) were procured

from Sigma Aldrich and used without any further purification.

5.2.2 Materials preparation

5.2.2.1 Preparation of BiVO4 nanolayers: In a typical procedure, 2.21 g of BiClz and 1.05
g of CTAB were added to 60 mL of ethylene glycol. After vigorous stirring for 40 min, 2.80
g of Na3VO4 was added into the reaction mixture and then transferred into a 140 mL Teflon-
lined autoclave, sealed and heated at 160 °C for 3 h. Then, the autoclave was allowed to cool
down naturally to room temperature, and the final product was collected by centrifuging. The
obtained mixture was washed several times with ethanol and water and then dried at 80 °C

overnight (Scheme 5.1).
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5.2.2.2 Preparation of BiVO4-Cso composite: Similar to the above procedure, 2.21 g of
BiCls and 1.05 g of CTAB were added to 60 mL of ethylene glycol. After vigorous stirring
for 40 min, 2.80 g of Na3VO4 was added into the reaction mixture. At the same time, 1.0 mg
of Ceo was dissolved in a toluene solution (1.0 g/L) under ultrasonication for 30 min with the
formation of a pink colour solution. The clear Cso solution was then added into the above
reaction mixture and subsequently transferred into a 140 mL Teflon-lined autoclave, sealed
and heated at 160 °C for 3 h. Then the autoclave was allowed to cool down naturally to room
temperature, and the final product was collected by centrifuging. This obtained mixture was

washed several times with ethanol and water and then dried at 80 °C overnight (Scheme 5.1).

5.2.2.3 Preparation of BiVO4-APS-Ceo composite: In this procedure, 2.21 g of BiCl; and
1.05 g of CTAB were added to 60 mL of ethylene glycol. After vigorous stirring for 40 min,
2.80 g of Na;VO4 was added into the reaction mixture. Meanwhile, 1 mg of Ceo was added
into 1 mL toluene solution with the addition of 0.1 mL of 3-aminopropyltriethoxysilane
(APTES/APS) under ultrasonication process for 30 min. Then, the clear aminosilicate-
functionalized Cgo (APS-Cso) solution was added dropwise into the above reaction mixture,
followed by, the mixture was transferred into a 140 mL Teflon-lined autoclave, sealed and
heated at 160 °C for 3 h. Then the autoclave was allowed to cool down naturally to room
temperature and the final product was collected by centrifuging. This obtained mixture was

washed several times with ethanol and then dried at 80 °C overnight (Scheme 5.1).
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Scheme 5.1. Synthesis and formation mechanism of BiVO4, BiVO4-Cso and BiVO4-APS-Ceo

composite via one-pot hydrothermal technique.

5.2.3 Material characterizations

The optical absorbance was measured using UV-visible diffuse reflectance spectroscopy
(UV-DRS, Cary 300 Bio UV-visible spectrophotometer) and emission spectra were
measured using photoluminescence spectrometer (PL, HORIBA PTI Quanta Master 500
spectrofluorometer). The crystal structures of the materials were determined using X-ray
diffraction technique (XRD, Bruker SMART APEX II X-ray diffractometer equipped with a
Cu Ko radiation source, A = 1.5418 A). Morphology and elemental compositions were
analyzed by transmission electron microscopy (TEM, JEOL JEM 1230 instrument operated
at 120 kV) and high-resolution transmission electron microscopy equipped with energy
dispersive X-ray spectrometer (FEG-TEM, JEOL JEM 2100F instrument operated at 200 kV
and EDS, Oxford company model Xplore TEM). The chemical states and compositions were
analyzed using X-ray photoelectron spectroscopy (XPS, Kratos Axis Ultra equipped with a
focused X-ray source Al Ka, hv = 1486.6 eV). Chemical functional groups were identified
by Fourier transform infrared spectroscopy (FTIR, FTS 45 infrared spectrophotometer) with
the KBr pellet technique. N> adsorption-desorption isotherms were obtained using Brunauer-
Emmett-Teller instrument (BET, Quantachrome Autosorb-1 MP analyzer). The photocurrent
and impedance studies were carried out using the photo-electrochemical analyzer (Autolab

PGSTAT204) equipped with 150 W Xenon arc lamp.

5.2.4 Photocatalytic activity

The photocatalytic activity of the synthesized samples was evaluated on the degradation of
ciprofloxacin (CIP) molecules (10 mg/L, 100 mL of CIP and 50 mg of photocatalyst) under
solar light irradiation. A 100 W Xenon arc lamp with a wavelength range of 250-1800 nm
was used as a light source (ABET Sunlite solar simulator). Before the light irradiation, the
reaction suspensions were stirred for 15 min in the dark to establish adsorption-desorption
equilibrium between the pollutant and photocatalyst. During the process, for every 30 min, a
small amount of mixture was collected and centrifuged then subjected to the optical
absorbance analysis, where the degradation of CIP was measured using UV-Vis absorption

spectrometer (UV-Vis, Cary 300 Bio UV-visible spectrophotometer).
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5.3. Result and discussion
5.3.1 Optical property analysis

The UV-visible diffuse reflectance (UV-Vis) spectra of the as-prepared BiVO4, BiVO4-Ceo
and BiVOs-APS-Ceo materials are displayed in Figure 5.1(a). The absorption band edge of
the bare-BiVOys is located around 440 nm, whereas the BiVO4-Csp and BiVO4-APS-Ceo
composites showed a slight red-shift in their absorption edges. However, it is clear that the
integration of Cso and APS-Ceo has hardly impacted the overall absorption properties of the
composites. This indicates that these QDs do not modify the band structure of host BiVO4
via modifying their valence and conduction band as typically observed in the case of doped
semiconductor photocatalysts[29,30]. Accordingly, the band gap energy of BiVO4, BiVOs-
Cso and BiVO4-APS-Ceo composite, estimated using Tauc plot[34,35], is also found to be
hardly varied such as 2.58, 2.50 and 2.46 eV, respectively as shown in Figure 5.1(b).

—— BiVOs (b) —— BiVOs
—— BiVOu-C,, —— BiVOs-C,,
—— BiVOs-APS-C,, —— BiVOs-APS-C,,

Absorbance
(ahv)m

300 400 500 - 600 1.5 2.0 2.5 3.0 3.5 4.0
Wavelength(nm) Bandgap energy (eV)

Figure 5.1. (a) UV-Vis absorption spectra and (b) Tauc plot band gap energy estimation of
BiVO4, BiVO4-Ceo and BiVO4-APS-Ceo.

5.3.2 Crystalline and chemical composition analysis

The X-ray diffraction (XRD) patterns of the as-prepared BiVOs and BiVO4-APS-Ceo
materials are displayed in Figure 5.2(a). The results showed that the as-developed materials
exhibit good crystallinity and are found to be monoclinic structure with BiVO4phase (JCPDS
Card 75-2480)[88, 141]. The XRD pattern of BiVO4-APS-Cgo composite is found to be
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similar to that of bare-BiVO4 and no peaks corresponding to Ceo were identified in its XRD
pattern, which could be due to the low concentration and fine dispersion of Cso QDs. Further,
the XRD pattern also suggested that the integration of Cso with BiVO4 has not altered the
crystal structure of BiVOs as there were no visible shift in the peaks or appearance any new

peaks observed in the XRD patterns[151, 152].

The X-ray photoelectron spectroscopy (XPS) analysis provided the insights into the chemical
composition and oxidation state of the elements in the BiVO4-APS-Cso composite. The XPS
survey spectrum indicated the presence of Bi, V, O, C, N and Si elements in the BiVO4-APS-
Cso composite as shown in Figure S5.1(supporting information). The narrow scan spectrum
of BiVO4-APS-Ceo showed peaks at 162.58 and 157.28 eV corresponding to Bi 4fs» and Bi
4f5), orbital of bismuth (Bi**) as shown in Figure 5.2(b). The spectrum also showed peaks at
522.51 and 514.90 eV corresponding to V 2pi2and V 2ps2 orbital, and the peak appeared at
528.06 eV can be assigned to the O 1s spectrum (Figure 5.2(c)), which confirmed the
formation of vanadate (VO4*) frameworks[153, 154]. Then, the carbon C 1s spectrum
showed three distinct peaks at 283.47, 284.8 and 286.1 eV as shown in Figure 5.2(d),
wherethe peak located at 283.47 and 284.8 eV could be assigned to C=C and C-C bond of
Ceo, respectively[151, 152, 155], which confirmed the presence of Ceo in the composite.
Similarly, the existence of Ceo species in the composite was also confirmed by the Fourier
transform infrared spectroscopy (FTIR) analysis as shown in Figure 5.2(e). The obtained
FTIR spectra showed a peak at 470 and 754 cm™!' corresponding to the VO4*- and V-O
stretching vibration mode of BiVOa, whereas, for the BiVO4-Cso and BiVO4-APS-Ceo, these
vibration peaks are found to be slightly shifted, which could be due to the interaction of Cso
with BiVOaslayers[156]. Further, the BiVOs-Cgo and BiVO4-APS-Ceo composites showed the
typical IR peaks at 1410 ¢cm™ corresponding to C-C internal modes of the Ceo, which
confirmed the presence of C¢o molecules in the composites[147, 157]. Especially, in the case
of BiVO4-APS-Cso composite, the above typical IR peaks are prominent, which indicated the
strong interaction between Cg and BiVOs nanolayers through Bi-V-O-Si-C networks
established by APS. The peak appeared at 2350 and 3647 cm! could be assigned to the
stretching vibration of carbon dioxide molecule and O-H groups on the surface of the
composites[158, 159]. However, no peaks corresponding to APS (i.e. Si-O) are found in the
FTIR spectra due to the smaller concentration of APS in the BiVO4-APS-Cgo composite.
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Figure 5.2. (a) X-ray diffraction spectra of BiVO4 and BiVO4-APS-Ceo and X-ray
photoelectron spectra of BiVO4-APS-Ce (b) Bi 4f, (¢c) O 1s + V 2p, (d) C 1s, and (e) FTIR
spectra of BiVOs, BiVOs-Cg and BiVO4-APS-Ceo.

5.3.3 Morphology and surface area analysis

The morphology of the synthesized BiVOs, BiVO4-Cso and BiVO4-APS-Cso materials was
investigated by transmission electron microscopy (TEM) and high-resolution transmission
electron microscopy (HR-TEM) and the obtained images are displayed in Figure 5.3(a-c)
and Figure 5.3(d-e), respectively. The TEM images revealed that the BiVO4 are formed like
a layered structure with a length in the range of around 500 nm to 1.5 um and found to be
curved-like indistinguishable ultrathin layer structures[141, 160]. Similarly, the morphology
of BiVO4-Ceo and BiVO4-APS-Cso composites was also found to be ultrathin layer-like
structures. However, as compared to the bare BiVOs, the layers of BiVO4-Cgo and BiVOs-
APS-Ceo are relatively less aggregated, which could be due to the effect of fine dispersion of
CQDs between the layers that assembled the layers without aggregation. However, the
presence of CQDs is not clear in the TEM images due to their smaller size and low
concentration. Therefore, the HR-TEM images of the samples were obtained and given in

Figure 5.3(d-e), which clearly showed that the Cso QDs are highly dispersed on the surface
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as well in the inter-layer regions of BiVOs. The size of Cso QDs was estimated to be around
5 nm in the BiVO4-APS-Cso composite. Further, the elemental mapping using energy
dispersive X-ray spectroscopy (EDS) was performed and it confirmed the presence and
distribution of Cso QDs and APS in the BiVO4-APS-Ceo composite as displayed in Figure
5.3(f-1). The mapping results showed the presence of elements such as Bi, V, O, C, Si and N
in the BiVO4-APS-Cso composite as corroborated from the XPS survey spectrum of the

sample.

Figure 5.3. TEM image of (a) BiVOs, (b) BiVO4-Ceo, (¢) BiVO4-APS-Ceo, (d-¢) HR-TEM
images of BiVO4-APS-Cso and (f-1) EDS elemental mapping of BiVO4-APS-Cso composite.

The Brunauer-Emmett-Teller (BET) specific surface area of the as-prepared materials
was investigated using nitrogen (N2) adsorption-desorption measurements and the obtained

results are shown in Figure S5.2 (supporting information). It has been widely recognized
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that materials with more active sites, porous in nature and have layer structures can have
larger specific surface area, which eventually allow for an enhanced adsorption of pollutants
and leading to the effective photocatalytic activity[13, 161]. Accordingly, the surface area of
BiVO4 and BiVO4-Csp and BiVO4-APS-Ceo was estimated to be around 95.22, 97.86 and
99.74 m?/g, respectively. This slight increment in the surface area of the composites could be
attributed to their decreased inter-layer distances and assembly of BiVOs layers due to the

presence of CQDs.

5.3.4 Charge separation and transfer studies

The photoluminescence (PL) analysis was performed to determine the separation and
migration characteristics of the charge carriers in the as-developed BiVO4, BiVO4-Cso and
BiVO4-APS-Ceso materials and the obtained results are given in Figure 5.4(a). As compared
to the pure BiVOs, the composites BiVO4-Ceo and BiVO4-APS-Cso showed a significantly
decreased PL intensity, which revealed that there could be a greater separation of the photo-
generated electron-hole pairs and increased recombination resistance in the system[143].
Such enhancement could be attributed to the delocalized carbon structure of Cso QDs and
their intimate interfacial contact with BiVOy layers, which offers a fast charge transfer and
prolonged lifetime for the excited carriers[151, 162]. This observed result also confirmed that
the recombination of the photo-generated electron-hole is greatly inhibited by the addition of
Ceo. Also, as the aminosilicate functional groups increase the dispersion ability of Cgo onto
the BiVOs-layers, they facilitate the faster charge transfer at the interfaces and improve the
overall charge separation efficiency in the BiVO4-APS-Cgo composite[163]. In addition, the
charge separation and transfer efficiencies of the systems were also corroborated with the
photoelectrochemical (PEC) investigations. The photocurrent densities of the as-prepared
BiVO4, BiVO4-Cgo and BiVO4-APS-Ceo materials were measured by chronoamperometry
technique with the light on-off process under solar light irradiation and the obtained results
are shown in Figure 5.4(b). The composite system showed highly reproducible photocurrent,
and the intensity goes down to zero when the light was turned off and it resumed back to the
higher density when the light was turned on[152, 164]. Among these systems, the as-prepared
BiVO4-Cso and BiVO4-APS-Ceo composites displayed much higher photocurrent density of
around 2.87 and 3.36 pA/cm?, respectively as compared to the bare-BiVO4 (1.09 pA/cm?).
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The mechanism of such enhancement could be attributed to the factors that the Cso QDs act
as an electron trapper and their delocalized n-m conjugated structure delivers the adequate
potential for the effective charge transfer in the system[147, 151]. Therefore, it is realized
that both the bare-Ceo and APS functionalized-Cso can potentially reduce the charge
recombination process in BiVOs and thus improve the photocurrent efficiency in the
composites[163]. The Nyquist plots of the as-prepared materials were obtained using the

electrochemical impedance technique and the obtained plots are displayed in Figure 5.4(c).
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Figure 5.4. (a) Photoluminescence, (b) Chronoamperometric and (c) Nyquist plots of BiVOs,
BiVO4-Ceo and BiVO4-APS-Ceo.

The results showed that there could be a reduced charge transfer resistance in the BiVO4-Ceo
and BiVO4-APS-Cgo composites as compared to that of the bare BiVOs. This observed
reduced resistance could be due to the enhanced delocalization of the electrons excited in
BiVO4 and Ceo, which facilitated the rapid transfer of photoinduced electrons in the

composites with lesser resistivity at the interfaces[151, 165]. All these obtained results

76



demonstrate that the BiVO4-APS-Ceso composite could possess effective electron-hole charge
separation and lower charge recombination, which could be due to the strong interconnection
between the BiVOq ultrathin layers and APS-Ceo through the network of Bi-V-O-Si-C in the

system.

5.3.5 Photocatalytic degradation studies

The photocatalytic performances of the as-prepared BiVOa, BiVO4-Cso and BiVO4-APS-Ceo
materials were studied on the degradation of antibiotic ciprofloxacin (CIP) molecules under
solar light irradiation and the obtained degradation results are shown in Figure 5(a) and the
time depended degradation spectra are shown in Figure S5.3(a-c) (supporting
information)[119, 166]. The BiVO4, BiVO4-Ceo and BiVOs-APS-Ceo composite showed the
highest degradation efficiency of 41.8, 65.4 and 85.42%, respectively at the end 180 min. As
compared to bare-BiVOys, the composites BiVO4-Cgo and BiVO4-APS-Cg are found to have
around 0.6 and ~1.1 folds higher degradation efficiency, where this efficiency can be
primarily attributed to the presence of Ceo. In the composite system, the Ceo QDs show
multifunctional activity via enhanced adsorption of CIP molecules, enhanced charge
separation and transfer to improve the photocatalytic properties of the composite. Also, the
incorporation of Ceo paved the ways to manifest the additional pathways for the effective
charge transfer during the photocatalytic process in the system. Such collective processes
offer a better charge exciton diffusion length, increased photocurrent conductivity and
photocatalytic efficiency for the BiVO4-APS-Ceso composite[146, 147, 167]. In addition, the
higher specific surface area and the increased number of reactive sites in the composite also

favoured for the higher photocatalytic activity in the system.

Similarly, the energy band structure is a crucial factor in enhancing the photocatalytic
properties of the materials. As observed, the BiVO4-APS-Cso material showed narrow band
gap energy as compared to BiVO4-Cso and bare-BiVOs, which facilitated an extended photo-
absorbance in the system. Meanwhile, the optimum conduction band potential (-0.90 eV) and
valence band potential (+1.56 eV) of BiVO4-APS-Cso composite (as calculated from the XPS
valence band spectrum as shown in Figure S5.4) facilitated the formation of more number
of active species through a rapid photo-redox reaction with higher charge separation

efficiencies in the system. Accordingly, these remarkable synergetic effects between BiVO4
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and aminosilicate functionalized-Cso significantly improved the overall photocatalytic
performance of the BiVO4-APS-Ceso composites[168]. A schematic illustration demonstrating
the observed enhanced photocatalytic activity in BiVO4-APS-Cso composite is displayed in
Figure 5.5(b). In this process, the aminosilicate functionalized fullerene (APS-Cso) QDs
rapidly accept the photogenerated electrons from BiVO4 and transfer them to the surface-
adsorbed oxygen to produce the superoxide radicals; meanwhile, the holes generate hydroxyl
radicals during the reaction[152, 169]. Moreover, the incorporation of fullerenes can
effectively slow down the recombination rate of electrons-holes and improve the lifetime of

the photogenerated electrons thereby it collectively improved the degradation efficiency of

the composite[ 167].
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Figure 5.5. (a) Photocatalytic degradation of antibiotic ciprofloxacin by BiVO4 and BiVOs-
Ceo and BiVOs4-APS-Ceo under solar light irradiation and (b) Proposed photocatalytic
degradation mechanism of BiVO4-APS-Ceo.

For further insights into in the photocatalytic mechanism, the degradation of
ciprofloxacin was studied by introducing various scavengers such as tricthanolamine (h*),
isopropyl alcohol (OH") and p-benzoquinone (O2""). The influence of the scavengers towards
the degradation of ciprofloxacin over BiVO4-APS-Ceso composite is displayed in Figure 5S.5
(supporting information). It was observed that the degradation efficiency was dropped to
50.6, 79.5 and 65.8% in presence of triethanolamine (h"), isopropyl alcohol (OH") and p-

benzoquinone (O2"), respectively, while it was 85.42% without adding any scavengers in the

78



reaction system[50, 170]. From these results, it is realized that the active species for the
degradation of ciprofloxacin could be h* followed by O™ radicals. Further, the recycle test
revealed the stability of BiVO4-APS-Ceo composite, where itshowed that the degradation
efficiency of this composite did not get decreased up to five recycles. However, the
degradation efficiency of BiVO4-Cgo composite is comparably decreased (Figure S5. 6(a-
b)), which may be ascribed to the factor that they were not APS functionalized. This
suggested that the presence of APS has potentially improved the binding of Ceo onto the
surface of BiVOg ultrathin layers and efficiently prevented the leaching of Cgo from the
BiVO; surface thereby the stability of the composite is preserved for repeatable uses[171,
172]. Also, a comparative study of a various photocatalyst systems and their photocatalytic
efficiency towards the degradation ciprofloxacin is displayed in Table S5.1 (supporting

information).

5.4. Conclusion

In this work, an efficient BiVO4-APS-Cgo composite was developed by integrating the
aminosilicate-functionalized-Cso QDs on the surface of ultrathin BiVO4 nanolayers. It was
found that the as-developed BiVO4-APS-Cgo displayed much higher photocatalytic activity
towards ciprofloxacin degradation under solar light irradiation. The observed boosted
photocatalytic performance was mainly attributed to a couple of factors. First, the integration
of Ceo on BiVO4 improved the photo-redox properties of the composite via the optimal
valence and conduction band potential, effective generation and separation of the
photoinduced charge carriers. Second, the functional group of aminosilicate established a
strong interfacial interaction between Cso and BiVO4, which provided a remarkable charge
transfer efficiency and stability for the BiVO4-APS-Cgo composite. Further, the scavenger
studies demonstrated that the h* and O™ radical species were the main reactive species
involved in the ciprofloxacin degradation over the developed BiVO4-APS-Cso composite

system.
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5.5. Supporting information

5.5.1. X-ray photoelectron spectra (XPS)
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Figure S5.1. XPS survey spectrum of BiVO4-APS-Ceo.

5.5.2. Brunauer-Emmett-Teller (BET) analysis
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Figure S5.2. Nitrogen adsorption-desorption isotherm of BiVOs, BiVO4-Ceo and BiVOs-
APS-Ceo.
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5.5.3. Photocatalytic degradation of ciprofloxacin
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Figure S5.3. UV-vis absorbance spectra of degradation of ciprofloxacin in presence of (a)

BiVOs, (b) BiVO4-Ceo and (c) BiVO4-APS-Ceo.
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5.5.4. Band energy calculation
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Figure S5.4. XPS spectrum of valence band value of BiVO4-APS-Céeo.

5.5.5. Scavenger test
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Figure S5.5. Radicals scavenger test over BiVO4-APS-Ceo.
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5.5.6. Recyclability of photocatalyst
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Figure S5.6. Recyclability study of (a) BiVO4-Cso and (b) BiVO4-APS-Ceo.
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5.5.7. Photocatalytic degradation of catalyst compared with related photocatalysts

Degradati
Photocatalyst Light Pollutant o.n Tn.ne Referen
source efficiency | (min) ces
(%)
, Visible ) )
NiS/MoS2/g-CsN
I?{ mos/i/ fn E; “| light Cl?fgﬂo’;z;ln 71.3 120 | [173]
£ (250 W) pp
Visible
AgiPO4- i i
(§32 ?n“ Epnsl/f)“ light Cl?fgﬂo’;z;ln 85 180 | [174]
- e (500 W) PP
BiVO4-APS-Cso | Solar light | Ciprofloxacin 85 4 180 This
(0.5 mg/1 mL) (100 W) (10 ppm) ' work
. Visible | . .
Bi/B
0 ;_/ ;I/jbgi) light Cl?fgﬂo’;z;ln 86 120 | [175]
> M (300 W) PP
. Visible ) )
B
(?i/ /;\I]n%‘) light Cl?fgﬂo’;z;ln 86.7 90 | [176]
£ (300 W) PP
Bi3TaO7/g-C3N4 V1‘51ble Ciprofloxacin
(05 /] ) light (10 ppm) 91 120 | [119]
Visible
Ag/AgCl/A i i
(“f/ mgfl/ mng)O light Cl?fgﬂo’;z;ln 91.2 100 | [177]
& (250 W) pp
CsN /Tig Kkaolini | SP€ | o ofloxacin
S light profioxac 92 240 | [178]
te (90 W) (10 ppm)
(2 mg/1 mL)

Table S5.1. Comparative table showing the photocatalysts reported in the literature for

ciprofloxacin degradation.
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Résumé

Le nanocomposite de tungstate de bismuth intégré avec métal organic
framework fonctionnalis¢ par une amine (Bi2WOs/NH2-UiO-66) a été développé par
croissance in situ de NH2-UiO-66 sur BiyWOg ayant une forme micro/nanoflorale via une
technique hydrothermale. Ce nanomatériau a été étudi¢ pour son activité photocatalytique
envers la dégradation de la ciprofloxacine sous rayonnement solaire. L’intégration de NHo-
Ui0O-66 avec micro/nanoflorale de Bi,WOg a élargi le domaine d’absorption lumineuse ainsi
que la surface spécifique de nanocomposite Bi,WOs/NH>-UiO-66. 11 a été noté que la liaison
amine a établi un fort contact interfacial entre NH>-UiO-66 et BioWOg et a formé une
hétérojonction de type Z-schéme. Cette derniére permet d’améliorer la séparation des paires
¢lectrons-trous photo-induits ainsi que la cinétique de transfert de charge, et de fournir de
forts sites d’oxydation et de réduction au nanocomposite. De plus, le trou h* et le radical O>™~
ont été identifiés comme les principales especes actives dans le processus photocatalytique

de nanocomposite, et ainsi un mécanisme photocatalytique possible a été ¢galement proposé.
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Abstract

Amine-functionalized metal organic framework integrated bismuth tungstate (Bi2WOs/NHz-
UiO-66) nanocomposite has been developed by in-situ growth of NH>-UiO-66 on BioWOg
micro/nanoflower via hydrothermal technique and studied their photocatalytic performance
towards ciprofloxacin degradation under solar light irradiation. The integration of NH»-UiO-
66 with Bi2WOs micro/nanoflower extended the photo-absorption and specific surface area
of the BioWOs/NH2-UiO-66 composite. It is observed that the amine linkage established a
strong interfacial contact between the NH>-UiO-66 and BixWOs micro/nanoflower and
formed the Z-scheme heterojunction in the composite. The Z-scheme heterojunction is found
leading to the effective photo-induced electron-hole pair separation, charge transfer kinetics
and provide strong oxidation and reduction sites in the composites. Besides, the h* and O>™
radicals have been identified as major reactive species responsible for the photocatalytic
process in the composite, and thereby a possible photocatalytic mechanism has also been

proposed.
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6.1. Introduction

The rising occurrence of pharmaceuticals compounds in global water sources has received
emerging concerns because of the specific environmental risks and potential impact on
ecosystems and human health[2, 3]. Among them, the antibiotics have become a growing
concern due to their possible threat of generation of antibiotic-resistance in microorganism
and genotoxic effects. The antibiotic residues generate stable organic by-products which lead
to secondary pollutant generation, and it could produce serious toxicity and long-term chronic
effects into humans and aquatic species and hence, they are considered as an emerging
pharmaceutical contaminant[4, 7, 132]. As a result, there is an urgent need to find an efficient
technique for the careful removal of emerging antibiotic pollutants from water system. There
are numerous techniques available to remove antibiotic residues from water, which include
adsorption, microbial degradation, photocatalysis, ozonolytic, electrocatalysis and
membrane filtration[9, 93, 94, 179]. Among these techniques, the semiconductor-based solar
photocatalytic technique has found to be of a great interest because of their strong redox
property offering a high degradation efficiency and non-toxic by-product generation[12,
180]. Especially, the hybrid nanocomposite photocatalytic materials have been found to show
higher antibiotics degradation efficiency. These hybrid photocatalysts are found as the
systems with suitable characteristic properties such as superior structural, interface, surface
properties, and thereby, enhanced photo-absorbance, charge-separation, -transfer, redox
ability and photostability of the systems[11, 137, 181]. Recently, a wide range of bismuth-
based materials has been developed and studied for photocatalytic antibiotics
degradation[123, 182-185]. Of these materials, the layer-structured bismuth tungstate
(Bi12WOs) materials have been found to be of great interest in the field of photocatalysis due
to their visible light driven bandgap energy (2.7 eV), structural tunability, chemical stability,
and non-toxicity. However, their practical application towards photocatalytic process is
limited by their low specific surface area, high electron-hole recombination, slow charge
transfer and weak hydrophilicity[ 186-189]. To overcome these limitations, coupling Bi,WOs
with other semiconductors to construct as a hybrid composite could be the efficient way to
achieve the desired high photocatalytic performance. This hybrid structure essentially offers
a favorable band structure-alignment and efficient interfacial contact in the system.

Therefore, considerable efforts have been made to improve the charge carrier separation
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efficiency by constructing the BioWOg nanostructure-based heterojunctions with other
semiconductors[190, 191]. In this direction, it is emerging that the incorporation of metal-
organic frameworks (MOFs) with Bi,WQOs nanosheet could be an efficient way to overcome
the above limitation of high charge recombination and to offer efficient charge separation
and fast transfer rates in the system[192, 193]. MOFs are porous crystalline materials linked
by organic ligands with transition metals and possess unique properties such as tunable
porous structure, high designability, high surface area and strong adsorption ability[194].
Among them, the UiO-66 is one of the widely studied zirconium-based MOFs for
photocatalytic applications owing to their large surface area, visible light absorbance and
relatively high structural stability in aqueous system. However, the photocatalytic efficiency
of Ui0-66 is still limited due to their low charge separation, conductivity and photo-activity.
It is found that while introducing the amino functional groups into UiO-66 towards extending
the photo-absorption ranges in the visible region, it possibly provides strong connection
between the interface of composite counterparts, and thereby it becomes efficient to improve
the charge separation and migration of photogenerated charge carriers and to increase the
stability of composites[195, 196]. Therefore, the incorporation of amine-functionalized UiO-
66 (NH2-UiO-66) with Bi2WOs materials can provide efficient pathways for the charge
migration and lead to the efficient photo-induced charge carrier separation in the system. In
addition, the combination of these materials may lead to the establishment of a Z-scheme
charge transfer mechanism and thus it will enhance overall redox potential in the composite
system, which will eventually be beneficial towards achieving high photocatalytic efficiency.
In this context, herein, we have developed a hybrid system based on NH»-UiO-66 integrated
BixWOs via a two-step hydrothermal technique. The incorporation of NH>-UiO-66 with
Bi2WOg micro/nanoflower is found to potentially enhance the overall visible light absorbance
of the composite and improve the charge separation and transfer efficiency in the system.
Hence, the BioWOs/NH2-UiO-66 composite exhibited a significantly higher photocatalytic

activity towards antibiotic degradation under solar light irradiation.
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6.2. Materials and methods
6.2.1 Chemicals

The chemicals such as bismuth nitrate pentahydrate (Bi(NO3)3*5H20), sodium tungstate
dihydrate (Na;WOQO4°2H>0), cetrimonium bromide (CTAB, Ci9H4:BrN), zirconium
tetrachloride (ZrCls), terephthalic acid (CsHsOs4), 2-aminoterephthalic acid (CsH7NO4), N,
N-dimethylformamide (DMF, C3H7NO) were obtained from Sigma Aldrich and used without

any further purification.

6.2.2 Materials preparations

i) Preparation of Bi;WQg micro/nanoflower: In a typical procedure, 2 mmol (0.97 g) of
Bi(NO3)3°5H,0, 1 mmol (0.33 g) of Na;WO422H>0 and 0.05 g of CTAB were added to 80
mL of deionized water. After 30 min of stirring, the reaction mixture was transferred into a
140 mL Teflon-lined autoclave, sealed and heated at 120 °C for 24 h. The autoclave was
naturally cooled to room temperature and the obtained final product was washed with

deionized water and ethanol followed by drying at 80 °C for 10 h (Scheme 6.1).

ii) Preparation of Bi;WOQ¢/UiO-66 and Bi:WO¢/NH;-UiO-66 composites: In this
procedure, 0.25 g of the synthesized Bi,WOs micro/nanoflower were dispersed into 20 mL
of DMF solution and sonicated for 30 min. Then, 0.025 g of ZrCls in 20 mL of DMF solution
was added to the above solution and stirred for 30 min. Later, 0.05 g of terephthalic acid or
2-aminoterephthalic acid was dissolved in 20 mL of DMF solution and added into the above
mixture and stirred for 30 min. Afterwards, the reaction mixture was transferred into a 140
mL of Teflon-lined autoclave, sealed and heated at 120 °C for 24 h. The final obtained
products were washed with ethanol for several times, and then heated in an oven at 80 °C for

overnight (Scheme 6.1).
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Scheme 6.1. Synthesis process of bare-Bi,WQOs, BizWOs/UiO-66 and Bi,WOs/NH-Ui0-66

composites via two-step hydrothermal technique.

6.2.3 Characterizations

The optical property was studied using UV-Visible spectroscopy (Cary 300 Bio UV-visible
spectrophotometer). Crystalline nature of the materials was studied using X-ray diffraction
technique (Bruker SMART APEX II X-ray diffractometer equipped with a Cu Ka radiation
source, A = 1.5418 A). Chemical functional groups were identified using Fourier transform
infrared spectroscopy (FTS 45 infrared spectrophotometer) with the KBr pellet technique.
Morphology and structure of the materials were analyzed by scanning electron microscopy
(FEI Inspect F50) and transmission electron microscopy (JEOL JEM 1230 instrument
operated at 120 kV). The elemental compositions were identified by energy dispersive X-ray
spectroscopy (Edax Ametek Octane Super-A). Surface area was measured by nitrogen
adsorption-desorption isotherms technique using Brunauer-Emmett-Teller instrument
(Quantachrome Autosorb-1 MP analyzer). Emission spectra were obtained using
photoluminescence spectrometer (HORIBA PTI Quanta Master 500 spectrofluorometer).
The photoelectrochemical properties were studied using a photo-electrochemical analyzer

(Autolab PGSTAT 204) using 100 W Xenon arc lamp.
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6.2.4 Photocatalytic experiment

Photocatalytic performance of the synthesized materials was examined for the degradation
of antibiotic ciprofloxacin under solar irradiation. In the typical experiment, 25 mg of
photocatalyst was suspended in 100 mL of ciprofloxacin (10 ppm) solution. 100 W Xenon
arc lamp with a wavelength range of 250-1800 nm was used as a light source (ABET Sunlite
solar simulator). Prior to the reaction, the photocatalyst-pollutant solution mixture was stirred
in the dark for 15 min to establish adsorption-desorption equilibrium, and later the suspension
was kept under continuous light exposure for the degradation. For every 10 min, a small
amount of reaction-solution was collected and centrifuged and monitored for their optical
absorbance intensity using UV-Vis absorption spectrometer (UV-Vis, Cary 300 Bio UV-
visible spectrophotometer), which can be directly correlated to amount of antibiotics

degraded.

6.3. Result and discussion
6.3.1 Optical properties

The UV-Visible diffuse reflectance (UV-Vis) spectra of the synthesized bare-BioWOs,
BixWOe/UiO-66 and Bi2WOe/NH2-UiO-66 composites are presented in Figure 6.1(a). In
comparison with bare-Bi,WQs, the absorption band edges of BixWOs/UiO-66 and
BixWO¢/NH2-UiO-66 composite were blue and red shifted, respectively. Since the UiO-66
is typically a UV-light active, whereas the amine functionalized UiO-66 exhibits visible light
absorbance, therefore, the incorporation of UiO-66 reduced the overall photoabsorbance of
BizWOge/UiO-66 composites towards UV region and NH>-UiO-66 extended the
photoabsorbance of Bi;WOs/NH>-UiO-66 towards the visible light region[197-199]. Hence,
the existence of amine group in NH2-UiO-66 and their effective interface interaction with
BixWOg could form a complemented strong heterostructure with broad spectral response
ranges in the visible light region[196]. Further, the band gap energy of bare-BixWOe,
BixWOe/Ui0-66 and BizWOe/NH>-UiO-66 composites were estimated using Tauc’s plot and
found to be 2.71, 2.79 and 2.58 eV, respectively as shown in Figure 6.1(b)[186, 200, 201].
The band gap energy is found to be increased due to the incorporation of UiO-66 and it is
decreased upon the incorporation of NH>-UiO-66, due to which, the BioWO¢/NH>-UiO-66

composite exhibited relatively a narrow band gap and extended visible light absorbance.
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Figure 6.1. (a) UV-Vis absorption spectra and (b) Tauc plot band gap energy estimation of
bare-BioWOg, BioWOs/Ui0-66 and BioWOe/NH2-UiO-66 composites.

6.3.2 Structural and chemical composition

The X-ray diffraction (XRD) patterns of the synthesized bare-Bi2WOs, Bi2WO6/Ui10O-66 and
BixWO¢/NH2-UiO-66 composites are given in Figure 6.2(a). The prepared materials have
shown excellent crystalline properties with sharp diffraction peaks. The obtained patterns
confirmed the orthorhombic structure of Bi,WOs (JCPDS No. 73-2020)[36, 202]. The
BixWOe/UiO-66 and BixWOs/NH>-UiO-66 composites showed similar XRD patterns to
those of Bi;WOs, and the peaks corresponding to UiO-66 and NH>-UiO-66 were also
identified in the XRD pattern of the respective composites. The peaks corresponding to
BixWOg were not shifted even after the incorporation of UiO-66 and NH»-UiO-66, which
revealed that the integration of these MOF's did not influence the crystal structure of BixWOe.
For the composites, the peaks at 7.25°, 23.31° and 25.74° are corresponding to the UiO-66
and NH>-UiO-66, but their peak intensities are relatively low due to their lower
concentrations in the composites[197, 203]. As compared to BixWOs/UiO-66, the
BixWOs/NH2-UiO-66 showed a major intensity peak at 7.25°, which can be attributed to the
strong binding properties between the -NH; groups in UiO-66 and BixWOs [199].
Furthermore, the obtained sharp diffraction peaks and absence of any other unknown peaks
indicated the crystallinity and purity of the synthesized materials. The existence of various

chemical functional groups in the materials were confirmed by Fourier transform infrared
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spectroscopy (FTIR) analysis as shown in Figure 6.2(b). The characteristic peak obtained at
730 cm™! corresponds to W-O stretching vibration of the BioWOg material, while the vibration
peaks of Bi,WOe/NH»-UiO-66 was slightly shifted towards higher wavenumber as compared
to Bi2WOe/UiO-66 composite, which could be due to the strong interaction of NH»-UiO-66
with Bi2WOg[204]. The composites BioWOs/Ui0-66 and Bi2WOs/NH>-UiO-66 displayed
peaks at 1380 and 1562 cm™! related to the symmetric and asymmetric carboxylate (O-C=0)
group, respectively of the UiO-66 and NH,-UiO-66. The weak vibration at 1506 cm™ is
ascribed to the C=C of benzene ring in the Ui0-66 and NH>-UiO-66[198, 205, 206]. Besides,
the Bi2WOs/NH>-UiO-66 composite displayed a peak at 1249 cm!, which could be assigned
to the C-N stretching vibration of aromatic amines and the peak at 1628 cm! represents the
N-H bending vibration of NH2-UiO-66. These results confirmed the presence of -NH> linker
in the composite and found to be prominent BiyWOe/NH2-UiO-66 composite due to their
strong interaction at their interfaces[196, 207]. The IR spectra also showed a peak at 3400
cm’! corresponding to the stretching vibration of -OH group in the materials, whereas, in
BixWO¢/NH2-UiO-66 composites, these vibration peaks are relatively broad, which could be
attributed to the N-H stretching in the composite[196].
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Figure 6.2. (a) X-ray diffraction and (b) FTIR spectra of spectra of bare-BixWOe,
Bi2WOe/Ui0O-66 and BixWOs/NH2-UiO-66 composites.

6.3.3 Morphology and surface analysis

The morphology and structure of bare-BiWOs, BioWO4/U10-66 and Bi;WOs/NH»-UiO-66
composites were analysed using scanning electron microscopy (SEM) and transmission
electron microscopy (TEM) as shown in Figure 6.3(a-i). The developed bare-BiWOs
exhibited flower like morphology, which could be due to assembly of small nanoflakes into
micro/nanoflower with a diameter of around 4 to 5 um (Figure 6.3(a-c))[191, 208]. The
morphology of Bi2WOs/UiO-66 and BizWO¢/NH»2-UiO-66 composites were significantly
altered over the integration of UiO-66 and NH>-UiO-66 onto the BioWOs surface, which
considerably influenced the nano/micro flower surface as shown in Figure 6.3(e)&(h).
Further, SEM results revealed that the UiO-66 and NH»-UiO-66 particles are aggregated with
BiWOg micro/nanoflower. However, as compared to UiO-66, the NH»>-UiO-66 significantly
altered the morphology of the composite. This could be attributed to the -NH> functional
group, which possibly established a potential binding of NH2-UiO-66 on BixWOs
micro/nanoflower surface. Therefore, the increased amount of NH>-UiO-66 on BixWOs
surface strongly covered the microflower surface and transformed microflower as
microparticle[ 196, 201, 209]. Both the SEM and TEM images confirmed that the NH»-UiO-
66 and Bi;WOs are closely connected, which can be corroborated with the XRD and FTIR
analysis as well. Further, the elemental composition of the materials was confirmed by energy
dispersive X-ray spectroscopy (EDS) as shown in Figure S6.1(supporting information). The
elements such as Zr, C and N were detected in EDS spectrum of BioWOs/NH»2-Ui10-66, which
confirmed the presence of NH>-UiO-66 in the composite[210]. The specific surface area of
the bare-Bi2WOs, BiuWOs/U10-66 and BixWOs/NH»2-UiO-66 composites was measured
using Brunauer-Emmett-Teller (BET) analysis using nitrogen (N2) adsorption-desorption
measurement is displayed in Figure 6.3(j). The estimated surface area of BixWOse,
Bi;WOs/UiO-66 and BixWOe¢/NH»-UiO-66 was around 47.9, 83.7 and 113.6 m?¥g,
respectively. It is clear that the incorporation of UiO-66 and NH>-UiO-66 has significantly
improved the overall specific surface area of the BioWOs/Ui0-66 and Bi2WOs/NH»-UiO-66

composites and the observed increased surface area of BixWOe/NH2-UiO-66 could be
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attributed to the -NHz groups which established a stronger and stable integration of NHo-
UiO-66 onto the surface of Bi,WOs, which also increased the quantity of NH>-UiO-66 onto
the micro/nanoflower surface as well. Moreover, the absence of amine linker in UiO-66 could
possibly establish only the electrostatic interaction between UiO-66 and Bi,WQOg and thereby
the overall surface area is reduced for BioWOes/UiO-66 composite as compared to the other
composite. Notably, the improved specific surface area can favor the generation of more
active species and offer enhanced adsorption of more antibiotic molecules, and thereby it can

contribute to the higher photocatalytic performance[201, 211].
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Figure 6.3. SEM and TEM image of (a-c) bare-BiWQOs, (d-f) BiWOs/UiO-66, (g-1)
BixWO¢/NH2-UiO-66 composites, and (j) Nitrogen adsorption-desorption isotherm of bare-
BiWOg, BixWOg/Ui0-66 and BixWOe/NH2-UiO-66 composites.

6.3.4 Photoinduced charge separation and transfer characteristics

The photogenerated charge separation efficiency of the bare-BioWOs, Bi2WOe/UiO-66 and
BixWO¢/NH2-UiO-66 composites studied using the photoluminescence (PL) analysis and the
corresponding results are displayed in Figure 6.4(a). As compared to the bare-Bi2WOs, the
composites BioWOe/UiO-66 and BixWOe/NH2-UiO-66 showed reduced PL emission
intensity, which indicated that the composites possess lower recombination resistance and

higher photoinduced electron-hole separation in the system. This could be attributed to the
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formation of heterojunction between the BioWOs and UiO-66/NH»-UiO-66 resulting the
favorable band structure for the improved the separation and transfer of photo-generated
charge carriers within the composites as well as to the reactant molecules. Further, as
revealed by the SEM and TEM images, the UiO-66/NH>-UiO-66 has been strongly
incorporated onto the BioWOgs micro/nanoflower and greatly facilitates for the stronger
interfacial contact between BixWOs and NH»-UiO-66 and thus the composite possesses an
improved photo-generated charge carrier transfer rate through the formation of
heterojunctions. Moreover, the Bi,WOs/NH>-UiO-66 composite showed relatively enhanced
charge separation and migration, which could be attributed to the amine functional group
establishing a strong interface contact between BixWOs and NH>-UiO-66
heterostructures[197, 209, 210]. Further, the photogenerated charge carrier separation and
transfer efficiencies of the materials were measured by photoelectrochemical (PEC)
technique. The photocurrent generation in the bare-Bi2WQOs, Bi2WO4¢/UiO-66 and
BixWO¢/NH2-UiO-66 composite was estimated by chronoamperometry technique with light
“on-off” process under solar light irradiation (Figure 6.4(b)). The developed materials
showed good photocurrent generation, and the intensity of photocurrent was increased during
light irradiation and decreased to zero when light irradiation was turned off. On comparison,
the BizWOs/NH,-UiO-66 composite showed higher photocurrent generation efficiency and
high photocurrent density of around 1.42 pA/cm?. The enhanced photocurrent generation
could be attributed to the amine linker resulting in an efficient photocurrent conduction via
the formed heterojunction along with strong interface connection between BiWOs and NH»-
Ui0-66[210, 212]. In addition, the Nyquist plot was obtained to analyze charge transfer
efficiency in the system using electrochemical impedance technique and the corresponding
results are displayed in Figure 6.4(c). The obtained results showed that the Bi,WOs/NH>-
UiO-66 composite exhibited smaller arc radius that indicated the smaller charge transfer
resistance in the system as compared to that of the Bi2WO4/UiO-66 and bare-BioWOs
materials. The lower resistance of Bi2WO¢/NH»2-UiO-66 could be attributed to the
establishment of conducting channels to facilitate the migration of photo-generated electrons
from Bi2WOs and NH>-UiO-66 via Bi-W-O-N-C-O-Zr network in the system. This
eventually lowered the interface resistivity and increased the fast charge transfer efficiency,

along with offering a better photo-stability to the composite[199, 211].
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Figure 6.4. (a) Photoluminescence, (b) Chronoamperometric and (¢) Nyquist plots of bare-

BiWOg, BixWOs/Ui0-66 and BixWOe/NH2-UiO-66 composites.

6.3.5 Photocatalytic activity

The photocatalytic performances of the bare-BixWQOs, BixWOs/UiO-66 and BioWOs/NH>-
UiO-66 composites were studied for the degradation of antibiotic ciprofloxacin (CIP) under
solar light irradiation and the obtained degradation results are shown in Figure 6.5(a). The
time dependent optical degradation spectra of ciprofloxacin over BizWOg, Bi2WO4/UiO-66
and BixWOe¢/NH»2-UiO-66 are given in Figure S6.2(a-c) in the supporting information. The
materials showed photocatalytic activity on ciprofloxacin degradation in the order of
BixWO¢/NH2-UiO-66 > BioWOe/Ui0-66 > Bi,WOs, with degradation percentage of 83.1,
57.7 and 34.6%, respectively at the end of 60 min. On comparison, the BixWOs/NH>-UiO-
66 composite revealed the higher photocatalytic activity, and it found be around 2.4 and 1.45
folds higher than Bi2WOs and BixWOs/UiO-66, respectively. The superior photocatalytic
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performance of Bi,WOs/NH>-UiO-66 can be readily attributed to the improved photoinduced
rate of charge carrier separation and transfer due to the formation of heterojunction via amine
linkage. In addition, the extended photo-absorbance offered higher solar light absorption and
specific surface area provided a large number of reactive sites to the BioWO¢/NH2-UiO-66
composites, which contributed in improving the overall photocatalytic properties of the
system. Further, in order to know the key radical species responsible for the photocatalytic
activity in BixWOe/NH2-UiO-66 composites, the scavenging experiment using different
scavenging agents such as triethanolamine (TEOA), isopropyl alcohol (IPA) and p-
benzoquinone (BQ) corresponding to h*, OH® and O,*" species was carried out and the
obtained results are displayed in Figure 6.5(b). The result showed that the degradation
efficiency was dropped to 28.4, 72.5 and 43.5% in presence of TEOA, IPA and BQ,
respectively, whereas without scavenger the ciprofloxacin degradation was 83.1%.
Therefore, it is confirmed that the holes (h™) and superoxide radical (O,°") are the main active
species involved in the photocatalytic ciprofloxacin degradation process rather than the OH®
radicals[170, 213]. The band structure of the photocatalysts is a key factor in determining the
photocatalytic redox potential as well as photocatalytic efficiency of the heterojunction
composites. Therefore, the band positions of Bi2WOe ( +2.69 eV VB and -0.02 eV CB ) and
NH»-UiO-66 ( +2.30 eV VB and -0.35 eV CB) were estimated using the Mott-Schottky
plot[214, 215] and Tauc plot[186, 215] analysis and the corresponding results are given in
Figure S6.3(a-b) and Figure S6.4(a-b), respectively in the supporting information. Further,
the schematic illustration as shown in Figure 6.5(c) represents the photocatalytic charge
mechanism in BbWOs/NH2-UiO-66 composite towards the degradation of ciprofloxacin. It
can be seen that the photo-generated electrons undergo migration from the CB of Bi2WOg to
the VB of UiO-66-NH> and then excited to the CB of UiO-66-NH> under solar light
irradiation. Based on the band structure, the VB potential of BioWOg (+2.69 eV) could be
enough to generate hydroxyl radical (OH/OH™ = 1.99 eV), but CB of BixWOs (-0.02 eV)
may not be enough to generate super oxide radical (O2/ O =-0.33 eV). Similarly, the VB
(+2.30 eV) and CB (-0.35 eV) potential of NH>-UiO-66 both are suitable to generate
hydroxyl radical (OH/OH™ = 1.99 eV) and super oxide radical (O2/ O = -0.33 eV).
However, the BizWOs/NH2-UiO-66 heterojunction composite led to the Z-scheme charge

transfer mechanism with strong redox property, and it can establish the strong oxidation
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ability at the valence band (VB) of Bi;WOs and high reduction ability at the conduction band
(CB) of NH»-UiO-66. Therefore, the generated holes at the VB of Bi2WOs spontaneously
undergo a direct oxidation of ciprofloxacin, and/or oxidize the water molecules, and thereby
the generated hydroxyl radicals involved in the oxidation mediated degradation of
ciprofloxacin. On other hand, the electrons at CB of NH>-UiO-66 reduce the oxygen
molecule and produce super oxide radicals and thereby it involves in ciprofloxacin
degradation. Hence, the integration of NH>-UiO-66 with Bi;WOs established Z-scheme
heterojunction with efficient charge separation and high redox properties, which potentially

led to the efficient degradation of ciprofloxacin molecules[216-218].
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Figure 6.5. (a) Photocatalytic degradation of antibiotic ciprofloxacin by bare-BixWOs,
BixWOe/UiO-66 and BixWOe/NH>-UiO-66 composites under solar light irradiation (b)
Radicals scavenger test over BixWOe/NH2-UiO-66 and (c) Proposed photocatalytic
degradation mechanism of Bi;WOs/NH>-UiO-66.

Further, the stability of the photocatalyst was studied by conducing the reusability study for
up to five cycles using the Bi,WOs/UiO-66 and Bi2WOs/NH>-UiO-66 photocatalysts under
the same experiment condition, and the obtained results are given in Figure S6.5(a-b). The
obtained results revealed both the composites showed better stability and consistency
towards the photocatalytic degradation of CIP molecules. However, the Bi2WOs/NH>-UiO-
66 showed relatively higher recyclability even five cycles as compared to that of the
BixWOe/UiO-66, and it could be mainly attributed to their strong interface contact and
stabilized structural properties established by the amine functionalized UiO-66 MOFs[196,
215].

6.4. Conclusion

In this study, the development of BiWO¢/NH»2-UiO-66 nanocomposite by anchoring NHo-
UiO-66 on BizWOs micro/nanoflower surface and their enhanced photocatalytic activity
towards degradation of antibiotic-ciprofloxacin molecules under solar light irradiation has
been demonstrated. The improved photocatalytic activity of BioWOs/NH2-U10-66 composite
was attributed to the formation of heterojunction with strong interface contact between
Bi2WOs and NH2-UiO-66 via Bi-W-O-N-C-O-Zr network, which favored in broadening the
spectral response range, reduced photogenerated electron-hole pair recombination, and faster
photogenerated charge carrier transfer in the system. Also, the heterojunction formation with
Z-scheme mechanism and high surface reactive sites offered strong oxidative and reduction
properties to BixWOs/NH>-UiO-66 composite. Further, the strong interfacial interaction
between NH»-UiO-66 and Bi2WOg established by amine groups provided a better stability to
the BioWOs/NH2-UiO-66 composite.
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6.5. Supporting information

6.5.1. Elemental composition
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Figure S6.1. EDS spectra of bare-Bi2WOs, Bi2WOs/UiO-66 and Bi2WOs/NH2-UiO-66
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6.5.2. Photocatalytic degradation of ciprofloxacin
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bare-BixWOg, (b) BizWOs/UiO-66 and (c) BioWOs/NH2-UiO-66 composites.
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6.5.3. Mott-Schottky
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Figure S6.3. Mott-Schottky plot of (a) BizWOs and (b) NH,-UiO-66.

6.5.4. Tauc plot
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6.5.5. Reusability study
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Conclusion and future work

7.1 General conclusion

Photocatalysis is a promising solution to address rising concerns and paves path for the
complete degradation of emerging antibiotic pollutants under solar light irradiation. In
particular, the design of nanostructured and nanocomposite photocatalysts has been found to
exhibit higher antibiotic degradation performance due to their distinct characteristic
properties such as superior structural, surface and interfacial properties. These features
yielded improved photoabsorbance, charge separation, charge transfer, redox properties and
photostability of the material. Our strategies comprise construction of nanostructured
materials and integration/coupling of other materials to develop hybrid nanocomposites. As
a result, we recently developed CaBiO;, BiVOs4-APS-Ceo and Bi2WOs/NH:-UiO-66
nanostructured hybrid photocatalyst towards the degradation of antibiotic pollutants in water.
The overall goal of this thesis was to develop ideal strategies for the development of efficient

photocatalysts towards antibiotic pollutants.

The development of new ferroelectric perovskite material CaBiOs with distinct Bi** and Bi**
multi-charge disproportion was potentially explored on degradation of ciprofloxacin and
tetracycline antibiotic under solar light. The Bi**/Bi** charge disproportion and well-
organized crystal arrangement of CaBiOs resulted in an efficient visible photo-absorbance
and higher photo-generated charge carrier generation and separation. The incorporation of
Ca?" into BiOs crystal lattices potentially altered the band structure of CaBiO; system, and
the established band energy potentials were found more suitable for photocatalytic redox
reactions. Thus, the developed CaBiO3 materials exhibited nanostructure with higher surface

area which provided enhanced surface properties for catalytic reaction.

An efficient BiVO4-APS-Cso composite was developed by integrating the aminosilicate-
functionalized-Cso QDs on the surface of ultrathin BiVO4 nanolayers, and it showed efficient
photocatalytic activity towards ciprofloxacin degradation under solar light. The fine
dispersion of aminosilicate functionalized-QDs considerably decreased inter-layer thickness
and aggregation in BiVO4 layers, and it barely influenced photo-absorption properties of the

composite. Besides, the aminosilicate established a strong interfacial interaction between Ceo
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and BiVO4 via the Bi-V-O-Si-C network, which provided a remarkable charge transfer
efficiency and stability for the BiVO4-APS-Cso composite.

The development of BiyWOs/NH2-UiO-66 nanocomposite exhibited superior photocatalytic
activity for ciprofloxacin degradation under solar light irradiation. The enhanced
photocatalytic performance was attributed to the extended photoabsorbance, reduced charge
recombination, and faster charge transfer due to the formation of Bi2WOs/NH>-UiO-66
heterojunction with strong interface contact. The heterojunction formation with Z-scheme
charge transfer mechanism and high surface reactive sites offered strong redox properties to
BixWO¢/NH2-UiO-66 composite. Besides, the amine linkage established a strong interfacial
interaction between NH»>-UiO-66 and BixWOs, which provided better stability to the
BixWO¢/NH2-UiO-66 composite.

7.2 Future outlook

Photocatalysis involves solar energy assisted active free radicals’ generation and it
accomplishes the potential degradation of the emerging pharmaceutical pollutants. The
semiconductor photocatalyst mainly determines the efficiency of the photocatalytic process.
In the past few decades, a wide range of materials were developed and explored for potential
application in antibiotic degradation. However, the development of nanostructured hybrid
photocatalysts revealed superior catalytic properties which offers extended photoabsorbance,
large surface area, more active sites and enhanced photoinduced charge separation and
mobility. Therefore, we propose to develop the following new nanostructured and
nanocomposite materials as potential photocatalytic material towards the degradation of the

pharmaceutical pollutants in presence of solar light.

MBiOs (M = Cd, Mg and Zn) materials: The design of MBiOs photocatalytic materials such
as CdBiO3, MgBiO3 and ZnBiOs also provides effective Bi**/Bi*" charge disproportionation
and well-organized BiOg octahedral crystal arrangement, which should result in high photo-
generated charge carrier separation and efficient visible photo-absorbance to MBiO3 system.
The effective Cd**, Mg?" and Zn*' metal ion incorporation into bismuthate (BiOs) crystal
lattices could potentially alter the band structure of MBiO3 and could establish strong redox

property to photocatalytic antibiotic degradation.
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Black metal oxides: The development of black metal oxides such as black titanium dioxide
(TiOz2-x), black BiVO4 and tungstic oxide (WOs.x) offers moderate oxygen vacancies and
increase the donor concentration, which ultimately favors the efficient charge separation and
transport. Further, their lower valence band helps in achieving a narrow band gap and
broadened photo-absorption range. Therefore, black metal oxides tend to show an enhanced
solar energy utilization and high charge carrier migration for photocatalytic antibiotic

removal.

Bismuth composites: The bismuth-based BiVO4, BioWOg, BixM00Os and BiOX (X= Cl, Br
and I) ultrathin materials designs have received great interest in photocatalysis due to their
unique structure and surface properties, which give interesting visible light absorption, good
charge separation and high surface reactive site. The designing of bismuth-based composites
with metals, semiconductors, carbon materials and metal-organic frameworks could
potentially improve the photophysical, structural and surface properties towards

photocatalytic degradation of antibiotics.

Photocatalytic antibiotic degradation: Achieve a complete mineralization of antibiotics and
study their degradation pathways and mechanism. Further, to extend the developed materials
towards the degradation of other antibiotic pollutants such as cefuroxime, amoxicillin,
sulfamethoxazole, chloramphenicol etc., from water and modify the developed materials

towards simultaneous degradation of multiple pharmaceutical pollutants.
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