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Abstracts

Chapter-1

This chapter provides a brief introduction to the basic principles of semiconductor photocatalysis
and discusses the use of perovskite-structured metal titanates (ATiOs, A= Ca, Ba, Sr) as SC
photocatalysts for the degradation of hazardous water pollutants and the generation of hydrogen
energy. Metal titanates advantages, limitations, and strategies for improving their photocatalytic
activity have been outlined. The related literature has been systematically reviewed, and a brief
description of characterization techniques for assessing the properties of synthesized ATiO3
nanocomposites has been provided. The significance of using a synergic approach that
incorporates metal and GO concurrently for ATiO3z enhancement over its pristine and binary
counterparts is presented. An overview of the photocatalytic activity evaluation tests performed
on these titanates, including information concerning model pollutants and the H reaction is
provided. In this regard, the realized research gaps were mentioned with the objective of the

current research work.

Chapter-2
This study aims to develop an efficient photocatalyst based on perovskite structured CaTiO3z (CTO)
for environmental concerns. Pure CaTiOs nanoparticles were first fabricated by simple sol-gel
method followed by modification with Ag, Cu via photodeposition. Different amounts (1 to 5 wt%)
of Ag and Cu were loaded over CTO to form Ag/Cu-CTO nanocomposites. Several
characterization techniques such as XRD, UV-DRS, SEM, EDS, HRTEM and PL were employed
to study their structural and physicochemical properties. TEM analysis reveals, successful
deposition of nanosized Ag (6-12 nm) and Cu NPs (3-20 nm) on the surface of CTO nanostructures
(40-150 nm). The UV-vis study discloses a decrease in band-gap energies after Ag and Cu surface
modification The photocatalytic performance of as-prepared samples was assessed by degrading
Rhodamine B dye under UV light irradiation. Results indicate that Ag/Cu deposition significantly
enhanced the photocatalytic activity of CTO depending upon the amount of metal loading. 1wt%
Ag-CTO composite exhibited the highest (98%) photoactivity within 90 mins in contrast to 82%
and 57% degradation achieved by 1wt% Cu-CTO and bare CTO respectively. The degradation

process followed pseudo-first-order kinetics with rate constants of k = 4.5 x 10 min* for Ag-CTO



relative to k = 1.8 x 102 mintof Cu-CTO and k = 0.86 x 10?min™of bare. The amazingly
improved photocatalytic performance was credited to the increased optical absorption, and quick
transfer of photoinduced electrons from CaTiO3sconduction band to Ag and Cu deposits that
probably retards the charge-carriers recombination as evident by their observed photoluminance
behavior. Further, the degradation pathway and removal mechanism of RhB by this Ag/Cu-CTO
system are also elaborated. Considering the ease of the preparation process, this study provides an
efficient way for boosting CaTiOz performance and demonstrates the immense potential of these
synthesized Ag/Cu-CTO nanocatalysts in photocatalytic wastewater treatment applications.

Chapter-3

This chapter deals with the fabrication of a visible-light responsive, photocatalyst (Ag-
BaTiO3/GO) where Ag nanoparticles and GO sheets were deposited onto the surface of BaTiOs
nanorods via a combination of photodeposition and hydrothermal methods. The as-prepared
ternary photocatalyst was comprehensively characterized for its structural, morphological, and
optical properties using XRD, XPS, Raman, HR-TEM, FE-SEM, EDS-mapping, BET, EIS, UV-
vis DRS, and PL analysis. The photoactivity was assessed by degrading crystal violet dye (CV)
and antibiotic ofloxacin (OFL) under visible light illumination. In comparison with pristine
BaTiOz, and binary composites Ag-BaTiOs, BaTiO3-GO, the newly designed ternary hybrid
exhibited superior activity with ~98.5% and 96.1% degradation efficiency for CV and OFL at
high-rate constants (0.053 and 0.033 min?, respectively). The heightened photocatalytic
performance is attributed to the SPR effect of Ag, which broadens the visible light range, as well
as strong adsorption capacity, excellent electron mobility, and greater surface area of GO that
facilitates the charge transfer process. Moreover, the catalyst could be easily reused for four
sequential cycles, maintaining up to 78.83% efficiency for CV removal. Trapping experiments
disclosed the eloquent role played by the *OH and O™ radicals in pollutant degradation. Also, the
degradation pathways of CV and OFL were determined based on the LC-MS analysis. Even the
TOC analysis reveals that Ag-BaTiO3/GO is capable of effectively mineralizing both pollutants.
Eventually, on account of the results, a photocatalytic reaction mechanism was presumed. This
work offers a propitious strategy, for successful eradication of multiple perilous pollutants from
wastewater using a combination of metal titanates, plasmonic Ag NPs, and GO based highly

efficient ternary photocatalyst.



Chapter-4

The widespread production and use of pharmaceutical antibiotics is wreaking havoc on the
environment. To address this issue, a semiconductor photocatalyst with high photocatalytic
efficiency must be developed in order to eliminate antibiotics from wastewater. Herein, an
effective and novel ternary photocatalyst (Fe(I11)-SrTiOs-GO) is synthesized by anchoring Fe(l11)
species and GO sheets over the surface of SrTiOz nanotubes. The GO nanosheets function as an
electron-transfer mediator while the Fe(lll) cocatalyst serves as an electron-reduction active site.
The optimized (2Fe(111)-SrTiO3-10GO) nanocomposite displayed superior photoactivity by
degrading 92.3% of NOF within 120 min of LED light exposure in contrast with pristine SrTiO3,
(33.6%) and binary composites (SrTiO3-10GO) (68.5%), (2Fe(lll)-SrTiOs) (79.2%). The
meliorative performance is credited to synergic effects of GO (with high conductivity), SrTiOs
(specialized morphology) and Fe(lll) species (IFCT effect) all together in the trio-hybrid that
accelerated the transference and separation of photoinduced carriers, and extends the visible-light
responsive range. The scavenging experiments confirmed (h™), (*OH) as the predominant reactive
species liable for the degradation process. Approximately 60% of NOF was mineralized at the end
of the photodegradation process, according to TOC analyses. The catalyst's reusable feature was
validated by post-photocatalytic characterization studies (9.6% reduction in efficacy after 4
cycles). Further, the plausible photocatalytic mechanism and degradation pathways of NOF were
speculated with several intermediates identified. The current study provides a new perspective on
construction of innovative, reusable and cost-effective photocatalyst based on transition metal ion
and GO co-catalyzed metal titanates for wastewater remediation.

Chapter-5

To combat the issues of energy scarcity and environmental pollution, a new visible-light
responsive, ternary photocatalyst (Cu-CaTiO3-GO) has been fabricated in this work, by photo-
depositing Cu nanoparticles over a CaTiO3-GO binary nanocomposite. The physicochemical
characteristics of Cu-CaTiO3-GO were thoroughly investigated using XRD, HR-TEM, FE-SEM,
EDS-mapping XPS, Raman, FT-IR, BET, EIS, UV-vis DRS, and PL techniques. In comparison
with pristine CaTiOs, and binary composites (Cu-CaTiOsz, CaTiO3-GO), the ternary hybrid
exhibited superior photocatalytic activity for Hz generation as well as antibiotic cefixime (CFX)

degradation. Under LED light exposure, the rate of H» generation over Cu-CaTiO3-GO

Vi



accumulated to 57.6 mmolh™ in 6 hours, while the photodegradation efficiency of CFX reached
94.1% in 100 minutes. The upgraded performance is credited to the synergistic effects of Cu NPs
(SPR effect), CaTiOz (specialized cuboid-like morphology), and GO (high conductivity), co-
existing in the trio-hybrid, which resulted in a greatly increased surface area, an expanded spectral
response range, a stronger adsorption property, and efficient charge migration and separation
extent. Ternary catalyst performed well even in the recycling tests (retaining 79.4% CFX removal
efficiency even after 4 sequential cycles). Scavenging experiments revealed reactive (O2") and
(*OH) as the primary drivers for CFX degradation. Besides, degradation intermediates of CFX
were elucidated using LC-MS, and the decomposition pathway was suggested. Finally, the
probable photocatalytic reaction mechanism was deduced for both the degradation and H:
generation processes. The current study proposes a non-noble transition metal-based perovskite-
type photocatalytic material for both clean energy generation and wastewater treatment.

vii



CHAPTER-1

Introduction and literature review

Section-A
1.1 Introduction

Nowadays, due to the dramatic increase in global population, industrialization, and natural resource
consumption, the world is grappling with two major issues: environmental protection and remediation, as
well as energy control, storage, and alternative conversion. As a result, it is necessary to find the efficient
way to combat energy scarcity and environmental pollution problem. “Semiconductor-based
photocatalysis” has been regarded as one of the viable solutions for a clean and sustainable future due to its
cleanliness, inexhaustibility, efficiency, and low-cost[1]. It basically involves speeding up the chemical

process by use of a light-activated SC catalyst.

Basic principle of the SC mediated Photocatalytic Process

Generally, there are five essential key steps in the heterogenous photocatalysis on the surface of SC, namely,
the (i) photoexcitation (absorption of light photons and charge carriers’ generation), (ii) transportation of
electrons and holes to the surface of the photocatalyst, (iii) adsorption of the reactants on the surface and (iv)

redox reaction (v) formation of final products and desorption of products

Reduction
reaction

'teoo
/ + %, .
+ %

> &
o
XY ,530}

%, W T
< NNN
i | \\
S \\ +
VB \ 3
Semiconductor \
++ -
. Bulk 1
Light Oxidation

recombination
reaction

Semiconductor

Schemel.1: General mechanism of a typical photocatalytic reaction occurring on SC surface.
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https://www.sciencedirect.com/topics/earth-and-planetary-sciences/photocatalysis

The most significant photocatalyst materials, semiconductors, have a distinct band gap between their valence
band (VB) (with full electron) and conduction band (CB) (with higher energy and no electron). When a light
of sufficient energy equivalent or greater than the bandgap of a SC (En > Ey), strikes its surface, excitation
happens and e~ from the VB of a SC transfers to its CB thereby leaving holes (h*) at its VB. Photogenerated
electrons and holes (charge carriers) often recombine on the surface or bulk of a SC, w.r.t to acceptor or
donor centers. This process is accompanied by he release of energy in the form of heat or photons. In addition,
the charge carriers may move to SC surfaces. The migrated photoproduced e -h* pair subsequently starts the
redox reaction at the SC’s surface. This redox process (oxidation-reduction reactions) can be used to degrade
water contaminants and transform abundant earth elements (H20, CO2, and N>) into useful fuel (clean Ho, or
organic fuel like CHs, CH30H, and NH3)[2].

SC+hv — h*(VB) + e (CB)

1.1.1 Photocatalytic applications

(i) Photocatalytic degradation of toxic pollutants (Wastewater treatment)

Recent years have seen water contamination becoming a major issue. A wide range of harmful contaminants,
including industrial dyes, pesticides, fertilizers, personal care products, disinfectants, pharmaceuticals drugs,
and inorganic pollutants, i.e heavy metals are daily being discharged into the water bodies without any
treatment. Long-term persistence of these carcinogenic contaminates in water bodies is threatening both
human and aquatic life.

The textile and tanning industries massive outputs of colored effluent are a major source of water pollution.
Cationic and anionic synthetic dyes used in textiles, such as rhodamine B (RhB), and crystal violet (CV))
eosin Y (EY), phenol red (PR), and Congo red (CR)) are actually toxic pollutants that could hinder the
photosynthesis in aquatic plants and may harm the living creature health through food and drinking water
supply.

Likewise, Pharmaceutical pollutants such as antibiotics, analgesics, and disinfectants have been detected in
surface water at amounts ranging from ng/L to g/L. About 70-90% of antibiotics are excreted either
chemically unaltered or as active metabolites from the human or animal body. The low metabolic rate,
excessive consumption and exploitation, and inadequate absorption of these substances leave environmental
resources vulnerable to pollution. Reports reveals that these are not entirely removed at sewage treatment

plants[3]. Given the serious consequences of water pollution caused by dye and pharmaceutical
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contaminants, researchers have attempted several attempts to eliminate these hazardous pollutants from
wastewater. [4] However, among the various wastewater treatment methods, SC-based photocatalytic
chemical degradation is seen as an effective strategy to tackle this pressing issue. This advanced oxidation
process offers several advantages such as minimum operational costs, reusability, contaminant removal from
different media, capability to use solar energy, and complete mineralizes the organic pollutants to CO», H.O
and mineral acids. It uses reactive oxygen species (ROS) such hydroxyl (¢\OH) and superoxide (O2"*) radicals
to degrade organic pollutants and eliminate persistent chemicals. The oxidation potentials of most
contaminants range between -1 to 2 eV. Thus, a reactor with ROS have potential to oxidize or reduce an
organic component into CO2, H>O, and mineral acids. Degrading harmful pollutants by semiconductor
photocatalysis is thus a safe and sustainable process.

For pollutant degradation,

After transferring photogenerated charge carriers to the SC photocatalyst surface, excited electrons in the CB
react with electron acceptors such Oz on the SC surface or in water, resulting in *O2" species. Hole scavenging
produces *OH radicals from H.O and OH™ molecules. Both of these reactive species are capable of
mineralizing any adsorbed organic molecules. Thus, finally, after interaction with the photocatalyst surface,
highly reactive oxygen species (h*, "OH, "0z, H202, ‘OOH) decomposes the pollutant molecules forming
water, carbon dioxide and other harmless products. (Scheme-1.2(a))

The following equations show the sequence of oxidative and reductive reactions that occur during pollutant
photodegradation:

Photons (hv) + semiconductor— h*"(VB) + ¢ (CB)

h" + H,O—H"+ OH"

h*+ OH —OH-

e +0; >0y

2¢+02 +H20—H20»

e +H,0, — 2°OH

‘O + H"— "OOH

Pollutant molecules (h*,"OH, *O2", H202, ‘'OOH) — CO> + H,0 + other harmless products

(ii) Photocatalytic hydrogen production reaction
Hydrogen gas (Hz), being a clean energy source with high energy density and no carbon emissions, is one of
the most promising energy carriers for replacing traditional fossil fuels and addressing energy scarcity.

3



Several Countries like Britain and China are adopting H> as a transportation fuel to minimize the greenhouse
gas emissions in urban cities. Generating H> directly from water using photocatalyst has garnered interest as
an economically viable, adaptable, and renewable way to address global energy demands by converting
unlimited solar energy to H. After Fujishima and Honda reported photocatalytic hydrogen synthesis from
water using semiconductor (TiO) in 1972, various researchers got interested in searching semiconductor
materials for Hz evolution reactions [5].

Process of H» generation
For H production through photocatalytic water splitting, after the separation process of photoinduced e~ and

h* in a semiconductor, H,O molecules on the SC surface are reduced by these e~ to form H; and also oxidized
by h* to give Oa.

The oxidation and reduction reactions are described below:

Oxidation: HO+2h* - % O+ 2H" + 2 e”

Reduction: 2H"+2 e — H>

To facilitate the water splitting reaction, SC photocatalyst should have CB edge potential more negative than
H*/H, (0 V vs. NHE, pH = 0) redox potential and VB edge position more positive than the O,/H,0 (+1.23 V
vs. NHE, pH = 0) redox potentials Scheme-2(b) [6].

However, Still, it's challenging to set up large-scale Hz production facilities based on water splitting to meet
the world's H2 need. From a thermodynamics view, water splitting is an uphill and nonspontaneous reaction

because of the higher positive Gibbs free energy of (+ 237 KJ/mole).

2H0 (1) — O2(g) +2H2(9) (AG° = +237.14 kJ/mol) However, the
presence of alcohols such as methanol, ethanol, propanol in the reaction medium reduces the energy required
for Hz generation. Methanol, the simplest alcohol with one hydroxyl group and one carbon atom, is the model
molecule for photocatalytic H, generation.

CH3;OH < HCHO + H> AG° = 64.1 kJ/mol
HCHO + H20 «» HCOOH + H» AG° =47.8 kJ/mol
HCOOH « CO + H; AG° =-95.8 k] / mol

Overall reaction
CH:;0H + H,O <« CO + 3H» AG°=16.1kJ / mol

This reaction demonstrates that decomposing methanol is far more practical than water [7]. Thus,
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photodehydrogenation of alcohols to assist H> is appealing as a liquid, alcohols can be easily stored and
transported. Besides, these can be easily produced from several biomass-derived feedstocks and organic
residues such as sewage sludge. Compared with water splitting, its H> production reaction is
thermodynamically advantageous which less decreases the energy input requirement. Even the lower band

gap SC can also generate H» through the alcohol’s dehydrogenation.
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Scheme-1.2: (a) Photocatalytic mechanism of pollutant degradation and (b) Hz production

1.1.2 Preferred semiconductor photocatalyst

A suitable photocatalyst should have a bandgap of >1.2 eV for energetic electrons and <3.0 eV for solar
spectrum absorption, accessible photogenerated charge carriers, and photocorrosion resistance. Other
benefits include low cost, easy preparation, and bandgap tuning.

Among a wide range of semiconductors, Perovskite based materials have been intensively studied due to
their outstanding performance as a photocatalyst in UV irradiation and affordability. The German scientist
Gustave Rose made the initial discovery of ‘perovskite materials’ in the Ural Mountains in 1839. And it was
given this name in honor of the Russian mineralogist Lev Alekseyevich von Perovski. Among these, ATiOs

perovskite-type oxides known as metal titanates are much popular[8].

1.1.3. Metal titanates as Photocatalyst

Metal titanates (general formula is ATiOgz) refer to inorganic compounds containing titanium, oxygen, and
5



at least one additional metallic element. Owing to their unique structural, optical, physicochemical, magnetic,
and electrical properties, these ternary oxides have revolutionized various sectors of applications, including
energy storage and conversion, environmental remediation, catalysis, chemical sensing, and electronic
devices. Most ternary titanates possess a special perovskite crystal structure of type (ABX3), where the larger
ion ‘A’ is a member of the alkali/alkaline earth or rare-earth family. The ‘B’ ion with a smaller radius
represents the d-block transition elements, and ‘X’ is the oxygen atom that binds to both cations. ATiO3
perovskite oxide, in its ideal cubic structure, has an "A" atom are at the body corners, “Ti” at the body centre,
and oxygen at the face-centered positions (Fig.1.1). Octahedral coordination of cation 'B' (6-fold) and

dodecahedral coordination of cation 'A' (12-fold) are responsible for the stability of perovskites [9].
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Fig.1.1: (a) Ideal cubic structure perovskite of (ABO3) (b) the perovskite framework

Alkaline earth titanates such as calcium titanate (CaTiO3), barium titanate (BaTiOz), and strontium titanate
(SrTiOs3), have been intensively explored for their potential applications in both environmental remediation
and energy conversion.[10] Because of their intriguing properties, such as multifunctionality, efficient
photoactivity, superconductivity, ferroelectricity, high stability, low cost, easy synthesis, high dielectric
constant, piezoelectricity, modest dielectric loss, and eco-friendliness, these materials have been a game
changer in many different fields of study[11-14]. The cubic structure of these titanates is depicted in Figl.2,
where the (Ca, Ba, Sr) ions are situated at the “A” site, the Ti ions are positioned at the “B” site, and the O

ion represents the oxygen anion.
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Fig.1.2: Ideal cubic crystal structures of (a) CaTiOs, (b) BaTiOs, and (c) SrTiOs

S.No Photocatalyst Application Light Source Result References
1. CaTiOs Arsenic UV (254 nm) 98.4% [15]
degradation removal
2. CaTiOs Methyl orange UV (254 nm) 96% [16]
dye degradation removal
(1ppm) in 3h
3. BaTiOs Pendimethalin UV (350-400 nm)  100% [17]
(Herbicide) removal
degradation in 6.25h
(10 ppm)
4. BaTiOs Crystal  violet UV (365 nm) 100% [18]
(Eg-2.93 eV) dye removal
degradation in 48h
(10 ppm)
5. SrTiOs Methyl orange 365 nm > 95% [19]
(Eg-3.21eV)  degradation in
(20 ppm) 180 min
6. SrTiOs H>  production Hg lamp 3200.00 [20]
(Eg-2.59 eV) reaction (500 W) (mmol/h)

Table 1.1. Summary of the photocatalytic performances of pure (MTiO3z, M=Ca, Ba, Sr) nanocatalysts
In addition to being resistant to photocorrosion, their stable crystalline structure, high activity sites,
compositional versatility, easily tunable band gap, and structural morphology, make them effective

photocatalysts.



Moreover, their band potentials are suitably aligned, with a more negative conduction band (CB) potential
allowing the photo-induced electrons to display greater reduction ability and a more positive valence band
(VB) potential allowing the holes to display higher oxidation tendency. The CB potential is even much higher
than the benchmark TiO2 photocatalyst, this is beneficial for various reactions including Hz generation and

photoreduction reactions.

E NHE
A
BT for k
(—y
0.5 — -
/ (.0,705)
0 . i T P H*/H,
—— —
+0.5) . .
> > >
ol |2 a2 e |z > > > > %113 noo,
(o] Ao . é. > @ © : ; =1 = g . ’
asl = | [ N ® = it S S oS P
- 4 (o} ~ (\i o e gl
(.OH/OH)
+2.0 | ot ‘
CaliOmbem | ek e e L
+2.5 \ BaT]O3 SI'TiOy TlOz ﬁ C0T103 NiTiO; PleO3 —t - ZnTiO3
130l FeTiO; CuTiO; MnTiO; MeTi0),
+3.5

Scheme-1.3: Representation of band gaps and band edges potentials of several titanates w.r.t redox potentials
for photocatalytic degradation and H> production reactions

1.1.4 Limitations of ATiO3; photocatalyst

Despite the great potential of these benchmark metal titanates (CaTiO3, BaTiOs, SrTiOz) for photocatalytic
applications, their efficiency is still confined by the smaller specific surface areas, quick recombination of
photogenerated charge carriers and limited solar or visible light utilization efficiency owing to their wide
band gaps. Table 1.1.indicates that these despite the remarkable photo efficiency, these titanates are
photocatalytically active only under UV light (which comprises only 3% of solar spectrum) These drawbacks
severely restrict the large-scale use of these materials[11].With regard to the improvement in light-absorption
features and the charge carrier’s lifetime, enormous efforts have been channeled towards metal titanate

modification.

1.1.5 Strategies for the improvement of photocatalysis:

Several strategies such as metals deposition, coupling with carbonaceous material, and modifications of
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transition metals etc. have been addressed to tune their photocatalytic properties discussed below:

(i) Plasmonic metal deposition

Depositing plasmonic metal NPs like Ag, Au, Cu, Pt with semiconductor to develop M-SC hybrid
nanostructures surface seems to be a viable technique for tuning the physicochemical-optical properties of
the SC’s. According to studies, deposited metal plays a number of critical roles, like: (i) serves as electron
sinks by capturing the photoinduced electrons from the SC, this restricts the recombination of charge species;
(ii) facilitates dioxygen reduction to generate reactive free radicals; (iii) enhances the visible light response
of SC through induced SPR absorbance feature; (iv) modifies the surface properties of the SC [21].
Metal-semiconductor integration promotes photo reactivity by a synergistic effect of two features, namely

(1) Plasmonic effect and (ii) Schottky barrier formation at the M-SC contacts
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Scheme-1.4: Schematic illustration of charge transfer mechanism in M-SC junction with (a) LSPR effect of
metal (M) nanoparticles (b) formation of Schottky barrier

(a)_ Enhanced Charge Separation through Schottky barrier formation
The effective separation of the charge carriers in M-SC composite results from electron transport across the

M-SC interface. When a semiconductor (SC) is in close proximity to a metal (with a higher work function),
electrons diffusion from the SC to the metal will take place. This process will continue until the fermi energy
levels of both the components reach an equilibrium. As a result of this electron diffusion, a space charge
region develops. Additionally, the band edges (CB) in the SC bends upward. Due to the deformation of the
band structure at the M—SC interface, a small barrier known as the “Schottky barrier” is created which serves
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as an electron trap. The trapped electrons then proceed to the adsorbed species surface to carry out the
reduction reactions. The efficiency of electron transfer across the M-SC interface improves as the Schottky
barrier rises in height [22]. Here, the Schottky barrier, prevents the return of the migrating electrons to the
SC, thus inhibiting the reunion of e-h* couples. This upgrades the photocatalytic reaction rate by allowing
the active charge carriers on the surface of (SC) and metal to engage in redox reactions independently of one
another [23].

(b)_ Enhanced Visible Light Absorption through Surface plasmon mechanism

In addition to the Schottky barrier, deposition of nano sized plasmonic metals on the SC can boost the light
absorption via localized surface plasmonic resonance (LSPR). LSPR occurs when the valence electrons of
plasmonic metal nanoparticles collectively oscillate in response to the electric field of incident light, resulting
in effective light absorption and dramatically elevated local electric fields near the M-SC interface. In surface
plasmon resonances (SPRs), deposited metal NPs typically function as antennas, converting light to localized
electrical fields that eventually decay into highly energetic hot electrons [24]. These LSPR generated hot
electrons have the potential to increase the photocatalytic reaction rate by multiple times. Thus, in the
photocatalytic process, plasmon could promote the redox reaction mainly through the following routes:
enlarging light trapping ability, speeding up charge separation, producing the hot electrons, and plasmon-
induced energy transfer [25].

Several binary M/ATiO3z nanostructures have been successfully synthesized by photo-deposition and
impregnation methods, including Ag/CaTiO3[26], Cu-BaTiO3,[27] Ag/SrTiOs[28], Au/BaTiO3[29]. All of
these combinations have been proven to have upgraded photoactivity when compared to unmodified ATiOa.
NTB was efficiently photoconverted to aniline using Pt/CaTiOgz, and the process took only 40 minutes [30].
Likewise, piezoelectric Ag-BaTiOz catalysts degrade 83% RhB in 75min[31]. The Ag(0)/CaTiOs
photocatalyst outperformed pure CaTiOs in Hz production because of the enhanced e-h* separation and
promoter effect of the Ag metal [32]. Similarly, under simulated UV irradiation, Au-loaded CaTiO3
composite [33] degraded 99.6% of RhB in 120 min, compared to 76.4% for pure CaTiOs. Three factors
contributed to Au@CaTiOz3's outstanding performance. (i) Au NPs, operating as electron sinks, resulting in
improve charge segregation; (ii) LSPR effect of Au NPs leading to extension in light harvesting ability; (iii)
Involvement of Au NPs LSPR-induced electrons in photodegradation processes. Thus, deposition of Au NPs

on CaTiOz significantly upgraded the photocatalytic activity.
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(if) Surface modification with transition metal ions:

Surface grafting of transition metal ions, particularly Ce(l11), Cu(ll), Cr(111), or Fe(ll1), is another competent
and economic approach to promote the photocatalytic efficacy of wide-band gap semiconductors through a
well-known IFCT process.

In this photocatalytic system (Scheme-1.5), when transition metal ions are grafted or loaded onto the surface
of SC to create the interface contact, the photoinduced electrons on the SC's VB have a tendency to directly
migrate to these ionic species, leaving behind holes in the VB. Owing to the strong electron capturing ability
of these grafted species, effective separation between the electrons and holes is achieved. This process allows
the separated excitons to engage in catalytic reactions to form reactive species. The trapped electrons could
efficiently reduce the O. via multi-electron reduction routes to form superoxide anion radicals, whereas the
holes with strong oxidizing power accumulated in SC;s VB could either react with H2O molecules forming
.OH species or directly participate in the reaction.

In this IFCT charge transfer mechanism(M""SC) system, the transition metal ions serve as efficient e-
trapping centers to prevent the rejoining of charges and activate the molecular O, and also broadens the light

absorption range, resulting in an improved photocatalysis response [34,35].
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Scheme-1.5: Schematic representation of photocatalytic mechanism of Metal ion (M"™) loaded
semiconductor (SC)

According to Qiu et al.[36], grafting Fe(lll) clusters onto the surface of flower-like BiOCI, could enhance
BiOCI performance, due to IFCT interaction between the Fe(l1l) clusters and BiOCI. Hashimoto et al. [37]
reported Cu(ll) grafted TiO> photocatalysts for efficient decomposition of 2-propanol(g) to CO». Dai

group[38] synthesized Fe(l11) modified Bi-O4 photocatalyst that accelerated the degradation of RhB dye by
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almost 2.7 times (0.098min) compared to bare Bi>O4 nanorods (0.036 min™). Grafting Cu(ll) nanoclusters
onto TiO; increases the degradation rate of imidacloprid[39]. Likewise, the Alam group [34] found that the
IFCT in the Fe(IllI)-modified MoOs system was extremely efficient in the visible light mediated degradation
of numerous pollutants, such as MB, RhB, and 4-NP. In all these studies, the IFCT effect has been
encountered to provide an efficient channel to simultaneously extend the optical response and minimize the

charge transportation distance in the existing photocatalytic material.

(iii) Modification with Graphene oxide:

Recent years have seen a surge in interest in carbonaceous materials such graphitic carbon nitride, fullerenes,
carbon nanotubes, graphene, and diamond as potential building blocks for developing highly stable and
effective photocatalysts. Among these is graphene oxide (GO), a sparkling star in the arena of material
science. GO is a sp?and sp*-hybridized carbon monolayer with oxygen functional groups on both the basal
(hydroxyl and epoxy) and edge planes (carboxyl, carbonyl).

GO possesses some intriguing and peculiar properties

(Scheme-1.6.) including a rich pore structure, huge g therma

surface area, outstanding mechanical strength, high e -
flexibility and absorptivity, unique conjugated structure (:Egﬁm 'h,;;?f:'
with (m—m) interactions, better charge carrier mobility, a o i b
high degree of thermal conductivity, raised optical p,:,f‘ifaes
transmittance, incredible elastic modulus, and chemical ;:i'f:l,;y ":’:’::h'('
stability [40]. These fascinating features of GO make it e » e
an enticing material with several potential applications "1?’9”5‘7‘;")“’

such as in catalysis, solar cells, energy conversion-
Scheme-1.6: Schematic depiction of properties of

storage, nano-electronics, drug-delivery, water Graphene oxide

splitting, batteries, sensors, and water treatment etc.

Especially, in the field of photocatalysis, GO has emerged as a prominent candidate and a frequently used
ideal support material to integrate with wide band gap SC to accomplish spectacular photoactivity
enhancement[41].

Mechanism of electron transference in SC-GO composites

When the GO-SC photocatalyst is excited by a light irradiation, photogenerated charge carriers are created

in SC. From the CB of SC, the electrons could potentially migrate towards the GO aromatic structure. Here,
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GO works as an electron trap, preventing the recombination of electrons with the VB holes. The electrons
accumulated on the graphene surface react with the dissolved or adsorbed oxygen to form superoxide
radicals. Meanwhile, the photogenerated holes in SC’s VB react with water molecules to produce hydroxyl
(-OH) radicals. These active species then facilitate the photocatalytic reactions. This promotion in the
electron transference through numerous graphene oxide layers improves the overall efficiency of the attached
SC [42].

When combined to semiconductors, GO exhibits diverse promoting effects. The enhancement in
photocatalytic capabilities occurs because of the synergy between the two components: GO and SC, which
generally results in:

(i) Extended light absorption range, resulting in band gap narrowing; (ii) enlarged surface area of the obtained
catalyst due to the interaction with the 2-D structure of GO; (iii) Improved adsorption capacity for pollutants
via strong -7 interactions among the pollutants and the aromatic network of GO; (iv) adequate charge
separation and transfer ability of e-h™ couples, extended charge carrier lifespan due to the substantial
electronic conductivity of GO that act as an electron sink for the photo-generated electrons accumulated on
the SC surface; (v) Reduced Photocatalysts' self-oxidation, leading to improved stability and reusability;
(vi)The emergence of more potent oxidizing species.[43,44] To date, many GO-based dual component SC
photocatalysts have been reported. By using a two-step sol-gel deposition process, Durmus et al.[45]
synthesized a binary GO/ZnO nanocomposite and showed that it is superior to pure ZnO at degrading basic
fuchsin (BF) dye. When exposed to visible light, the GO-CdS composites developed by Gao et al. [46] were
extremely effective at killing Gram-negative E. coli and Gram-positive B. subtilis and degrading AO7 dye.
Unlike the segregated CuO NPs and GO, the hybrid (CuO-GO) have shown exceptional reduction
performance in terms of yield and selectivity for the conversion of different nitroaromatics[47]. A 13- and
3.3-fold increase in Hz production was observed for the hierarchical GO-TiO2 composite compared to the
TiO2 microsphere and GO-P25, respectively (305.6 mmolh™). [48]

GO-modified metal titanates have also been reported. Ling et al [49], synthesized SrTiO3-RGO composites
and investigated that in comparison to SrTiOs, SrTiO3-RGO composites exhibited much higher
photocatalytic H2 generation activity due to the reduced charge carrier re[50]combination rate. Zhu Mengting
et.al [51] reported BaTiOs/GO composite with high degradation efficiency for MB degradation.

While binary photocatalysts are superior, the ternary photocatalysts formed by combining metal and GO
have even greater activity. For instance, Labhane et al.[52] developed Mn-doped ZnO/graphene

nanocomposite for visible-light MB degradation. The as-synthesized ternary nanocomposite outperformed
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pure ZnO samples in photocatalysis due to improved light absorption and charges segregation, and their
transference. Jin and colleagues synthesized a Cu-P25-graphene composite, that degraded MB faster than
pure P25 and P25-graphene binary composite [50]. The activity of pure BiOBr catalyst was greatly enhanced
via simultaneous addition of Ag and GO when comparing the developed (Ag/BiOBr/GO) catalyst to its
counterparts BiOBr, Ag/BiOBr, and GO/BiOBr[53]. Yang et al. reported Ag-P25-GR (APG)
nanocomposites with a wider light absorption range and better charge separation than binary P25 and PG.
APG exhibited 7.6 times and 2.6 times higher H: evolution rates than pure P25 and PG respectively. The
presence of graphene and Ag’s SPR effect together boosted the photocatalytic activity.[54]

All of these studies point to a synergistic impact between graphene and metal, which boosts the photocatalytic
activity of the combined material.

Similarly, in the case of Ca, Ba, and SrTiOs, whereas dual-ingredient M-ATiOz and GO-ATiOs composites
improved the photocatalytic performance of pure ATiO3z nanostructures, multi-component nanomaterials are
expected to provide substantially better photoactivity. The increase in the photocatalytic activity of the
ternary GO/M-ATiO3 nanocomposites can be expected from the synergic impact of GO, the loaded metal
(M) and ATiOs nanostructures. Firstly, the metal nanoparticles deposited on ATiO3 nanostructures can serve
as electron trappers, limiting the reunion of e™-h* couples. Second, GO's enhanced surface area means it can
absorb more of these harmful contaminants, which in turn makes photodegradation more effective. Thirdly,
the deposited metals unique SPR effect, can enlarge the light absorption extent to higher wavelengths. Lastly,
the high electron conductivity of GO favors charge transfer, which accelerates charge carrier separation.
Therefore, it is rational to create GO/M-ATIiOs type ternary composites in order to reap the benefits of ATiOs,
metal nanoparticles (M), and GO all at once. This approach has the potential to produce a highly efficient
GO/M-ATIiOs3 photocatalyst that makes use of a wide spectrum of light and has robust interfacial charge
transfer characteristics.

The proposed mechanism for the charge transference in GO/M-ATiOz nanocomposite is proposed and

illustrated in Scheme-1.7.

14



Reduction
reactions
.0,

SUS— | Lo @ o P8 and
Transform N, clean H,, or

“_h*h*h*h* h* h*
S

S —

H,0 .OH

Oxidation
reactions

Scheme-1.7: Scheme description of possible route of charge transference in GO/M-ATIiO3

Section-B
1.2 Research Gaps

From the literature survey, we came across the fact that although photocatalytic activity over metal- ATiO3
hybrids and graphene-ATiO3z composites is well documented. However, there is still plenty of room to further
increase the photocatalytic performance of metal titanates. Recent studies have evidenced that the combined
effect of graphene oxide and metals on the SC photocatalyst can effectively improve the photocatalytic
activity. Considering the advantages of these multicomponent composites, fabricating GO/M-ATiO3
nanocomposites, with the benefits of good electron conductivity, the specific Schottky barrier of the metal,
improved light-absorption characteristics, and a large specific surface area, will be highly beneficial for
further enhancement of metal titanates. At present, only one research focuses on the fabrication of this kind
of nanocomposite using metal titanates. But to the best of our knowledge, no study has been reported on the
construction of such GO/M-ATiO3z nanocomposite for improving the photocatalytic activity of metal
titanates like CaTiOs, BaTiOs and SrTiOs. Besides this, it would also be valuable to investigate the
comparative activity of bare ATiO3, M-ATiOs3, and GO/M-ATiOs nanocomposites for various photocatalytic
studies. Despite the fact that these metal titanates have been well considered for the degradation of many
environmental pollutants like dyes and many other organic hazardous compounds. Yet significant work can
be done to further upgrade their photocatalytic efficiency for various photodegradation reactions by

synthesizing a ternary GO/M-ATiOsz system with the benefits of both high surface area graphene oxide
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providing more adsorption sites for pollutants and metals retarding charge carrier recombination as well as
improving the light response. Moreover, numerous previous studies have proven that these metal titanates
can effectively generate H> by direct water splitting. However, only limited reports are available on the use
of metal titanates to produce H> via the dehydrogenation of alcohols.

Additionally, the synergistic effect of the two components, metallic nanoparticles and graphene oxide, can
lead to increased H2 generation rates in metal titanates, which needs to be investigated.

With the aforementioned considerations in mind, the following objectives are designed.
1.3 Objectives
1) Preparation and characterization of metal titanates (ATiOsz where A-Ca, Ba, Sr) nanostructures.

2) To prepare metal (M=Ag, Cu, Ni, Fe)-loaded (M-ATiOz) and graphene oxide-modified GO/M- ATiO3

nanocomposites.

3) To study the photocatalytic degradation and dehydrogenation of waste alcohols by GO/M-ATiO3

nanocomposites.

1.4 Characterization techniques

Several modified and self-planned synthetic protocols were followed for the fabrication of pristine ATiO3
(A =Ca, Ba, Sr), binary (M-ATiOs3, GO-ATIiO3) and ternary (GO/M-ATiOz3) nanocomposites. (Details are
provided in the respective chapters). The synthesized nanocomposites were examined using a variety of

structural, optical, surface and morphology determining characterization techniques as detailed below:
1.4.1. X-ray powder diffraction (XRD)

The crystal structure, phase composition, diffraction pattern and crystallinity, of the prepared samples were
investigated using a PANalytical-Xpert-PRO diffractometer equipped with Cu-Ka target as radiation source
(A =1.54 Ao) operating at 45 kV with diffraction angle (26) ranging from 5°-90° at a scan rate of 5°/min.

1.4.2. X-ray photoelectron spectroscopy (XPS)

The surface chemistry, elemental composition and oxidation states were elucidated using an XPS analysis.
The XPS data was recorded on (Thermo Fisher ESCALAB Xi+) spectrometer using a monochromatic Al
K Alpha X-ray source (1486 eV) and the calibration of the binding energies was conducted using C1s peak

at 284.6 eV as an internal standard.
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1.4.3. UV-Vis spectroscopy

The optical absorption properties of powder solid samples were explored using an Avantes DRS instrument
and a UV-vis spectrophotometer (JASCO, V-750), over a spectral range of 200-800 nm, with BaSO4 as a
reference standard.

1.4.4. Photoluminescence spectroscopy (PL)

The separation of photoinduced e--h+ pairs was examined by measuring the PL emission spectrum at room
temperature. The analysis was carried out by dispersing samples in distilled water and recording data on a
spectrofluorometer (Perkin-Elmer LS55) and a (SHIMADZU, RF-6000) excited at 320-380 nm

wavelengths.
1.4.5. Surface area and Porosity characteristics

A Quanta chrome Nova-1000 surface analyzer was used to determine the surface area, pore volume and
pore size distributions with BET and BJH methods, respectively. (Analysis gas: nitrogen; outgas and bath

temperatures: 180°C and 77.3 K, respectively; outgas time: 6 hours).
1.4.6. Morphological analysis

Electron microscopy techniques such as transmission electron microscopy (TEM), high-resolution TEM
(HRTEM), and scanning electron microscopy (SEM) were used to examine morphological characteristics
such as shape, size, and arrangement of the nanoparticles. The TEM analysis was carried out on both HR-
TEM (JEOL, JEM 2100 PLUS) and (TALOS F200S G2) instruments at a 200 kV accelerating voltage.
SEM and FE-SEM analysis were performed on JEOL JSM-7600F operated at 30 kV and Carl Zeiss SIGMA
500) respectively. Furthermore, elemental composition and colored dot mapping scans were determined
using a Bruker energy-dispersive X-ray spectrometer (EDS) linked to the scanning module of the previously

mentioned SEM microscopes.
1.4.7. Raman spectroscopy

Raman spectroscopic measurements were conducted on a Labram HR, a Horiba micro-Raman spectrometer

with a 532 nm excitation laser.
1.4.8. Fourier transform infrared spectroscopy (FT-IR)

The functional groups were appraised using an IR Tracer-100, FT-IR spectrophotometer (SHIMADZU,
Kyoto, Japan) with KBr pellets as a reference.
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1.4.9. Conductivity study

Conductivity measurements were carried out at room temperature using electrochemical Impedance

spectroscopy (EIS), with a Solartron analytical impedance analyzer (Model: S1 1260).

1.4.10. Gas-chromatography (GC)

The H> evolved during the dehydrogenation reaction was quantified by manually injecting 1 mL of the
produced H» gas into a gas chromatography system (GC, Nucon Ltd, India) equipped with a thermal
conductivity detector (TCD) and a molecular sieve column (5A). The temperatures of the oven, injector, and
detector were set to 40°C, 40°C, and 50°C, respectively. The amount of H> produced was then determined by
comparing it with standard 505 ppm Hz + 503 ppm CO. balanced Argon Sigma gases from India).

Section-C
1.5 Photocatalytic activity

The photocatalytic efficiency of prepared ATiOs-based nanostructures was assessed by studying the
following two photocatalytic reactions:

1.5.1. Photocatalytic degradation of environmental pollutants (such as dyes and pharmaceutical drugs)
The photodegradation of several toxic pollutants (listed in Table 1.2) was carried out in a test tube with the required
amount of catalyst suspended in 5 mL of aqueous pollutant solution. Prior to light illumination, the prepared suspension
was magnetically stirred in darkness for a certain time period to ensure adsorption-desorption equilibrium between the
catalyst and pollutant molecules. The test tubes were then exposed to different light sources with UV (125W Hg arc,
104 mW/cm?) and visible light irradiations (50W LED lamp, Wipro Garnet B22, having an intensity of ~100W/m?, A
> 360 nm). After regular intervals of time, the catalyst was withdrawn from the test tube by centrifugation to eliminate
any residual solid catalyst particles, and the changes in the pollutant concentration were then analyzed by monitoring
its absorbance spectra with a UV-visible spectrophotometer. (SHIMADZU, UV-2600). The degradation efficiency and
reaction kinetics were also estimated. (Related equations are explained in the respective chapters.) Further, the
mineralization capability of catalysts was assessed by executing the TOC analysis. A LC-MS technique (Waters,
SYNAPT-XS HDMS MASS spectrometer, U.K.). was used to investigate the intermediates produced during the
pollutant degradation. For different pollutants, mixtures of formic acid with water and acetonitrile served as the mobile

phase.

1.5.2. Photocatalytic H2 production via alcohol dehydrogenation
To carry out the dehydrogenation reactions for H> production, a desired amount of catalyst was added in a

test tube containing 10 mL of an aqueous alcoholic solution (50 vol%). The test tube was purged with high
18



purity argon gas for 20 minutes before being sealed with a gas tight rubber septum to create an inert
atmosphere. The reaction was then initiated by exposing the prepared test tube containing the reaction
mixture to LED light irradiations (50W LED lamp, Wipro Garnet B22, intensity ~100W/m?, 1. > 360 nm) for
a specified time period, while being continuously magnetically stirred. Hz evolved from the aqueous solution
was identified and monitored periodically using a GC instrument (Nucon, India, TCD, Ar carrier) with a 5
A molecular sieve column (Scheme-1.9). The GC chromatogram was then compared to a standard, with a
505 ppm H2 concentration and 503 ppm CO: balanced Argon as obtained from Sigma Gases, India) to

measure the amount of H» gas generated.

Injecting 1mL
evolved gas
Light source Gas injection Syringe { \ 5
50W LED lamp I"’zﬁ"r
intensity ~L00W/m?, & > 360 nm) = P
\ Air tight rubber
1| Sepum GC-TCD
. |
o v
Ar gas purging
e before irradiation
— 1]
O
o
Magnetic L Sml water + Sml Alcohol
- +
bead =
photocatalyst
E— A wains

Scheme-1.9: Schematic depiction of the reaction set-up for photocatalytic H, generation reaction
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Chemical Chemical Amax Chemical structure
name formula

Rhodamine B C2sH31CIN203 554 nm

Ofloxacin Ci18H20FN304 = 288 nm :

OH

Crystal Violet ~ CsHzoN3Cl 589 nm

Norfloxacin CieH18FN3O3 272 nm FMOH

S
Cefixime Ci6H1sNsO7S, 278 nm NH2<\MNH ®
N \/N
o0 N~
o=
OH

Table-1.2: Model pollutants tested for photodegradation using GO/M-ATiO3z; nanocomposites.
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CHAPTER-2

Fabrication and photocatalytic activity of Ag and Cu photodeposited
CaTiOz nanocatalysts for the degradation of Rhodamine B dye under UV

light irradiation

Before After

degradation
(0%

= H,0 + CO, P
Ag/Cu-CaTiO;
catalysis

Schematic summary

This study reveals the superior co-catalysis effect of Ag and Cu nanoparticles photo deposited on CaTiOs
(CTO) nanoparticles for the removal of toxic Rhodamine B dye under UV light illumination. Both Ag and
Cu depositions promoted CaTiOsz photoactivity. Optimal 1wt%Ag-CaTiO3z nanocomposite, degraded RhB
dye with the highest effectiveness (97.72%) within 90 minutes of reaction. Increased optical absorption and
the creation of a Schottky barrier at the interface of (Ag/Cu) and CaTiOs3 are credited for the remarkable

improvement in photocatalytic performance.
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2.1. Introduction

Global environmental problems have become more of more concern due to severe pollution, especially the
recalcitrant toxic organic pollutants. For its effectiveness, simplicity, and environmentally-friendly nature,
semiconductor-based photocatalysis, one of the advanced oxidation technologies has been regarded as the
most appealing method in treating the waste water. It basically involves absorption of photons with energy
equal to or higher than the band gap of the semiconductor to produce electron-hole pairs which then reacts
with the oxygen and hydroxyl ions to generate active radicals that can degrade the water contaminants readily
and quickly [1,2]. In this regard, variety of semiconductor systems and their composites have been
extensively developed and studied so far. Among the large assemblage of catalytic materials explored to
date, perovskites oxides of the form ABOs are gaining huge attention because of their immense potential in
diverse applications [3-5]. Owing to their remarkable physicochemical and optoelectronic properties such
as structural flexibility, electron-mobility, band gap tunability, low-cost fabrication, high thermal and photo-
corrosion stability enormous efforts have been made on utilizing perovskite oxides as photocatalysts [6-8].
Recently, Calcium titanate (CaTiOs3), a typical titanium-containing oxide semiconductor with a perovskite-
type structure has been examined in various fields including energy conversion [9-12], environmental
remediation [13-15] and industrial processes [16,17]. Its unique perovskite structure offers a large platform
for designing new and efficient photocatalytic materials by alteration at its A, B and O sites [18]. In addition,
this n-type semiconductor, even possesses conduction band potential value more negative than the
benchmark photocatalyst TiO2, making it a good substitute for the industrial catalyst TiO2[19,20]

Although CaTiOs is a highly photoactive material however, because of its wide
bandgap and low quantum efficiency, its overall photocatalytic performance is restricted. Several factors are
of relevance, but majorly two are important: ultrafast recombination of photoexcited electron-hole pairs and
the limit of optical response only to UV-light [21]. Thus, the two most crucial points for achieving the high
photocatalytic performance of CaTiOs are necessity to efficiently separate the photogenerated charge carriers
and to expand its absorption range to the visible region. Up to now, many attempts have been made for its
modification including elemental doping [22—-24], metal deposition [25,26], surface functionalization [27],
heterojunction formation [28-30], and coupling with carbon materials [31-33]. Among these depositing
metal nanoparticles on semiconductors, has been an important strategy to overcome these shortcomings.
Generally, metal deposition on semiconductors is known to form a metal-semiconductor (M-SC) interface

or Schottky barrier that furnishes an effective pathway for capturing, storing and discharging of
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photogenerated electrons. The contact metal actually serves as an electron trap. The Schottky barrier created
at the interface permits the flow of electrons from the semiconductor to the deposited metal till the
equilibration of Fermi levels. This process is influenced by nature, electronegativity, reduction potential and
Fermi energy/work function of the metal [34]. Metals with lower reduction potential than CB of
semiconductor (CaTiOz) are suitable choice for this.

Many literature reports reveal the significant enrichment in its photocatalytic activity by metal
deposition. Recently, A. Shawky et al. [35] synthesized Pt-decorated CaTiOs nanocrystals with varying
amounts of Pt loadings and evaluated the photoreduction of nitrobenzene to aniline. The conversion rate was
found to be notably improved by Pt deposition. Alzahrani et al. reported Ag(0)/CaTiOs photocatalysts with
higher rates of hydrogen generation than pure CaTiO3 [36]. Ag metals also show considerable antibacterial
and antifungal effect. Complete deactivation of T. suecica algae was achieved in just 12 min of UV light
irradiation by CaTiOs cuboids functionalized with Ag nanoparticles [37]. Au@CaTiOz nanocomposites
displayed increased rates of RhB degradation under both UV and visible light irradiations [38]. Thus, it is
evident that decorating metals over CaTiOs3 surface greatly improvise its photocatalytic activity. However,
only a few reports are available on its modification by Ag and Cu. Furthermore, herein we present the first
report displaying the comparative effect of Ag, Cu as effective co-catalysts for CaTiOs
With this perspective, the present report deals with the preparation, characterization, and comparative study
of the photocatalytic performance of series of Ag/Cu modified CaTiO3 nanocomposites (with 1 to 5 wt% of
Ag and Cu). Sol-gel method was applied to synthesize CaTiO3 photocatalyst and then Ag and Cu were
deposited onto it by the photo-deposition method. Because of their easy availability, cost-effectiveness and
suitable redox potentials (Ag = 0.799 V and Cu = 0.337 V) [39] w.r.t conduction band of CaTiOs, these
metals were selected for this study. The as-synthesized samples were then characterized using various
techniques and their photocatalytic performances were evaluated by removal of commercial dye rhodamine
B under the illumination of UV light. The influence of loading amount of Ag and Cu on the light absorbency
and photocatalytic activity was studied individually. Based on the photocatalytic results their loading amount
was optimized. A possible photocatalysis mechanism has been proposed. The main importance of this work
is to study the enlargement in photocatalytic performance of wide band gap semiconductor CaTiOz with

metallic Ag and Cu and to predict the most superior co-catalyst among the two.

2.2. Experimental Section
2.2.1 Chemicals and Reagents
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Titanium dioxide (P25-TiO2) was obtained from Degussa Corporation, Germany. Calcium carbonate
(CaCO0:3), Cupric acetate monohydrate (CH3COO)2Cu.H20), Rhodamine B dye (C2sH31N203Cl), Isopropyl
alcohol (C3HgO), ethanol (C2HsOH), all were acquired from Loba Chemie (India). Silver nitrate (AgNO3)
was purchased from Sigma-Aldrich (India). Double distilled water (D.1.) utilized during the whole study was

obtained from Milli-Q (Millipore), an ultra-filtration system (conductivity = 35 mho cm™ at 25°C).

2.2.2. Preparation of CaTiOs nanoparticles
The experimental details are presented in the flow chart of the preparation method, as shown in Scheme-2.1.

In brief, CaCOs and TiO2 powders in equimolar

ratios were mixed together in 10 ml of de-ionized CaCO, [':] TiO,

(DI) water in a beaker for 30 minutes. The mixed

solution was continuously stirred for 12 h at l

room temperature and the slurry dried in an oven — Stirring

at 80°C for 3h. The resultant dried solid was water foiah
grounded in a mortar pestle for 10 min until a

fine and homogenous powder was obtained and ST

then finally, calcined at 900°C for 2 h, in a muffle at 80°C for 3h

furnace with a heating rate of 5°C/min, yielding l

white-colored CaTiOs nanoparticles which were /

then stored in dry container and kept in a ,t?ol:,i;a:::;h — CaTio,
desiccator. The as-prepared CaTiO3 V.
nanoparticles were abbreviated as (CTO). Scheme-2.1. Flow chart of synthesis of CaTiO3 (CTO)

2.2.3. Preparation of Ag/Cu-CaTiO3z hanocomposites

Photodeposition of Ag and Cu on CaTiO3s surface was carried out by the following protocol as displayed in
Scheme-2.2. As prepared 100 mg of CTO powder was suspended in different test tubes containing distilled
water and isopropyl alcohol as hole scavenger (5 ml each). The requisite amount of metal salts AgNOs
(0.01M; 928-4636pL) and Cu(CH3COQO)2.H20 (0.01M; 1574-7870uL) corresponding to different wt% (1,
3 and 5 wt%) was added to these suspension. Test tubes were then purged with argon (Ar) gas for 20 min to
create an inert atmosphere and closed tightly by a rubber septum. The contents in the test tubes were photo-
irradiated with UV light (125 W, 10.4 mW/cm?) for 3h under continuous magnetic stirring in photochemical
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reactor. Finally, the metal deposited solutions were centrifuged (8000 rpm), washed repeatedly with distilled
water and ethanol followed by drying in oven at 70°C for 2 h. The obtained Ag/Cu deposited nanocomposites
were named as 1, 3 and 5 wt% Ag/Cu-CTO respectively.

e *
. ® ¢
Metal depsoition
| CaTiO; e—— o © : @ @ MetalNPs
\ o %
(=
M-CaTiO;
(0.01M) Metal (Ag, Cu) salt solution;
50% IPA (aq)
15 min Ar purging; (8]
UV light exposure for 3 h @
L
Metal depsoited CaTiO;
CaTiO; powder M-CaTiOj; ; where
M=Ag, Cu
Cu-CTO

Scheme-2.2: Experimental procedure for photodeposition of M (M=Ag, Cu) NPs onto CaTiO3

2.2.4. Characterization

The crystallographic studies of the prepared samples were carried out by X-ray powder diffraction
PANalytical-Xpert-PRO machine equipped with a Cu-Ko radiation source (1.54 A) operating at 45 kV with
diffraction angle (20) ranging from 10°-80° at a scan rate of 5°/min. The optical properties were measured
using a diffuse reflectance spectrophotometer (DRS, Avantes) in the region 400-900 nm, with BaSOs bar as
a reference. Separation of photogenerated electron-hole pairs was examined by measuring the
photoluminescence (PL) emission spectrum using a spectrofluorometer (Perkin-Elmer LS55). The shape and
size analysis of the samples was done by both scanning electron microscopy (SEM;) JEOL JSM-7600F
operated at 30kV) and high-resolution transmission electron microscopy (HRTEM TALOS F200S G2 model

operating at 200 kV voltage). Elemental analysis and mapping were carried out by an energy-dispersive X-
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ray spectrometer (EDS) linked to another SEM of the same model as mentioned above.

2.2.5. Photocatalytic activity test

The photocatalytic performance of the prepared samples (bare CTO, Ag/Cu-CTO), was examined by
Rhodamine B (RhB) dye degradation. The photocatalytic reaction was conducted at room temperature in
different test tubes. In a typical reaction, 15 mg of each catalyst was dispersed in 5 mL of 0.01mM RhB
aqueous solution. Prior to the irradiation, the suspensions were stirred in the dark for 30 min to achieve the
adsorption-desorption equilibrium condition between the dye molecules and catalyst surface. Then the test
tubes containing different catalysts were exposed to UV light irradiation (125W Hg arc, 104 mW/cm?). After
definite time intervals of 15 min, the samples were withdrawn from each test tube and centrifuged at 8000
rpm for 5 min to remove any residual solid catalyst particles. After separation, the absorbance spectra of RhB
were monitored at Amax= 554 nm using a UV-vis spectrophotometer. As the concentration was directly
proportional to the absorbance so in accordance with Beer-Lambert's law, the photodegradation efficiency
was obtained using the following formula:

Degradation rate (%) = (Ao - At)/Acx 100 = (Co - Ct)/Co x 100 1)

where, Ao, Co denote the initial absorbance and concentration of RhB before irradiation at time‘0’ and Ag,

Ct be the absorbance and concentration of RhB after light irradiation at time ‘t’.

2.3. Results and discussion

2.3.1 Structural studies

XRD analysis

XRD analysis was performed to predict the crystal structure and phase composition of the as-prepared
samples. Fig.2.1 displays the XRD patterns of the bare and the Ag, Cu deposited CaTiO3z samples for the
optimum 1wt% respectively. Six major reflection peaks appear at diffraction angle (20) values of 23.23°,
33.11°, 47.49°, 59.36°, 69.48°, and 79.22° which corresponds to the (110), (112), (220), (312), (224), (116)
crystal planes of the CaTiOs structure, respectively. It can be seen that all these diffraction peaks of the CTO
nanoparticles can be perfectly indexed to a perovskite-type structure well-crystallized in the orthorhombic
phase with Pbnm space group (ICSD PDF# 01-078-1013), verifying that a pure single-phase was obtained.
No significant diffraction peaks of Ag and Cu were witnessed probably due to their low loading amount (1
wt%) which is consistent with previous reports [37,40]. However, a small decrease in the intensities of these

peaks was observed on metal loading, which might be attributed to the suppression of the electron scattering
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of bare CTO upon loading of these heavy metals to its surface [41]. As the diffraction patterns of the loaded
samples almost coincide with the bare CTO this also gives indication of homogenous dispersion of Ag and
Cu on CTO surface.

(112)

CTO

(220)

_—
[
—
3]
S

—(110)

1 wt%Ag-CTO

Intensity (a.u.)

i .JL A A N

1 wt%Cu-CTO
e J| A

10 20 30 40 50 60 70 80
20(degree)

Fig.2.1: X-ray diffraction patterns of different photocatalysts

2.3.2 Morphological studies

SEM, EDS-Mapping and HR-TEM analysis

The surface morphology of the catalysts was identified by SEM. Fig.2.2(a)-(c) displays the SEM images of
bare CTO and optimum 1wt%Ag/Cu-CTO composites. Mostly spherical aggregates or clusters were
obtained for all the samples. Appearance of agglomerates may be due to high calcination temperature of
900°C. The deposited Ag, Cu nanoparticles and the bare CTO could not be differentiated by SEM due to low
resolution of the instrument. But the elemental composition and mapping results confirm their presence on
CTO surface. EDS study was used for determining the quantity of various elements present in the composites.
Fig.2 (a)-(c) shows their respective EDS spectra along with tables indicating the elemental content values.
The expected loading amount was 1wt% of Ag and Cu but the observed values were 0.68% and 0.64%. The
lower amount of Ag, Cu content might be due to selective area selection for EDX or because of some mass
loss occurred either during the photodeposition process or by the washing procedure. In addition, with all
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the necessary elements like (Ca, Ti, O, Ag, Cu) one additional signal of element carbon (C) was detected in
all the samples that could have come from the carbon tape employed in SEM-EDX analysis to attach samples

to sample holders or may be because of the presence of some carbonate traces.

Weight%o

10.80

Ca 19.96
Ti 24.83
o 44.40

100%

Weight%

Weight%

Fig.2.2: SEM images of (a) bare CTO, (b) 1 wt% Ag-CTO, (c) 1 wt% Cu-CTO and their corresponding
EDX profiles.

The mapping results of Ag/Cu-CTO samples along with the corresponding image are shown in Fig.2.3. The
dot pattern of 1wt% Ag-CTO sample {Fig.2.3 (a-d)} clearly shows the presence of elements Ca, Ti, O, Ag
appearing in green, blue, yellow and pink colors respectively. Similar confirmation of elements most
importantly the presence of Cu was also detected in the dot pattern of 1wt% Cu-CTO nanocomposite {Fig.2.3

(e-h)}.
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o Kat

Fig.2.3: Elemental dot mapping of different elements present in (a-d) 1 wt% Ag-CTO and (e-h) 1wt% Cu-
CTO photocatalysts.

Further, the clear morphologies as
well as the way of distribution of Ag
and Cu nanoparticles on CaTiOs
surface were elucidated from their
TEM and HRTEM images. The TEM
images of bare CTO (Figs.2.4(a-b))
show mixed morphological
characteristics.

Most of the nanoparticles attained
spherical shape while variable
morphologies such as rectangular,

hexagonal and cubical were also

observed. Size of the CTO particles

. Fig. 2.4: HRTEM morphology (a, b), lattice fringes (c) and
was measured and found to be in the range 9 SAED patfern (g)yo(f baZe Call'iog.l ges (€)

of 40-150nm. Occurrence of large sized
particles could be related to the consequence of high calcination temperature which causes growth of the crystal.

Fig. 2.4(c), displays the high resolution TEM image of bare CTO which represents clear lattice fringes of CTO
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with an interplanar ‘d’ spacing of 0.38 nm coinciding with the (110) crystal plane of pure perovskite phase CTO
[42].
Fig. 2.5(a) and (b) represent the TEM images of 1wt% Ag-CTO nanocomposite. Many smaller spherical
Ag nanoparticles (marked by red arrows)
of average size 6-12 nm were found to
be uniformly deposited on CTO surface
in the form of nanodots. Its HRTEM
image displayed in Fig.2.5(c), further
confirms the presence of Ag. The
interplanar spacing (d) of 0.23 nm
[43] and 0.38 nm shows the presence of
(111) plane of Ag nanoparticles [30]
anchored on (110) plane of CTO surface,
respectively.
Similar kind of TEM and HRTEM
images were also obtained in case of

1wt% Cu-CTO nanocomposite as Fig.2.5. HRTEM morphology (a, b), lattice fringes (c) and SAED
pattern (d) of optimum 1wt% Ag-CaTiO3z nanocomposite.

presented in Fig.2.6(a)-(c).

Cu nanodots of average sizes 3 to 20
nm were found to be anchored on CTO
surface. Distinct fringes were also
observed for Cu and CTO where, spacing
‘d’ 0f 0.21 and 0.38 nm attributes to (121)
plane of Cu [44] and (110) plane of CTO.
Such results indicate the deposition of Ag
and Cu nanoparticles on CaTiOs
perovskite. Moreover, SAED pattern of
these samples was also analyzed as shown
in  Figs.2.4(d), 25(d) and 2.6(d)
respectively. A series of bright spots

Fig.2.6. HRTEM morphology (a, b), lattice fringes (c) and SAED
pattern (d) of optimum 1wt% Cu-CaTiOs nanocomposite.
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pattern. The typical spot pattern reveals the high crystallinity of all the prepared samples.

2.3.3. Optical and charge transfer properties

UV-Vis Diffuse reflectance spectra

Fig.2.7 presents the results of ultraviolet-visible spectra of bare and 1, 3, 5 wt% Ag/Cu-CTO
nanocomposites. A characteristic peak of CTO was observed at 370 nm in a UV region which could be due
to the electronic transition from the valence band to the conduction band. After deposition of Ag and Cu, the
absorption range of the composites was found to be significantly shifted towards the visible-light region. The
typical surface plasmon resonance bands of Ag and Cu in the composites were seen in the range of 480 and
700 nm respectively. Moreover, with the increase in their amount from 1 to 5 wt% the intensities of these
plasmon bands were also found to increase gradually. Accordingly, the existence of UV as well as visible
absorbance maxima in case of Ag/Cu-CTO composites clearly indicates that the material turns out to be
highly photoactive, with ability to be able to respond in full range spectrum. After depositing these metals
on CTO surface, the colors of the samples were also found to be changed (as inserted in Scheme 2) from the
typical white color of CTO to light brown and grey in the case of Ag and Cu-CTO respectively. This further
confirms the change in the light absorption capacity of CTO by the deposited metals.
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—=—3 wt%Ag-CTO —4—3 wt%Cu-CTO
—v— 5 wt%Ag-CTO| 0.5- —— 5 wt%Cu-CTO

)
s 0
g
£ 0.
=
i
g0
2
<
0.14
0.04,370 nm * 0'0-‘370nm
400 450 500 550 600 650 700 750 800 850 900 400 450 500 550 600 650 700 750 800 850 900
Wavelength (nm) Wavelength(nm)

Fig.2.7. Diffused reflectance spectra of various Ag and Cu loaded CTO nanocomposites
Further, the band gap energies of the samples were estimated by the use of Tauc relation [39], given by:
ahv = A (hv - Eg)" 2
where o = absorption coefficient, hv = photon energy, A = constant, Eq = is the band gap of the material and

n is the exponent coefficient (n=1/2 for CaTiOz). The exact band gap values (listed in Table-2.1) were
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calculated by plotting graph between (ahv)Y2 versus the hv. Results revealed that the band gap energy values
of all the prepared catalysts were lower than bare CTO (2.99eV). The reduction in the band gap upon
modification with Ag and Cu was attributed to decrease in the extent of recombination of photogenerated
charge carriers. However, it was also noticed that this band gap lowering occured only up to 3 wt%, further
increasing the loading amount of Ag and Cu to 5wt%, increases the band gap. This could be due to excessive
loading of metal nanoparticles which acts as recombination centers, and affects the band gap. The maximum

decrease in the band gap of 2.90 eV was observed in case of 3 wt%Ag-CTO sample.

Ag-CTO Cu-CTO
Metal content Amax (NM) Band gap (eV) Amax (NM) Band gap (eV)
1 wt%o 480 2.91 630 2.96
3 wt% 480 2.90 730 2.95
5 wt% 480 2.94 750 2.98

Table-2.1: The absorption peaks and band gap values for bare CTO and various (1, 3 and 5 wt%) Ag/Cu-
CTO nanocomposites

Photoluminescence measurement

PL spectroscopy was used to examine the extent of charge carrier separation in various samples. It is well
reported that the PL intensity is directly proportional to the recombination rate of electron-hole pairs, i.e. the
higher the extent of recombination, the more intense is the PL signal, and vice-versa [45]. Fig.2.7 shows the
room temperature PL spectra of bare and Ag/Cu-CTO nanocomposites with excitation wavelength of 370nm.
Several peaks at 423, 486 and 530 nm were obtained for all the samples. The peak at 423nm is ascribed to
near band edge emission (NBE) and the latter peaks at 486 and 530 nm defined as deep level emissions
(DLE). The NBE emission peak mainly centered in the UV region originates due to recombination of charge
carriers formed upon excitation by radiation with energy equal to or greater than the bandgap energy. The
other two deep level emissions centered in the visible region would be the result of intrinsic defects such as
oxygen vacancies (Vo), Ti vacancies (Vi) or surface defects. The deposition of Ag and Cu however, did not
change much the position of band edges, but resulted in significant quenching of PL intensity in comparison
to the intensity of bare CTO, indicating suppression in the recombination rate of photoinduced electron-hole
pairs in Ag/Cu-CTO composites. This could be credited to the electron trapping ability of Ag and Cu leading

to efficient transfer of charges from CTO surface to these islands which strongly hinders the recombination
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process and in turn prolongs the lifetime of charge carriers. Besides, it was observed that the highest PL
quenching happens in case of 1wt% amount of Ag/Cu-CTO nanocomposites which implies that there is an
optimal value for the quantity of metal (Ag, Cu) in order to obtain the adequate electron transportation. On
further increasing the metal content beyond 1wt%, the PL emission shows rise in intensity due to high
electron-hole recombination rate. This might be due to excessive metal deposition which can cover the CTO
surface, eventually leading to decrease in the concentration of photoexcited charge carriers and also the
photocatalytic activity of composites. Among all the samples, the most depressed PL signal is obtained in
case of 1wt% Ag loaded CTO.
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Fig. 2.7: Photoluminescence (Amax = 370 nm) spectra of various nanocomposites

2.4. Photocatalytic activity
2.4.1. Photodegradation reaction

(a) With Ag-CaTiOs

The UV-visible absorption spectra Fig.2.8(a) shows comparative change in absorbance of RhB dye after its

photodegradation by bare and different Ag-loaded CTO nanocomposites under 90 min UV irradiation. It
can be seen that absorption intensity is decreased in a varied extent depending on the amount of Ag (1 to 5
wt%) deposition, signifying the differences in RhB photodegradation efficiency among various catalysts.
Definitely Ag loading notably improved the photoactivity of CTO, and 1 wt% Ag deposition exhibits
maximum catalytic activity and thereby decreased on further (3 to 5 wt%) loading. To further confirm the

optimum amount of Ag loading on CTO for RhB degradation, the time course (Fig.2.8(b)) plot and kinetic
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graphs (Fig.2.9(c)) were studied and found that the photodegradation process follows pseudo-first-order rate

law in all cases. Fig.2.9(d) representing the histogram showed comparative reaction rate constant values.

Out of various Ag loaded catalysts, the maximum rate constant (4.50 x 10?) is obtained in case of 1wt% Ag

loaded CTO sample under similar experimental condition.
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Fig.2.9: (a) Comparative changes in absorption spectra of RhB dye degradation by different Ag- CTO
catalysts after 90 min UV irradiation, (b and c) time course-kinetic plot, (d) their relative rate constants (k).

(b) With Cu-CaTiOs

Similar results are obtained for various amounts of Cu-loaded CTO for RhB dye photodegradation as shown in

Fig.2.10. The changes in the absorption spectral intensity, time course plot and kinetic rate law are also varying
depending upon the amount of Cu loaded on CTO as displayed in Fig.2.10(a)-(c). The photocatalytic activity
of Cu-CTO catalysts is seen to follow the same trend as observed by Ag loaded catalysts where 1wt%Cu loading
also exhibited the best photoactivity (1.80 x102) for RhB degradation as evident in Fig.2.10(d) histogram.
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Fig.2.10: (a) Comparative changes in absorption spectra of RhB dye degradation by different Cu-CTO catalysts
after 90 min UV irradiation, (b and c) time course-kinetic plot, (d) their relative rate constants (k).

The experimental result suggests that degradation ability of CaTiOz gets remarkably enhanced by depositing
Ag and Cu on its surface. These metal deposits behave like electron accumulation sites and effectively traps the
photo-excited electrons from CTO surface and then transferred it to oxygen molecule. Followed by increase in
the formation of highly reactive hydroxyl (.OH-) radicals and superoxide radical anion (.O2-) which can be used
effectively for degradation of RhB. To further understand the improved behavior of CTO photoactivity, the CB
(conduction band) and VB (valence band) potentials of CTO v/s (NHE) normal hydrogen electrode were
determined based on its band gap by Equations (3)-(4).

Ece = X- Ee - 0.5E )

Ecg = X- Ee + 0.5E4 4)

where X is the absolute electronegativity of CTO (5.105 eV) [46]; Ee is the energy of free electrons on the

hydrogen scale (4.5 eV), Eq is the band gap of CTO (2.99eV). The CB and VB potentials were obtained as -
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0.89V and +2.1V vs NHE, respectively.
Comparative analysis of the co-catalytic effect imparted by Ag/Cu to CaTiO3 photoactivity is presented in
Fig.2.11.
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Fig.2.11: Comparative photodegradation efficiency of

electronic properties like electron affinity different photocatalysts

and electronegativity and also the work

function of the deposited metal. As it can be seen from Table- 2.2, Ag metal because of its high electron
affinity (125.6 KJ/mol) and high electronegativity (1.93 on Pauling scale) value [47] act as more efficient
electron trap in comparison to the relatively lower values of Cu. Moreover, the lower work function of Ag
metal (4.26eV) than of Cu (4.93eV), allows easy transference of the CB electrons of CTO to the Ag deposits.
Further, the higher reduction potential of Ag* ions (0.79V) accepts the electrons first from the CB while Cu*?

ions with lower reduction potential (0.33V) get reduced afterwards.

Co-catalyst Electron affinity (KJ/mol) Electronegativity (Pauling)
Ag 125.6 1.93
Cu 118.4 1.90

Table-2.2: The electronic properties of Ag and Cu used as co-catalysts.

As a result, much better separation of charges is achieved in the case of, Ag loaded samples leading to its
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superior degradation ability. Both the PL measurements and bandgap analysis also support the observed
degradation results. The lower bandgap value of (Eq = 2.91 eV) as well as much depressed PL intensity in
case of 1 wt% Ag-CTO composites in contrast with the one deposited with Cu-CTO of (Eg=2.96 eV) act as
evidence for better efficiency of the Ag cocatalyst.

Further, the lower degrading efficiency beyond 1wt% deposition could be attributed to the fact that after
exceeding this amount, the deposited Ag and Cu nanodots may cover the large portion of CTO surface,
leading to blockage of its many active sites and partially shielding of UV light absorption [48,49]. All these
events probably reduce the number of photoinduced excitons (e/h™). Furthermore, high amount of metal
loading can also induce the agglomeration of metal particles which in turn might be responsible for reducing
the photoactivity. Thus, it is revealed that nature of metal and their amount also effects the photoactivity of
CaTiOg for degrading RhB.

2.4.2. Possible degradation mechanism

Scheme-2.3 illustrates the possible mechanism responsible for the degradation of RhB under UV light
irradiation by the as-prepared catalysts. In CTO, during light illumination, the electrons get excited from the
VB to the CB, with the simultaneous generation of holes (h*) in the VB. Then the photoexcited electrons and
holes react with adsorbed oxygen and water molecule to generate the reactive oxygen species, such as
superoxide radical anions (O2) and hydroxyl radicals. These strong oxidative species such as O»~ and OH:
radicals works together to further degrade or mineralize RhB [50]. Whereas, in case of Ag/Cu-CTO, owing
to the lower redox potentials of Ag (+0.799 V vs. NHE) and Cu (+0.337V vs. NHE) in comparison with the
CB potential of CTO (-0.89 V), the photoexcited electrons can be eagerly transferred from CTO to Ag and
Cu surface which further speeds up the separation of the electron-hole pairs in CTO. Here, the deposited
metals Ag, Cu act as electron sinks or traps for the photogenerated electrons migrated from CTO. This
obstructs the immediate electron-hole recombination process. The overall reactions during photocatalysis
under UV light with metal (M) deposited (CTO) photocatalyst are shown below [51]:

CTO +hv (UV) — CTO (ecsg™ + hve")

CTO (ece™) + M (Ag, Cu) —» CTO-M (e7)

CTO-M (7)) + O2 —» CTO-M + -0z~

hvg+ + OH™ — -OH

‘0" +2H" - 2:OH

‘OH + RhB — decomposed product
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Scheme-2.3: Plausible mechanism of RhB degradation by under UV light irradiation.

2.4.3. Photodegradation pathway

To perceive the major intermediates of RhB produced during its photodegradation, the LC-MS experiment
was conducted. Based on the results of the detected oxidation products by LC-MS and earlier studies, a
possible degradation pathway of RhB in the Ag-CaTiOsz process is proposed and illustrated in Scheme-2.4.
The LC-MS spectra revealed that the fragment with m/z value 443 belonging to the parent RhB dye molecule
was rarely found after the degradation process. The major steps engaged in the decomposition pathway of
RhB are: chromophore cleavage, ring-opening and mineralization process. The cleavage of the conjugated
xanthene structure of deethylated products of RhB results in destroying the chromophore structures and
giving rise to low-molecular-weight intermediates like, P1 (m/z = 239), P2 (m/z = 215), P3 (m/z = 199), P4
(m/z = 172) and P5 (m/z = 110). After that, the ring opening process occurred, wherein the benzene ring
structures of the aforementioned intermediates were continually attacked and oxidized resulting in products
into acid such as

glutaric acid [P6 (m/z = 132)] and also the smallest molecular weight P7 (m/z = 84). Finally, these low
molecular weight products might be mineralized to CO2 and H.O NOs’, NH4", etc. The existence of these
breakdown products in the mass spectra indicates dye cleavage, implying that the photocatalyst is extremely

effective at promoting dye photodegradation.
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Scheme-2.4 (a) The mass spectra of RhB dye after photodegradation using Ag-CaTiOs catalyst
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Conclusion

The effect of nature and amount of metal deposited on CaTiOs for its enhanced activity in degrading RhB
dye under UV light irradiation is studied. A series of Ag/Cu-CTO nanocomposites with varying wt% (1, 3
and 5) of Ag, Cu were synthesized by photodeposition method. Their photocatalytic activity for the
degradation of Rhodamine B was found to be dramatically higher than that of bare CTO. Both Ag and Cu
deposition promoted enlarged photoactivity by shifting the absorption edges towards longer wavelengths
with reduced bandgaps and suppressing the charge carriers (electron-hole pairs) recombination probability,
as confirmed by UV-DRS and PL spectroscopy, respectively. Optimal Ag and Cu loading (1wt% in the
present case) ensures the maximum degradation, whereas the rates were gradually reduced with higher metal
loadings. Also, in comparison to Cu, much superior reaction rates = 4.5 x 102 min™* were achieved by
deposition of Ag onto CTO. So, based on the experimental results, Ag was found to be a promising co-
catalyst for CaTiOzs. In addition, the as-prepared composites not only show enhanced activity under UV light
but also possesses strong absorption in the visible light region as seen by the UV-DRS plot. This study will
enlighten the usage of these materials applications for developing other visible-light responsive perovskites

photocatalysts with high photocatalytic activity in various environmental and energy issues.
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CHAPTER-3

Preparation, characterization and photocatalytic activity of a novel

Ag-BaTiOs3/GO ternary nanocomposite under LED-light irradiation
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Schematic summary

Synergic effect of Ag and GO on the photocatalytic performance of BaTiOz was examined. Under LED light,
the developed ternary photocatalyst (Ag-BaTiO3z/GO) effectively degraded hazardous contaminants with a
removal efficiency of 98.5% for CV dye and 96.1% for OFL antibiotic. Ag NPs increase this photocatalyst's
optical response to a wider range, while GO improves photoinduced charge separation and transport and

adsorption capacity, thus improving BaTiO3's photocatalytic behavior.
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3.1. Introduction

The relentless expansion of industrialization and urbanization has exacerbated some of the world's most
pressing issues, such as the energy crisis and environmental pollution. Particularly, the accumulation of
hazardous contaminants (lethal dyes, pharmaceutical drugs etc.) in natural water bodies is a major threat to
human beings as well as the aquatic life [1-3]. Crystal violet (CV), a well-known synthetic cationic dye
belonging to the triphenylmethane group, is extensively utilized in a variety of ways, including biological
staining, veterinary medicine, dermatological agents, bacteriostatic agents, and as a poultry feed additive etc.
This recalcitrant dye enters the aquatic systems through the effluents of the textile and paint industries, as
well as the medical and biotechnology industries. Because of its mutagenic, teratogenic, carcinogenic, and
mitotic poisoning properties, it has a considerable deleterious impact on flora and fauna[4,5]. Similarly,
antibiotics, which account for a large proportion of pharmaceutical and personal care products are another
common emerging organic micropollutant. Dumping of pharmaceutical industrial effluents into water
streams and improper disposal of tones of unwanted medications into the environment are two of the
pathways through which these contaminants predominate in our water resources [6]. For instance, Ofloxacin
(OFL), an antibacterial synthetic drug from the fluoroquinolone family, widely employed in the treatment of
infections like bronchitis, diarrhea, pneumonia, eye, ear and skin infections, gastrointestinal diseases,
gonorrhea, respiratory and urinary tract infections. However, 48 h after ingestion, approximately 90% of the
drug is excreted in its active form via urination. As a result, it has a direct impact on domestic sewage.
Surface water (10-535ng/L), hospital wastewater (25000-35000 ng/L), and municipal wastewater effluent
(53-1800 ng/L), have all been shown to have a significant concentration of OFL. Bacteria exposed to this
antibiotic residue in the aquatic environment may go through genetic mutations, resulting in bacteria that are
resistant to OFL itself [7,8]. These antibiotic-resistant bacteria act as infection spreaders, and their diseases
are more difficult to treat. Clearly, widespread usage of both CV and OFL is harmful to one's health and the
environment. Therefore, the use of environmentally friendly and sustainable treatment technologies is
urgently required to resolve the aforementioned problems.

SC photocatalysis, one of the advanced oxidation processes (AOPSs), is considered the most
compelling and promising approach for treating these toxic moieties in wastewater due to its potential
advantages such as the complete mineralization of pollutants to CO», water and mineral acids, no waste-
solids disposal problem, its applicability at ambient conditions (temperature and pressure), absence of

fouling, lack of mass transfer limitations, less chemical component input, use of a photoactive, chemically
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inert, environment-friendly catalysts with super-hydrophilicity as well as remarkable oxidation strength and
photostability.[9,10].

Alkaline earth metal titanates, a distinctive category of oxide SC’s has emerged as an important class of
photocatalysts[11,12]. Among them is barium titanate (BaTiOz3), a multifunctional n-type titanium oxide with
a perovskite-like structure that has sparked tremendous interest. Owing to its peculiar and fascinating
characteristics like excellent ferroelectric/piezoelectric properties, strong oxidizing ability, structural
simplicity, flexibility, good stability, compatibility with other materials, multiple crystal phases (cubic,
tetragonal, orthorhombic, rhombohedral) as well as nontoxicity, it has been extensively used in numerous
photocatalytic energy and environmental applications[13]. However, limited light absorption (due to broad
band gap usually > than 3 eV) and quick rejoining of the photoinduced charge carrier is a persistent
bottleneck in this material which hampers its applicability scope and utilization efficiency. Designing and
creating highly effective visible light-active catalyst is therefore essential for upgrading its photocatalytic
activity.[14-16].

It is widely believed that the deposition of plasmonic metal NPs (i.e. Ag, Au, Cu, Pt) onto the surface of a
SC is an effective strategy for the increment in its photocatalytic properties. Specifically, with their
extraordinary localized surface plasmon resonance (LSPR) features, plasmonic metal NPs can profoundly
enlarge and boost the spectral response to visible region by generating hot electrons, favoring the production
of more active species, and enhancing the charge carrier separation extent of the system [17-22]. For
instance, Wu et al.[23] fabricated flower like Ag@SrTiOs nanocomposite, which displayed excellent
capability in reduction of 4-nitrophenol and the degradation of MO. Yan et al. Au@CaTiO3z photocatalyst
[24] was observed to accelerate the degradation of RhB dye by almost 3.9 times (0.04701 min™t) compared
to bare CaTiOs NCs (0.01195 min?). Likewise, Au/ZnTiOs nanocomposites delivered an amazingly
increased rate of H> evolution in presence of both UV and visible light [25]. Due to its comparatively low
cost, outstanding electrical conductivity and the powerful LSPR effect, Ag has been recognized as one of the
most auspicious contender for developing plasmonic photocatalysts [26].

Another strategy to boost BaTiOs® activity is to prevent the electron-hole pairs from reconciling in the bulk
and on the surface during the photocatalytic process. Graphene oxide (GO), an important member of the
carbonaceous family, is an excellent choice for scavenging photoinduced electrons due to its potentially
ballistic transport capabilities, owing to its numerous graphene layers along which e”’s can pass through
when in contact with BaTiOs, Additionally, because of its high surface area and 2-D planar conjugated

structure (n—m), GO deliver a large platform for embedding diverse substrates [27]. These distinctive
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properties of GO make it superb applicant to build hybrid structures.[28-31]. Wang et al. [32] reported
BaTiOs-graphene composite, that was found to be extremely effective in removing MB when exposed to
visible light. Using a NiTiOs/graphene composite, Diab and coworkers were able to achieve H: evolution
rates of up to 8383 mol/s (h.g) [33]. These GO-incorporated composites allow photoinduced electrons to be
quickly get arrested by GO, which not only reduce the e-h* reunion, in addition expands the light absorbency
of a SC.

Motivated by the distinguished properties of Ag, BaTiOs, and GO, it is fascinating to integrate their benefits
into one ternary system, like Ag-BaTiOs/GO to develop an excellent photocatalyst with multiplex synergism
among all the components [34-36].

Taking into account the above facts, we address for the first time the design and synthesis of
an Ag-BaTiOs/GO composite by photo-deposition and hydrothermal methods. Inclusion of Ag NPs to this
photocatalyst is deemed to enlarge its optical response to a broader range. On the other hand, GO will advance
the separation and transportation of photoinduced charges, together with the increase in the photocatalyst's
adsorption capacity, thus ameliorating BaTiO3's photocatalytic behavior. The photocatalytic efficacy of such
a ternary composite is examined by removal of CV and OFL, under visible-light illumination. A plausible
explanation for its significantly enhanced degrading activities has been proposed based on the findings of
PL, EIS and scavenger studies. Moreover, the role of GO and the influence of Ag on degrading activity are
thoroughly investigated. Additionally, the photocatalyst’s stability, mineralization power is inspected.
Furthermore, LC-MS analysis has been used for the identification of the intermediate compounds produced.
As far as we know, no prior work has been put forward to date pertaining the development of an Ag-
BaTiO3s/GO three-component system with multi-channel e- transfer pathways for maximizing the
photocatalytic performance of BaTiOs, Such an innovative architecture would offer enormous potential for
expansion in light harvesting property, shorter diffuse distances for better charge separation and interfacial
charge transport route with greater contact areas as well as abundant active sites for elimination of hazardous

pollutants.

3.2. Experimental section

3.2.1. Chemicals and Reagents

Barium chloride dihydrate (BaCl2.2H20, 99%), graphite powder (98%), hydrogen peroxide (H202, 30wt%),
ethylenediaminetetraacetic acid (Ci0H1sN20, 99%), sodium nitrate (NaNOz, 99%), crystal violet dye
(C25H30CIN3, 96%), potassium permanganate (KMnOjs, 97%), sodium hydroxide (NaOH, 97%), isopropyl
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alcohol (C3HsO, 99.5%), ascorbic acid (CeHgOs, 99%), sulphuric acid (H2SOs, 98%), hydrochloric acid
(HCI, 35%), ethanol (C2HsOH, 99.9%), were procured from Loba Chemie (India). Titanium dioxide (P25-
TiOo, [70% anatase + 30 % rutile form]) was gifted by Degussa Corporation, Germany. Silver nitrate (AgNOs,
> 99.0%) was acquired from Sigma-Aldrich. All these chemicals were of analytical grade and were utilized
without being purified further. Ofloxacin (CisH20FN3O4) tablet (50mg) was procured from the
pharmaceutical company Cipla Ltd. Triple deionized water utilized throughout the entire study was attained

from Organo Biotech Laboratories Pvt. Ltd.

3.2.2. Synthesis of BaTiOs nanorods

BaTiOsz nanorods were synthesized by a hydrothermal method. The first step was to form solution A, by
dissolving 3 mmol of BaCl,.2H>O in 20 mL of distilled water. Similarly, suspension B was obtained, by
uniformly dispersing 3 mmol of P25-TiO; into 20 mL of distilled water. Further, Solution C was formed by
dissolving 0.2 mol NaOH in 40 mL of water. The resulting solutions A and B were separately stirred for 1h.
Further, the suspension B was progressively poured into the solution A, followed by the solution C, drop by
drop. After uniformly mixing and stirring for 1h the resulting mixture was loaded to a Teflon-lined autoclave
(100 mL) and then hydrothermally treated at 180°C for 12h. After being allowed to naturally cool to room
temperature, the precipitates were centrifuged, washed repeatedly with distilled water and absolute ethanol,
then dried at 60°C for 6 hours. The as-obtained white powder was further submitted for a calcination

treatment in the muffle furnace at 700°C for 3h, finally yielding BaTiO3 nanorods.

3.2.3. Synthesis of Ag-BaTiOs nanocomposite

Ag loaded BaTiO3z nanocomposite was fabricated by a photo-deposition method. As prepared BaTiOs
powder (100 mg) was added in a test tube having 10 ml of isopropanol-water (1:1) mixture along with 2796
[L of (0.01 mM) AgNOssolution for 5wt% Ag loaded BaTiOs. The test tube was purged with argon gas for
10-15 min under magnetic stirring and then capped with a rubber septum to create an inert atmosphere inside
it. Further the mixture in the test tube was illuminated with UV radiations (125W Hg arc, 10.4mW/cm?) with
a constant magnetic stirring for 3 h in a photochemical reactor. The obtained suspension was centrifuged,

washed few times with distilled water as well as ethanol, followed by drying at 50°C for nearly half an hour.

3.2.4. Synthesis of Graphene oxide
A modified Hummer’s method was employed for synthesizing graphene oxide (GO) from graphite

powder[37].
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3.2.5. Synthesis of Ag-BaTiO3/GO ternary nanocomposite

Fabrication of the ternary Ag-BaTiO3/GO nanocomposite was carried out by a hydrothermal method. Briefly,
5 mg of GO was ultrasonically dispersed in distilled water-ethanol (40/20 mL) mixture for 2 h, and then
100 mg of as-prepared Ag-BaTiOs was added to this GO dispersion. After 1 h of stirring the obtained
homogeneous suspension was shifted to an autoclave, and hydrothermally treated at 120°C for 3 h. The
resulting solution was centrifuged, product was washed thoroughly, and then finally dried in oven at 60°C
for 4 h to get the desired Ag-BaTiOz/GO nanocomposite. (5% Ag, 5% GO by wt%).

The overall synthesis route adopted for the formation of Ag-BaTiO3:/GO nanocomposite is depicted

schematically in Scheme-3.1.

3.2.6. Synthesis of BaTiO3-GO nanocomposite

For comparative study, a similar procedure was also followed to prepare the BaTiO3-GO nanocomposite. In
brief, GO (5mg) was dispersed in ethanol: water mixture (40:20ml) by ultrasonication followed by the
addition of the as-prepared BaTiOs nanorods (100 mg) to it. After uniformly mixing and stirring for 1h the
obtained mixed solution was treated hydrothermally at 120°C for 3 h. Ultimately, the BaTiO3-GO composite

was procured after a centrifugation, washing and drying process.
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Scheme-3.1: The schematic representation of synthesis of ternary Ag-BaTiOs/GO nanocomposite.

3.2.7. Characterization

The crystal phase of the as-prepared photocatalysts was identified with X-ray diffractometer (PANalytical
X’Pert PRO) operating at 45KV with Cu-Ko radiation (k=1.54060° A) Measurements were performed in the
range of 10°-90° (20). Morphology and structural studies were conducted using FESEM (Carl Zeiss SIGMA
500), HRTEM (JEOL, JEM 2100 PLUS) and elemental composition along with colored mapping were
investigated by collaborating the scanning module of the microscope with an EDX analyzer. Besides, the
oxidation states of the photocatalysts were identified with XPS (Thermo Fisher ESCALAB Xi+). Raman
spectroscopic measurements were performed on a Labram HR, Horiba micro-Raman spectrometer with an
532 nm laser excitation. The optical absorption studies were explored using Avantes DRS instrument with
reference standard-BaSOs. A photoluminescence (PL) spectrum of each sample was recorded using a
spectrofluorimeter by SHIMADZU, RF-6000 at room temperature at an excitation wavelength of 380 nm.

Electrical conductivity measurements were carried out at room temperature using an Solartron analytical
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impedance analyzer (Model: SI 1260). UV-Vis spectrophotometer (Shimadzu, UV-2600) was employed for
the kinetic investigation of photodegradation of toxic pollutants. Surface area and porosity were analyzed by
a surface analyzer Quantachrome Nova-1000, using the BET N2 adsorption—desorption isotherm at 77.3K.

Further, BJH method was utilized for the investigative study of pore size distribution curves.

3.2.8. Photocatalytic activity tests

The photocatalytic performance of pristine BaTiOs, and the various composites (Ag-BaTiOs, BaTiO3-GO,
and Ag-BaTiO3z/GO) was evaluated by degrading toxic dye CV along with a colorless antibiotic OFL. The
photocatalytic reactions were carried out in different test tubes. For the degradation of CV, about 5 mg of
each photocatalyst was dispersed in 5 mL of 10 ppm CV solution. Before exposure to light, the above
suspensions were magnetically stirred in the dark for 30 minutes to achieve adsorption-desorption
equilibrium. After that, the test tubes consisting different catalysts were illuminated with a visible light source
(50W LED lamp, Wipro Garnet B22, having an intensity ~100W/m?, & > 360 nm) for 75 min. Similarly, 10
mg of each photocatalyst was mixed with a 5 mL solution of 20 ppm OFL in different test tubes and stirred
in dark for 60 minutes and later on irradiated with visible light for 100 min. At definite intervals of time, the
catalysts were removed from the test tubes by centrifugation at 7,000 rpm for 5 min so as to eliminate any
residual solid catalyst particles. Following the separation, the absorbance spectra of CV and OFL were

examined at Amax= 589 nm and Amax = 288 nm, respectively.

The photodegradation efficiency was calculated by the below-mentioned equation:

(%) Degradation = {(Co—C:¢)/Co}x100 1)
where, Co and C; represents the initial and residual concentration of pollutants before and after the light
irradiation at time ‘0’ and certain time ‘t’ respectively.

To examine the mineralization ability of Ag-BaTiOs/GO, the total organic carbon (TOC) analysis was carried
out through titrimetric technique.

The TOC value using distilled water as blank was determined by the below equation:

TOC (mg/L) —  (Blank-Sample)xNormality of FASx12000 (2)

Sample volume x4

The mineralization at the end of the reaction was evaluated using the following equation:

: : : 0 — TOC initial-TOC final 0
Mineralization (%) = e X 100% (3)

Apparent quantum yield (AQY) of Ag-BaTiOs/GO ternary photocatalyst was estimated by [38] :
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0 — 2xNo.of pollutant molecules degraded in given time 0
AQY ( /0) No.of incident photons X 100 /0 (4)

The photodegradation intermediates of CV and OFL were further determined by LC-MS technique, (Waters
QTOF Micro). For OFL, the mobile phase comprised of acetonitrile and 1% formic acid mixture (30:70 v/v),

whereas water and acetonitrile (50:50, v/v) worked as mobile phase for CV detection.

3.3. Results and Discussion

3.3.1. Structural study

XRD analysis

Fig. 3.1 presents the XRD diffractogram of as-fabricated GO, BaTiOz and BaTiO3-GO, Ag-BaTiOs, Ag-
BaTiO3z/GO samples. Pure GO exhibits a characteristic diffraction peak at about 20 = 11.6° which belongs
to the (001) crystal plane, indicating the successful oxidation of graphite to graphene oxide [39]. Further, the
diffraction peaks located at 20 values 22.46°, 31.59°, 39.0°, 45.60°, 50.92°, 56.43°, 65.76°, 70.82°, 75.26°,
79.41°, 83.72° matches well with the (100), (101), (111), (200), (210), (211), (220), (212), (310), (311) and
(322) lattice planes of tetragonal structure BaTiOs (JCPDS No. 75-2122) respectively [40]. The two binary
samples: BaTiO3-GO, Ag-BaTiOs as well as the ternary Ag-BaTiOs/GO sample, were found to have
diffraction peaks that were identical to those of pristine BaTiO3z. However, along with the prominent peaks
of BaTiOg, the XRD pattern of the Ag-BaTiOz and Ag-BaTiO3/GO shows one additional low-intensity peak,
at 26 value 38.1°, corresponding to (111) plane of metallic Ag (JCPDS No. 040783) marked with “&%”
asterisks in the graph [41]. The fact that there was no evident change in the BaTiO3 peak position, further
supports the idea that the Ag NPs are well loaded or dispersed on the surface rather than being incorporated
into the BaTiOs lattice. It is noteworthy that the typical XRD peak of GO was not observed in the patterns of
BaTiO3-GO and Ag-BaTiOs/GO, most likely because of its relatively low content. Besides, the appearance
of relatively sharp peaks as well as absence of any other extra peaks indorses the high purity and crystalline

nature of all the synthesized photocatalysts.
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Fig. 3.1: XRD patterns of as-synthesized GO, bare BaTiOz, binary BaTiO3-GO, Ag-BaTiOsz and ternary Ag-
BaTiO3/GO nanocomposites.

3.3.2. Morphological study

FE-SEM, EDS-Mapping and HR-TEM analysis

To understand the morphological and structural characteristics of prepared photocatalysts, FESEM (Fig. 3.2,
Fig. 3.3), TEM and HRTEM (Fig. 3.3(a)-(f)) analysis were performed. As can be seen from Fig. 3.2(a),
graphene oxide (GO) exhibits a rippled and crumpled layered morphology with several stacking layers of 2-
D graphene sheets. The FESEM image of the Ag-BaTiOs/GO nanocomposite (Fig. 3.2(b)-(d)) reveals that
pure BaTiOz exhibits a nanorod like structure with a average length ranging from 400-450 mm and diameter
of 200-250 nm along with a decoration of spherical Ag nano-particles (brilliant bright spots) all
homogeneously embedded onto the surface of the GO nanosheets. These images imply perfect formation of
the desired ternary hybrid with intimate contact.

Additionally, EDS spectrum and elemental colored mapping images (Fig. 3.3 (a-b)) validated the co-
existence and uniform distribution of Ba (yellow), Ti (azure), O (Kelly green), Ag (emerald green) and C

(red) elements in the hybrid.
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BaTiO;nanorods

Fig. 3.2: FE-SEM images of (a) GO, and (b-d) Ag-BaTiOs/GO nanocomposite.

TEM analysis was carried out to further examine the effective integration of Ag, BaTiOs3, and GO into the
ternary system. Fig. 3.4(a) provides evidence for the stacked layered morphology of GO sheets with
micrometer-long wrinkles. Fig. 3.4(b-d) depicts the TEM images of the ternary composite. The photographs
clearly reveal the accumulation of Ag-deposited BaTiO3z nanorods on wrinkled sheets like GO. Metallic Ag
NPs with size of 25-35 nm can be spotted as dark-colored dots. These results are consistent with the
corresponding FESEM images. Besides, the HRTEM micrographs (Fig. 3.4(e)) clearly displays two separate
sets of lattice fringes one belonging to the (111) diffraction plane of metallic Ag with interplanar distance
(d) of 0.28 nm between them and the other with a lattice fringe of 0.23 nm, which corresponded to the (110)
crystal plane of tetragonal BaTiOz. In addition, GO nanosheets served as the ground for both photo-deposited
Ag and BaTiOg, as indicated in Fig. 3.4(e). Similarly, the SAED pattern Fig. 3.4(f), displaying several
discrete concentric rings with superimposed bright spots, corresponding to characteristic rings of Ag [(111),
(220)], [(101), (220), (200), (322)] of BaTiO3z and (001) plane of GO, which further indicates that Ag
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deposited BaTiOs nanostructures are nicely grown over graphene oxide sheets [42]. Overall, both the FE-

SEM and HR-TEM investigations confirm the formation of close contact and multiple electron transfer

pathways existing among the individual components (Ag NPs, BaTiOs NRs and GO sheets) in ternary

system, which would be resulting in an overall enrichment in its photocatalytic efficiency.
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Fig. 3.3: (a) EDX spectrum; (b) elemental color mapping images of different elements (Ba, Ti, O, Ag, C)

present in Ag-BaTiOs/GO nanocomposite.
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Fig. 3.4: HR-TEM images of (a) GO, (b-d) Ag-BaTiO3/GO nanocomposite (e) corresponding Lattice fringes
and (f) SAED pattern for Ag-BaTiO3/GO photocatalyst.
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3.3.3. XPS analysis
For analyzing the surface chemical composition and oxidation state of each element in the ternary Ag-

BaTiOs/GO composite, XPS measurements were performed, and the outcomes are presented in Fig. 3.5.
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Fig. 3.5: XPS spectra of Ag-BaTiO3/GO nanocomposite (a) survey scan (b) Ba 3d, (c) Ti 2p, (b) O 1s, (d)
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Ag 3d, and (e) C 1s spectrum.

As anticipated, the elemental peaks of Ba, Ti, O, Ag, and C can be clearly observed in the survey spectrum
(Fig. 3.5(a)). The XPS spectrum of Ba (3d) (Fig. 3.5(b)) manifests two peaks at 794.4 eV and 779.0 eV
representing the splitting of the Ba 3ds2 and Ba 3ds/2 spin states, respectively, which suggest the presence of
Ba*2in the composite. Fig. 3.5(c)) illustrates two binding energy peaks (B.E.) positioned at 458.2 eV and
464.1 eV which can be identified and designated to the distinct Ti 2ps2 and Ti 2p12 signals, witnessing the
presence of titanium in four oxidation state (Ti*"). Fig. 3.5(d) displays the deconvoluted spectrum of O1s,
fitted into two different peaks. One at a (B.E.) of 529.5 eV is allocated to oxygen in the BaTiOscrystal lattice,
and other peak at 532.0 eV is ascribed to the oxygen atom of hydroxyl groups (O-H) adsorbed on the surface
of BaTiOgz or graphene oxide in the composite. The spectrum of Ag 3d (Fig. 3.5(e)) contains two peculiar
peaks, Ag 3ds2 (368.0 eV) and Ag 3ds2 (374.0 eV). The 3d doublet's spin-orbit splitting value is 6.0 eV,
which is compatible with the typical spin energy separation of silver in zero oxidation state (Ag®), validating
the presence of Ag metal in the ternary composite [32,43,44]. Furthermore, the C1s XPS spectrum, (Fig.
3.5(f)) is deconvoluted into 3 peaks with B.E. of 284.6, 286.8 and 288.5 eV, respectively. Peak at 284.6 eV
corresponds to a C-C bond with the “sp?”orbital. Additional peaks positioned at 286.8 eV, 288.5 eV attributes
to the C-O and C=0, demonstrating the presence of functional groups with O in the GO [45].

3.3.4 Porosity and Surface area analysis

Fig. 3.6(a) represents the BET surface area with corresponding BJH pore-size distribution graphs of bare
BaTiOs and Ag-BaTiOs/GO ternary nanocomposite, respectively. According to the IUPAC classification,
both samples' nitrogen (N2) adsorption-desorption isotherms showed type-IVV Langmuir patterns with
distinctive H3-shaped hysteresis loops, indicating their multilayer and mesoporous behavior. The inset is
their pore size distribution plots. Pore size of both the samples is mainly observed to be distributed between
2 and 20 nm, which further confirms that the catalysts have properties as of mesoporous material.
Mesoporosity is usually of wrinkled, sheet-like structure, and this result is consistent with FESEM images.
As depicted in Table-3.1, the Ag-BaTiOs/GO composite (22.786 m?/g) possesses two times larger BET
specific surface area in comparison with pristine BaTiOs (11.247 m?/g). Additionally, it was noted that the
ternary composite's pore volume and size distribution were both somewhat increased. The enlargement
observed in the various BET parameters could be ascribed to the incorporation of GO with special 2-D
structural features along with the decoration of metallic Ag NPs onto the BaTiO3z surface, which would offer

abundant active sites for the adsorption of contaminants, and facilitate rapid transportation of reactants and
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products thus, beneficial for attaining high photocatalytic activity.

S.No. Photocatalyst Surface area Total Pore Mean Pore
(m?g?) Volume (cm3g?) diameter (nm)
1 BaTiO3 11.247 0.021 2.246
2 Ag-BaTiO3/GO 22.786 0.063 2.550

Table-3.1: Textural properties of pristine BaTiOz and ternary Ag-BaTiOs/GO nanocomposite.

40
0.006 T—— Ag:BaTI03/GO (a) r (b) Ag-BaTiOs/GO
—e—BaTiO3 . . D G
0.004 1 . RAT
o Lo —GO
B e

0.002 4

Pore Volume (cm3/g)

[
=]
1

0.000 4

0 20 40 60 80 100 120 140

Pore diameter (nm)

Intensity (a.u.)
e o

e
—~]
1

Volume adsorbed (cm3/g)

\J #BaTiO,
0 T L) L -

00 02 04 06 08 1.0 500 1000 1500 2000 2500 3000
Relative pressure (P/P) Raman shift (cm™)

Fig. 3.6: (a) N2 adsorption isotherms and the corresponding BJH pore size distributions curves (inset) of
BaTiOz and Ag-BaTiOs/GO nanocomposite. (b) Raman spectra of BaTiOs, GO and the Ag-BaTiOz/GO

nanocomposite.

3.3.5 Raman analysis
Fig. 3.6(b) illustrates the comparative Raman spectra of GO, Ag-BaTiOs/GO, and BaTiO3z samples

respectively. Raman spectrum of pure BaTiOz exhibits several characteristic peaks positioned at 205, 229,
281, 302, 380, 515, 577, 629, 718 and 806 cm* which are associated with the [A1(TO), E(LO)], [AL(TO)],
[B1, E(TO + LO)], [AL(LO) + E(TO)], [AL, E(TO)], [AL, E(LO)], modes of BaTiO3[46-48]. Sharp peak
seen at 302 cm is the clear evidence of the existence of BaTiOs in the tetragonal phase, which is consistent
with the XRD findings. The peaks appearing at low wavenumbers 205, 229 cm™ are mostly caused by the

vibrations between the atoms of Ba and O. broad and sharp signals at 281 and 302 cm™ attributes to the O-
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Ti-O bending vibration, i.e due to the vibrations within the TiO6 group of BaTiOs. Band at 515 cm™ is
associated with the asymmetric stretching vibration, a vibration that occurred by the displacement of oxygen
atoms. Likewise, the higher frequency peak assigned at 718 cm™ represents the symmetric Ti-O stretching
vibration while existence of the small peak at 806 cm™ might be related to the internal lattice defects and/or
vacancies. Besides, the raman spectrum of GO, discloses 2 prominent bands centered at 1349 and 1600 cm’
1 which were ascribed to the renowned D and G bands of GO. The D band is related to the breathing modes
of rings of k-point photons with A1y symmetry and G band is assigned to Eoq mode of sp? hybridized carbon
atoms[45]. Further, the raman analysis of Ag-BaTiOs/GO composite, reveals the existence of similar
characteristic peaks corresponding to pure BaTiO3z as well as D and G bands originating from GO. This
combination strongly witnesses the successful formation of Ag-BaTiOs/GO nanohybrid. However, in
comparison with BaTiOs, the peak intensities of the ternary hybrid decreased greatly, which might be due to
the surface coverage by GO, this additionally supports the intimate contact developed between the individual

components.

3.3.6. Optical and charge transfer properties

UV-Vis Diffuse reflectance spectra

To further study the light absorption characteristics of BaTiOs nanorods, GO-BaTiOs, Ag-BaTiOs, and Ag-
BaTiO3/GO nanocomposites, the UV-vis DRS spectra was examined, and the outcomes are presented in Fig.
3.7(a). The spectrum of pristine BaTiO3z shows some absorption in visible region, as implied by its absorption
onset around 428 nm. The observed absorption onset in synthesized BaTiO3 corresponds to the electronic
transitions from its VB (0?2p) to the CB (Ti%*3d). In addition, the effect of morphology i.e. rod like shape
of BaTiOz adds to its light harvesting ability towards the visible region. Although the extent of absorption in
this region is very low, but it is not negligible, e-h* pairs can be generated, upon irradiation with visible light.
Notably, the DRS spectra of binary composite (GO-BaTiO3) reveal that the incorporation of GO significantly
improves the light absorption property of BaTiOs with a continuous absorption tail towards the visible light
region (400-800 nm). This enhancement in the absorption power might be credited to the presence of carbon
centers on BaTiOs surface, which typically functions as a photosensitizer, and reduces the reflection of
light[49]. Moreover, a new strong and broad absorption band (plasmonic band) in the range of 450-730 nm
is noticed in the Ag loaded BaTiO3z sample, which is due to the red shift of the absorption wavelength
resulting from the LSPR of metallic Ag NPs[50] . Besides this, the intensity and light absorption range of
Ag-BaTiOs/GO further gets extended towards the higher wavelength, making the ternary composite the best

64



choice for harvesting visible light among all the candidates, indicating that Ag, BaTiOs, and GO work
together in a synergistic manner.

Additionally, the color changes observed (below Fig. 3.7) from typical white (BaTiO3) to finally dark grey
(Ag-BaTiOs/GO) also confirm the increment in light absorption property of the modified catalysts towards
the visible light region of the spectrum.
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Fig.3.7: (a) UV-vis diffuse reflectance spectra and corresponding (b) Tauc plots of pristine BaTiOs, binary
BaTiOs-GO, Ag-BaTiOz and ternary Ag-BaTiOs/GO nanocomposites.

The bandgap energy of the as-prepared photocatalysts was also calculated by employing Tauc’s equation:

ahv = A (hv - Eg)2 )
Here a denotes the coefficient of absorption, A = constant, h = Planck’s constant, v = light’s frequency and
Eg is the energy of the bandgap. As displayed in Fig. 3.7(b), the Eq values of pristine BaTiO3, GO-BaTiOs,
Ag-BaTiOs and Ag-BaTiO3/GO samples, were formulated to be 2.93 eV, 2.80 eV, 2.40 eV and 2.26eV,
respectively. It is apparent that the Eq value reduces markedly from 2.93 to 2.26 eV upon the simultaneous
addition of Ag and GO onto the BaTiOsz surface. In comparison with BaTiO3z Ag-BaTiOs/GO catalyst
possesses a narrowed band gap. From the results of the DRS spectra, it can be inferred that the strengthening

of the visible-light harvesting capability here would favour the production of abundant charge carriers and
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consequently, could boost the photocatalytic performance of the fabricated ternary composite.

Photoluminescence measurement

Fig. 3.8 displays the PL emission spectra of all the synthesized samples at a 335 nm excitation wavelength.
It has been observed that, the PL spectrum of pure BaTiO3 nanoparticles exhibits emissions in both the UV
[Near band gap emission (NBE)] and visible regions, [Defect-related deep level emission (DLE)]. A sharp,
UV emission peak at 380 nm (NBE), is typically caused by band gap emission, which is the reconciliation
of photogenerated e - h* in conduction as well as valence bands. Usually, because of the charge transference
from the Ti*" ion to a nearby O ion in the TiO6% octahedron.

And other two weaker, green emission bands at 468 and 535 nm (DLE) could be the result of various intrinsic
structural defects like oxygen vacancies, OH" defects, surface states, along with the noncentral symmetric
Ti** in the nanophase BaTiOs. Additionally, all of the samples display similar emission peaks centered at
380, 468, and 535 nm [51,52]. Based on the PL results, it can be elucidated that the lifetimes of the
photoinduced carriers in the as-prepared photocatalysts decrease in the order Ag-BaTiO3/GO > Ag-BaTiO3
> BaTiO3-GO > BaTiOz, which was also found to be in good accordance with the photocatalytic activity
results. Among all the samples, BaTiO3 had the highest PL intensity, implying a high rate of recombination
and reduced efficiency of photoinduced charge carrier separation. Meanwhile, the intensity of PL peaks
diminished sharply, upon the introduction of Ag and GO. This significant PL quenching is due to the effective
migration of photoexcited electrons from BaTiO3 onto the surfaces of silver and graphene oxide. Actually,
the Schottky barrier generated at the Ag-BaTiOs interface is supposed to behave like electron reservoir to
impede the reunion of electron-hole couples. Also, due to the excellent electronic conductivity of GO, there
exists an easy pathway for the transference of electrons in the BaTiO3-GO composite resulting in a low
charge recombination rate. Besides, the highest PL quenching happens in the ternary Ag-BaTiOs/GO
composite. This suggests that the synergistic interaction between the photo-deposited Ag NPs, BaTiO3, and
GO, as well as the formation of multiple electron transfer channels, all together significantly prolongs the
lifetime of photoinduced charge carriers which ultimately benefits in the adequate charge separation, and

greater suppression of PL intensity.
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Fig. 3.8: (a) Photoluminescence (PL) spectra (b) Nyquist impedance plots of all the as-synthesized
photocatalysts.

Impedance analysis

Furthermore, impedance measurements were performed to probe the interfacial charge transfer behavior of
the as-fabricated samples. In general, the arc radius in the EIS Nyquist plot depicts the electron transfer
resistance of the photocatalyst, and a smaller arc radius indicates higher conductivity, an effective charge
separation rate with less resistance and a lower rate of electron-hole pair reconciliation [53]. The arc radii of
the four samples, as displayed in Fig. 3.8 (b) followed the sequence of BaTiOs > BaTiO3-GO > Ag-BaTiOs
>Ag-BaTiO3:/GO composites. Comparatively, the ternary composite Ag-BaTiOs/GO possess the smallest arc
radius among all the samples, suggesting that modifying BaTiOs with both Ag and GO could promote its
conductivity, accelerate the charge transference and minimize the extent of recombination of photoinduced
carriers. Hence, the combined results of PL spectra and EIS measurements confirmed that Ag-BaTiOs/GO

photocatalyst possesses superior charge carrier separation and migration capacity.

3.4. Photocatalytic activity

3.4.1. Photodegradation reaction

The photocatalytic performance of the Ag-BaTiO3s/GO ternary composite was evaluated first by studying the
visible-light induced degradation of the highly toxic dye Crystal Violet (CV) (Fig.3.9). For comparison, the
removal of CV over pristine BaTiOs, binary (Ag-BaTiOs, and BaTiOs-GO), composites were also

performed. In addition to photocatalysis, tests on photolysis and adsorption were also conducted, and results
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are displayed in Fig. 3.9(a). In the absence of photocatalyst (photolysis), only 14% of CV is observed to be
degraded after 75 min of visible-light treatment, indicating its high stability.

After 30 min of dark adsorption, the adsorption efficiencies of various photocatalysts were calculated as
BaTiOs: 16.27%; Ag-BaTiOs: 22.90%; BaTiOs-GO : 26.72%, and Ag-BaTiOz/GO : 31.45%. In comparison
with the unmodified BaTiOg, all other samples exhibit higher adsorption towards CV, and when both Ag and
GO are incorporated onto BaTiOz3’s surface, its adsorption capacity becomes the largest, which is attributed
to the increased BET surface area and adsorption sites. Further, in order to boost the removal efficiency, the
photocatalytic process was preceded by the irradiation of visible light. After being exposed to light for 75
min, the catalytic ability of the as-prepared photocatalysts progress in the following order: Ag-BaTiOs/GO
(98.5%) > Ag-BaTiOs (83.4%) > BaTiO3/GO (75.3%) > BaTiOs (47.6%) {Fig. 3.9(a)}. Thus, the
multicomponent sample with Ag and GO synergy with BaTiOs demonstrates dynamic CV removal, which
is consistent with the earlier characterization results.

Additionally, using a pseudo-first-order rate kinetics equation, the associated reaction rate constants (k) were
quantitatively determined,

{In(C/Co) = —kt} (6)
Here Co is the starting concentration of CV, C; is its concentration at the time (t), and k denotes the rate
constant (min™!).

Fig. 3.9(b) compares the values of In(C¢/CO0) for the various samples as a function of the amount of time they
were exposed to light. Interestingly, the highest CV degradation rate constant of (0.053 min!) was observed
for the Ag-BaTiOs/GO hybrid photocatalyst which is about ~6.62, ~2.94, and 2.208 folds greater than those
of the pristine BaTiOs NRs, BaTiO3-GO, and Ag-BaTiOs, respectively.

68



Dark . Visiblelight ()| 4.0 ® No catalyst )

1.0 ® BaTiOj3
8 3.24 v BaTiO3 o
| * Ag-BaTiOj3
0.6 ; G241 ¢ Ag-BaTiO3/GO
U@ |—No catalyst =
o 0.4 BaTi03 Z 161

{—4—BaTiO3 o
0.2 {—— Ag-BaTib3
|—#—Ag-BaTioz/GO

0.0 0.0-
30 -15 0 15 30 45 60 75 0 15 30 45 60 75
Time (min) Time (min)
1.2 :
BaTiO, (c) 12 Ag-BaTiO,/GO (d)
1.0_:—.— Initial 1 0- |+lnltlal
—@&— Adsorption ! <
- : 15 min R !—>— Adso.rptlon
g g 30 min = 0.8 |—®— 15 min
& |~ 45min & |'=*—30min
g 0.6—¢— 60 min ¥ 0.64;{——45min
E 04-}—‘—75 min E :—0—60 min
5 5 0.4 4y—<—75 min
=
< (.24 -2 0.2
0.0 1 0.0
450 500 550 600 650 450 500 550 600 650

Wavelength (nm) Wavelength (nm)

Fig. 3.9: (a) Time course-kinetic plots and (b) corresponding variations in apparent reaction rate constants
(k) values obtained for the degradation of CV dye in the presence of different photocatalysts (c) Time-
dependent UV-vis spectral absorption changes of CV solution over pristine BaTiOz and (d) Ag-BaTiOs/GO
ternary nanocomposite under 75 min LED-light irradiation.

Fig.3.9(c-d) illustrates the changes in the UV-vis absorption spectrum of the CV dye solution over various
catalysts (bare BaTiOz and the ternary Ag-BaTiOs/GO sample) at different irradiation times. It is clearly
evident that as illumination time increases during the degradation process, the intensity of the characteristic
maximum absorption peak of CV at 589 nm is observed to gradually diminish by both catalysts. The ternary
sample, however, experienced a much greater decrease after 75 minutes of visible light exposure. The
complete flattening trend of the CV spectral profile highlights the superior photocatalytic response of Ag-
BaTiO3/GO suggesting that the synergy of both metallic silver and graphene oxide is helpful in enhancing
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the photocatalytic activity of BaTiOs

Besides this, in order to assess the effectiveness of using Ag-BaTiO3/GO in the treatment
of antibiotic pollutants, a colorless pollutant (ofloxacin) was selected. The general trend in the results of OFL
photodegradation is similar to that for CV elimination. Photolysis (without catalysts) was found to be
ineffective for OFL elimination as only about a ~10% reduction in the absorbance was accounted for 100
min of light treatment. The adsorption efficiency of the ternary nanocomposite (33%) was the highest among
others and almost threefold compared to the bare BaTiOs (11.4%). Notably, the ternary nanocomposite also
exhibited significantly ameliorated photocatalytic performance towards the removal of OFL among all the
synthesized samples, with nearly 96.1% of the OFL being degraded after 100 min of visible-light
illumination, in contrast to the OFL degradation of only 53.3%, 72.1%, and 88% achieved over pure BaTiO3,
BaTiOs3-GO, and Ag-BaTiOs, respectively, under the same conditions. (Depicted in Fig. 3.10 (a)). According
to the pseudo-first-order reaction Kinetic plots (Fig.3.10(b)), ternary Ag-BaTiO3/GO catalyst displays the
highest OFL decomposition rate (0.033 min~'), which is approximately 4.7, 2.7, 1.5 times greater than those
observed for BaTiO3 (0.007 min™!), BaTiO3-GO (0.012 min!), and Ag-BaTiO3 (0.021min™1), respectively.
Fig.3.10(c-d), displays the temporal evolution of the spectral absorption variations during the OFL
degradation over pure BaTiOs and ternary Ag-BaTiO3z/GO samples with the assistance of visible light.
Apparently, it can be observed that in contrast with the unmodified BaTiOs3, with the extension of the
irradiation duration, the intensity of the initial absorption peak of the OFL molecule, situated at Amax = 288
nm, declined rapidly with little shifting from the absorption maxima towards the shorter wavelength. i.e there
is a steady hypsochromic shift in the absorption maxima during the degradation, this is linked to the de-
ethylation process.
The complete kinetic analysis data with histograms for removal of both the hazardous pollutants is depicted
in Fig. 3.11 (a-b).
The above photocatalytic activity results strongly suggest that Ag-BaTiO3/GO is excellent visible light-active

catalyst, not only for colored dye pollutants but also for colorless water contaminants.
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Fig. 3.10: (a) Time course-kinetic plots and (b) corresponding variations in apparent reaction rate constants
(k) values obtained for the degradation of OFL antibiotic in the presence of different photocatalysts (c) Time-
dependent UV-vis spectral absorption changes of OFL solution over pristine BaTiOz and (d) Ag-BaTiOs/GO
ternary nanocomposite under 100 min LED-light irradiation.

The superior photocatalytic behavior of the as-fabricated ternary hybrid in contrast with bare BaTiO3 and
other binary photocatalysts could be credited to the following benefits:

(1) Much better enhancement of the light absorption ability in the visible range, upon deposition of plasmonic
Ag with a specialized LSPR effect onto its surface.

(if) Boosting up of its photoinduced charge separation ability as a result of GO's exceptional conductivity

and electron storage capability of GO.
(ii1) Well-designed nanostructure, with favorable morphology and increased surface area along with the
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development of multi-channel electron transfer pathways, which can efficiently suppress the reconciliation
extent of charge carriers in BaTiOs thereby extending the life-time of the charge carriers.

Additionally, the AQEs of Ag-BaTiO3/GO for 10 ppm CV degradation at different incident wavelengths
(450, 500, 550, 600, 650) nm were estimated to be 39.68%, 35.72%, 32.47%, 29.76%, and 27.47%,
respectively. And for degradation of 20 ppm OFL, AQE values reached upto 64%, 57.68%, 52.43%, 48.06%,
44.36% at 450, 500, 550, 600, 650 nm wavelengths.

The result further, demonstrates the great potential of the ternary Ag-BaTiO3/GO photocatalyst by exhibiting
significantly high AQEs.
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Fig.3.11: Histograms showing comparative (a) photodegradation efficiencies (b) reaction rate constants (k)
values exhibited by different as-synthesized photocatalysts for removal of CV and OFL. (c) effect of series
of scavengers on CV and OFL degradation by Ag-BaTiOs/GO photocatalyst.

Moreover, we contrasted the photocatalytic performance of the as-fabricated Ag-BaTiO3/GO nanocomposite

with that of the majority of other recently reported photocatalysts for CV and OFL degradation (as tabulated
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in Table-3.2 and 3.3). The findings recommend, that this newly designed photocatalyst is a strong contender

for application in wastewater treatment.

S.No Photocatalyst Initial CV Light Source  Degradation Reference
concentration efficiency s
(ppm) time (min)
1.  m-BiVO4 nanoparticles 10 300W xenon 96.23% [54]
lamp in
[Visible light] 120
2.  Ce2(Mo00as)3 5 Two 200 W 89% [55]
Incandescent in
light bulbs 300
[Visible light]
3.  BiSI/MoS; 5 OSRAM 80% [56]
250W lamp in
[Visible light] 240
4. In203nanocapsules 10 ~70W/cm? 90% [57]
[Natural in
sunlight] 180
5. BaCrxFer2xO19 10 200 W Argon 91% [58]
lamp in
[Visible light] 90
6.  Mesoporous titania 5 Four 8W 85% [59]
nanoparticles (MTN-8) Philips lamps in
[UV-light] 150
7. Sb2S3-ShsOsCl2 10 15W LED 96.2% [4]
bulb in
[Visible light] 270
8. | Ag-BaTiO3/GO 10 50 W LED 98.5% This work
bulb in75
[Visible light]

Table- 3.2: Summary of comparison of different photocatalysts for CV degradation.
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S.No Photocatalyst Initial OFL  Light Source Degradation References

concentration (Visible efficiency
(ppm) light) time (min)
1. ZnO/CdS 10 15W 73% [60]
in
240
2. CdS/TiOz 10 85W oreva 86% [61]
bulb in
180
3. Bi2S3/Bi,WOs 20 150W Xenon 87% [62]
lamp in
180
4, MoO3/Ag/CsN4 20 300W 89% [63]
Xenon lamp in
100
Y Bi2M00Og-rGO-TiO2 4x10°°M 150 W 92.3% [64]
tungsten in
lamp 120
6. Bi2WOes/Au-400C 20 300W 95% [65]
Xenon lamp in
180
7. g-C3N4/NH2-MIL- 10 300 W xenon 96.5% [66]
88B(Fe) lamp in
150
8. Ag-BaTiOs/GO 20 50 W LED 96.1% This work
bulb in
100

Table-3.3: Summary of comparison of different photocatalysts for OFL degradation.

3.4.2. Pollutants Mineralization

As mineralization is the ultimate goal of pollutant treatment, TOC measurement was thus executed to
recognize the real mineralization of contaminant molecules during photocatalysis. The TOC value actually
monitors the total amount of organic compounds present in the solution, and its decline represents the level
of mineralization near the end of the photocatalytic process. The TOC removal effectiveness of ternary Ag-

BaTiO3/GO photocatalyst towards the removal of CV and OFL was investigated by dichromate based
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chemical method. The obtained results reveal that the TOC values of CV dye declined from 26.8 to 12.1 mg/I
after 75 min of visible light irradiation, corresponding to 54.8% TOC reduction. Similarly, without any
pretreatment, the TOC of an OFL antibiotic was 14.9 mg/L, which decreased to 7.35 mg/L after 100 minutes
of reaction time. i.e ofloxacin's TOC was reduced by 50.6%. The lower TOC values suggests that Ag-
BaTiO3/GO photocatalyst could mineralize both CV and OFL contaminants. In addition, it was worth noting
that the mineralization activity was lower than degradation efficiencies as evaluated by the UV-Vis
spectrophotometer. The incomplete mineralization of pollutants demonstrates that photodegradation
proceeded at a slower rate so is the mineralization. This is mainly attributable to the generation of
intermediate products. Total mineralization of the remaining intermediates might be possible, but it will most
likely take more time of visible light irradiation.

3.4.3. Active species detection

To cognize the exact role of active species, engaged in the photocatalytic eviction of CV and OFL over Ag-
BaTiOs/GO composite and further propose the photocatalytic mechanism, the radical capturing experiments
were conducted. 10°3M solutions of AA, IPA, and EDTA were selected as scavengers of Oz™, *OH, and
photoproduced holes (h™), respectively. The conditions for both the free radical trapping and degradation
experiments were kept identical. As presented in Fig. 3.11(c), photo removal efficiency of OFL reduced in
the presence of scavengers with the order of significance following AA > IPA > EDTA, suggesting that the
superoxide radical, (O2") followed by the hydroxide radical (*OH) significantly contributed to the
degradation process of OFL, while the valence band (h™) plays a minor role.

On examining the photodegradation of CV dye, somewhat similar results were observed. The degradation
efficiency was extremely screened by the introduction of IPA, revealing that *OH are highly accountable for
the photocatalytic activity. However, when AA, and EDTA were added, the degradation process was affected
only to a small extent, manifesting that O>™, and h* played an insignificant role during the degradation.
Additionally, their rates were close to that of the control experiment (no scavenger). The attained results
suggest that both *OH and O™, radical species are the prime reactive species engaged in the photocatalytic

degradation of OFL, while only “OH” has a significant impact on the removal of CV dye.

3.4.4. Probable degradation mechanism

Since the energy-band potentials of photocatalysts are linked to the redox power of charge carriers, it is
crucial to ascertain these potentials so as to comprehend the photocatalytic mechanism of the ternary

composite. Using the following empirical equations, the energy (E) of CB and VB positions of BaTiOs are
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determined as:

Ecs =y - Ee-1/2E4 (7)

Eve=y - Ee+1/2E4 (8)

where, y denotes the absolute electro-negativity of BaTiOs (5.242 eV)[54], Ee is the free e”’s energy on H»
scale (4.50 eV vs. NHE), Eq is the band gap energy of BaTiOs (2.93 eV). Consequently, the Ecs and Evs of
BaTiOs vs. NHE were found to be -0.723 eV and +2.207 eV, respectively. A probable mechanism for
photocatalytic decomposition of dye (CV) and antibiotic (OFL) over the Ag-BaTiO3/GO nanocomposite is

explained through the schematic diagram displayed in Scheme-3.2.
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Scheme.3.2. A possible mechanism for the photocatalytic degradation of pollutants using ternary Ag-
BaTiOs/GO photocatalyst under LED- light irradiation

When exposed to visible light radiations, as-synthesized BaTiOz with a rod-like structure and absorption
onset around 428 nm, exhibits some affinity towards this irradiated light, which results in its excitation to
produce electrons in the CB and holes in the VB. Similarly, the plasmonic effect also causes the deposited
Ag NPs to photogenerate e- h*pairs, and when these Ag NPs come into contact with BaTiOs nanorods, the
LSPR-induced extremely energetic hot electrons quickly jump towards the CB of BaTiOs3, leaving behind

holes on the metal surface. Since, graphene is known to be a good electron acceptor, and its energy levels (-
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0.08 eV vs. NHE) lies below the BaTiO3z CB (-0.723 eV), excited electrons further get transferred onto the
graphene oxide sheets, thereby inhibiting the charge recombination process in BaTiOas. Further, the excessive
electron’s on the Ag NPs surface as well as those assembled on the BaTiO3 and GO’s surface might easily
react with dissolved O in the aqueous solution to produce reactive superoxide radical anion (*O2-), owing
to their sufficiently negative reduction potential. (—0.723 eV vs. NHE) in contrast with the standard redox
potential of *Oy-, E%(«02-/0;) (-0.046 eV vs. NHE) [55,56]. «O.- radical anion further gets protonated to
generate hydro-peroxyl radical HOO-, and subsequently hydrogen peroxide (H202) which then dissociates
into extremely reactive species (*OH). At the same time, photoinduced holes left in the VB of BaTiO3 and
Ag and tend to react with the surface OH™ ion to form another strong oxidant OHe radicals, owing to the
higher positive standard redox potential of Evg of BaTiOs than the E® («OH/OH-) (+1.99 eV vs. NHE)[54].
The analysis was also consistent with the result of scavenging experiment. Ultimately, generation of plenty
of these energetic species (*O2- and OHe) in the photocatalytic system would result in efficient degradation
of hazardous contaminants (CV and OFL) into the organic intermediates and finally into H2O and COg, as
environment friendly products.

Summing up the above analysis, the major routes involved in the photocatalytic degradation mechanism over
Ag-BaTiO3/GO are listed in Egs. (9-21) as follows:

Ag+hv— Ag (h" +¢) 9)

BaTiOs+ hv — BaTiO3 (h* +¢) (10)
Ag (e-) + BaTiOs — BaTiOsz () + Ag (11)
BaTiOz(e) + GO — BaTiOz + GO (¢) (12)
GO (e-) + O2 —» GO + +O7 (13)
BaTiOsz (e-) + O2 — BaTiO3 + <Oy (14)
Ag (e-) + 02 — Ag+ 02 (15)
«0* + H"— .00H (16)
2.00H — 02 + H202 (17)
H>02 + (e-) — .OH + OH" (18)
Ag(h*) + OH  — *OH (19)
BaTiO3(h*) + OH" — «OH (20)
0?7/ *OH + CV + OFL — CO> + H20 (degradation products) (21)

This transfer pathway in the ternary catalyst, is expected to remarkably suppress the charge carrier
reconciliation, thereby effectively upgrading the photocatalytic performance.
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3.4.4. Photodegradation pathway

For grasping a deeper knowledge on photocatalytic degradation of OFL antibiotic and CV dye, the
degradation intermediates generated in the photocatalysis process with Ag-BaTiOs/GO catalyst were
inspected via LC-MS technique and identified by interpretation of their m/z value (Here (m) denotes the
intermediate’s molecular weight in the mass spectra and (z) is the charge number). Scheme.3.3.(a) depicts
the mass spectrum of the OFL antibiotic, having characteristic peak detected at m/z 362.58. Several by-
products (BP) were identified during various stages of degradation. Based on LC-MS data, quenching tests
and previous reports, [57—61] the degradation routes of OFL were proposed as illustrated in Scheme.3.3(b)..
Generally, the degradation pathway of OFL involves the piperazinyl dealkylation, demethylation of the
piperazinyl ring, carboxylation/decarboxylation processes, hydroxylation, cleavage of the piperazine ring,
oxidation of hydroxyl groups and defluorination of the OFL molecule. The first pathway proceeded through
piperazine ring oxidation. OFL (m/z 362.58) gets oxidized to open this ring with the generation of BP1 (m/z
392.60). Further, the loss of the -CO group allowed BP1 (m/z 392.60), to be transformed into BP2 (m/z
364.57). BP3 with (m/z 254.31) might be produced through hydroxyl group addition i.e. the hydroxylation
process. This BP3 underwent ring-opening and could generate BP4 (m/z 217.37) by defluorination. Another
pathway was the piperazine ring dealkylation. BP5 (m/z 346.53) could be formed by the cleavage of methyl
group affixed with the piperazine ring. Cleavage of —C>Hsand —C2H4-NH-CHz3 from the piperazine ring can
result in the intermediates, BP6 (m/z 333.49) and BP7 (m/z 280.48). Aside from that OFL through
dehydration results in the formation of another intermediate BP8 (m/z 330.46). By another pathway OFL
could be decarboxylated to BP9 (m/z 312), which could then be transformed into BP10 with m/z 333.49 by
adding a hydroxyl group to the piperazine substituent. As the electron donating capacity of a methyl is
superior than the H-atom substituted at N4 of the piperazenyl so, intermediate (m/z 272.35) could be formed
through demethylation and its repetition again results in a new product with m/z 261.45. Finally, (m/z 261.45)
through an ethylene linkage could form BP11 (m/z 236.25). Ultimately, the detected transformation products
from all the routes eventually disintegrate into smaller, oxygen containing molecules before being

transformed into CO> and H-O.
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Scheme.3.3(a): LC-MS chromatogram of the intermediates generated from OFL degradation using Ag-
BaTiO3/GO nanocomposite after 100 min of LED-light illumination.
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Scheme.3.3(b): Proposed photocatalytic degradation pathway of OFL antibiotic by Ag-BaTiOs/GO
nanocomposite.

Similarly, the LC-MS technique was also used to find the intermediates involved in the degradation of CV

dye (Scheme.3.4(a)). It’s decomposition is believed to occur via two photodegradation pathways, one is the

stepwise N-de-methylation, and other is the destruction of the conjugated triphenylmethane structure [62—

65]. Several distinct m/z peaks were detected in its mass spectrum, including 372.2, 330.3, 288, 166, and

138. ((Scheme.3.4(b)). Based on the ion characteristic peak at m/z = 372.2, the substance was identified to

be CV. By-products BP1(m/z 288) and BP2 (m/z 330.3), were mainly the N-de-methylated intermediates
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that occurred by the attack of (.OH) species on CV’s N,N-methylamino group. Once the triphenylmethane
ring in the CV structure was broken, low molecular intermediates such as organic acids, BP3 (m/z 166) and
BP4 (m/z 166) and BP5 (m/z 138) corresponding to terephthalic acid, phthalic acid, and 3-hydroxybenzoic
acid, respectively, were most likely to form. Finally, the progressive cleavage of the aromatic intermediates
would lead to the formation of carboxylic acids, which would then undergo transformation into simpler
products.

The generation of the aforementioned intermediates and products as encountered by LC-MS approach

implies that OFL and CV are likely transformed to a nearly mineralized condition over the synthesized Ag-

BaTiOs/GO.
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Scheme.3.4(a):LC-MS chromatogram of the intermediates generated from CV degradation using Ag-
BaTiOs/GO nanocomposite after 75 min of LED-light illumination.
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3.4.5. Recyclability studies

From a practical point of view, reusability and stability are vital parameters affecting the photocatalyst’s
performance. Hence, to investigate these, successive recycling experiments for photodegradation of CV
using a ternary Ag-BaTiOs/GO composite were conducted for four consecutive cycles accompanying the
similar approach as described in the experimental portion. Each cycle included 75 min of reaction. In every
progression except for the first, the photocatalyst of the previous cycle was recovered by centrifugation, and
after washing process, it was kept for drying for its next use. Fig.3.13(a) clearly demonstrates that the
degradation efficiency for CV was only reduced by 19.76% i.e (~20%) from the first to the fourth cycle,
implying that the Ag-BaTiOs/GO is highly reusable catalyst. The decline (78.83% from 98.59%) in the

degradation performance may be due to the catalyst’s inevitable loss throughout the separation and recycling
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procedure. Furthermore, to better support this view point, the structural stability of the photocatalyst was
also assessed. Fig.3.13(b,c) represents the XRD pattern, and FESEM image of the recycled Ag-BaTiOs/GO
acquired before and after the 4 times recycling experiments. In all the cases, the results look similar, and no
drastic changes were seen before and after the reaction.

No variation in the peak positions, peak parameters, and crystallinity was detected in the XRD pattern
Fig.3.13(b) of the recovered composite, implying that the components retain their crystal structure intact.
However, a minimal reduction in the intensity of the XRDs peaks is noticed after the recycling process.
FESEM image Fig.3.13(c) provides additional evidence for the photocatalyst's exceptional stability,
demonstrating that the morphology remains consistent and not significantly disturbed even after numerous
cycles of use. Hence, considering the superb degradation activity, regeneration ability, and powerful
photostability, the present Ag-BaTiO3z/GO composite can be deemed as a promising material for

photocatalytic applications.
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Conclusion
Visible light active Ag-BaTiO3/GO ternary photocatalyst was synthesized for the first time and has been

thoroughly studied with regard to its chemical composition, structural and optical properties. Notably, the
well-designed composite displayed significantly enhanced photocatalytic degradation activity (98.5% CV
removal efficiency within 75 min and 96.1% OFL degradation efficiency in 100 min) under LED-light
illumination, which is much greater than that achieved for pristine BaTiO3, binary (Ag-BaTiOs, and BaTiOs-
GO) hybrids. The extended visible-light response of BaTiOs due to the SPR effect of metallic Ag NPs, and
the excellent electron transport properties of graphene oxide inhibiting the rapid recombination of
photoinduced charge carriers, favorable morphology as well as the strong synergistic interaction among the
three components Ag, BaTiOs, and GO, all together contributed to the superior degradation performance of
the ternary nanocomposite. Moreover, the developed photocatalyst exhibited good stability, even after four
consecutive degradation cycles, with a little loss in performance. Additionally, according to the results of the
LC-MS, as well as trapping experiments, the probable intermediate products and reaction mechanism have
been presented in detail, that demonstrates *O2” and *OH as the pivotal active species responsible for
pollutants removal. Mineralization efficiency of the developed photocatalyst was also evaluated by a TOC
test. Overall, the present study illustrated a promising prospect for an avenue for using the Ag/BaTiO3-GO
composite with a unique architecture as an environmentally-friendly approach and a highly-effective visible

light activated catalyst for elimination of toxic pollutants from wastewater.
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CHAPTER-4

Fe(l11) and GO loaded SrTiO3 nanocomposite for the LED-light driven

photocatalytic degradation of norfloxacin antibiotic
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Schematic summary

A dual cocatalyst modified Fe(l11)-SrTiO3-GO photocatalyst was fabricated by anchoring Fe(l11) species and
GO sheets onto SrTiOsz. Outperforming its counterparts, the optimized (2Fe(l11)-SrTiO3-10GO)
nanocomposite commendably degraded 92.3% of the norfloxacin drug after 120 min of LED light exposure.
The heightened performance is credited to the trio-hybrid's unique design, combining the benefits of SrTiOz
(nano-cubic morphology), GO (high conductivity), and Fe(lll) species (IFCT effect) to accelerate the

transference and separation of e-h™ pairs and extend the light absorption range.
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4.1. Introduction
For more than 50 years, antibiotics have been used as an elixir to safeguard human beings and animals from
a wide range of pathogens, and in recent years, both their production and consumption have escalated.
Antibiotic proliferation in the environment particularly in the water sources (surface water, wastewater,
groundwater, and drinking water) and their persistent nature are a global concern due to the adverse
environmental impacts and potential harm to the botany and fauna in aquatic systems. As a result, these are
now considered as emerging pollutants. Pharmaceutical industries, municipal wastewater (from human and
animals excrement), hospital wastewater, and sewage treatment plants are the main sources of their presence
in aquatic environments [1,2]. Norfloxacin (NOF), a second-generation synthetic fluoroquinolone antibiotic
(FQ), has been used in human (respiratory, bacterial infections) and veterinary medicine, as well as in
livestock farming and aquaculture, due to its broad antimicrobial activity against microscopic organisms [3].
Due to the stability of the quinolone backbone, low metabolic rate and incomplete biodegradability, only
partial removal of these antibiotics is accomplished in conventional wastewater treatment plants and
significant quantities are deliberately released into the environment in their pharmacologically active forms
[4]. As the NOF is highly mutagenic, teratogenic, and embryotoxic, even trace amounts of its residues and
derivatives can eutrophize ecosystems and contaminate food and drinking water sources. For instance, by
inhibiting DNA replication and inducing antibiotic resistance in bacteria, it may irreparably harm water
bodies, posing serious risks to both human security and the ecology [5,6]. Therefore, it is vital to develop
feasible technologies for eliminating NOF from the environment. Among the various environmental
remediation strategies implemented, semiconductor-mediated photocatalysis has recently received
considerable attention as an effectual method in the field of water treatment, owing to its incomparable
superiority in terms of being environmentally friendly, sustainability, affordability, high efficiency, and
stability [7,8]. In general, this technique works by generating e-h* pairs in the SC materials via light
absorption, which are then detached and transported to the target object for redox reactions. Thus, finding a
suitable SC photocatalyst with high redox capacity is critical for achieving the mission of clean water.
Alkaline earth metal titanates, a distinctive class of oxide SC’s, have been proven to be one of
the renowned photocatalysts. Strontium titanate (SrTiOz), a multipurpose n-type titanium oxide with a
perovskite structure, is one of them. Owing to its unique and outstanding properties such as superior
ferroelectricity/piezoelectricity behavior, strong oxidizing power, multiple crystal phases, corrosion
resistance, structural simplicity, availability of large number of alteration sites, nontoxicity, compatibility
with other materials, flexibility as well as good stability, it is widely utilized in a variety of photocatalytic
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energy and environmental applications [9,10]. Despite the incredible potential, its widespread application and
usage is impeded by the ultrafast reconciliation of the photoinduced charge transporters, low quantum
efficiency, slow charge transport and insufficient absorption of light. (due to wide band gap typically > than
3 eV) [11]. To circumvent these obstacles, it is exigent to design and fabricate a highly effective
photocatalytic system for boosting SrTiO3z photocatalytic activity.

Surface modification of semiconductive oxides with transition metal ions, specifically Cu (1), Fe
(1), or Cr (111), has recently piqued the interest of researchers as a promising strategy for developing visible
light active photocatalysts with adequate charge carriers’ separation capability via a popular IFCT
mechanism. This involves direct e migration from the SC's VB to the surface deposited nanoclusters, which
serve as e- reduction sites, while leaving a vacancy in the catalyst's VB. Induced separated excitons (i.e., e
in the co-catalysts and photoexcited h* in VB) jointly forms the reactive species through multiple pathways
which may then contribute to the pollutant degradation. These systems not only employ the photoproduced
electrons through the reduction process of the deposited metallic ions, utilizing the deep VB holes for the
oxidation reactions, but they also extend the optical response in order to harvest greater quanta of visible
light [12,13]. For instance, Hashimoto et al. prepared a series of visible-light active catalysts by Cu(l1)/Fe(l11I)
clusters grafting onto TiO> surface, leading to magnified photocatalytic activity [14,15]. According to Qiu et
al., [16] grafting Fe(lll) clusters onto micro flowers shaped BiOCI can improve BiOCI performance due to
the IFCT interaction of the components (Fe(ll) clusters and BiOCI). Likewise, Sun group demonstrated the
enhanced degradation of Orange Il over the Fe (Ill)-modified Bi>Os [17]. Because of its low cost, non-
toxicity, and abundance, Fe is a popular co-catalyst for designing and developing high performance
photocatalysts via surface modification.

Furthermore, Graphene oxide (GO), a rising star in the carbon family, is another frequently used
ideal support material for the construction of various advanced functional nanocomposites, with superior
photocatalytic activity. Its enticing properties, such as rich pore structure, large specific surface area, unigque
conjugated structure with (z—m) interactions, ultrafast e- carrier mobility, strong e- storage ability, abundant
reactive oxygen groups, etc, endow the GO-incorporated composites with a plethora of excellent
functionalities all at once. These mainly involves (i) increasing the adsorption capacity of target pollutants,
(i) extending the light absorption ranges, (iii) providing efficient pathway for charge transportations and
separations, (iv) inhibiting the e™-h* recombination rate, which are the ideal traits of a photocatalyst we have
been pursuing for [18,19]. To date, a variety of SCs, including BiOCI [20], CdS [21], BaTiOz[22], and
others, have been attempted to construct GO-supported composites with performance greater than single-
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component counterparts. Jiaguo Yu et al. [23] reported a BiOI-GO composite with a distinct structure, that
demonstrated outstanding photodegradation efficiency towards phenol. Excellent MB dye removal results
were recently obtained using porous graphene-SrTiOs composite [24]. In these composites, GO has been
observed to play the role of e- acceptor and mediator. This extends the lifetime of the charge carriers and as
a result, facilitates the efficient decomposition of toxic contaminants in wastewater. Considering the distinct
properties of SrTiOs, Fe(lll) and GO, in photocatalysis, it is intriguing to combine their merits, into one trio
system with a potential multiplex synergism among each components.

Inspired by the above concept, the current work developed a new and highly efficient dual
cocatalyst modified SrTiOs photocatalyst, i.e. (Fe(l11)-SrTiO3-GO), via a simple two-step route that included
the initial anchoring of Fe(lll) ions onto the SrTiOs surface via impregnation followed by coupling of GO
sheet via hydrothermal method. The morphology, structure, and optical properties of hybrid has been well
scrutinized through series of characterizations. The close interfacial contact developed between the
individual components, in the composite contributed to the improvement in the segregation of the charges
and increment in the visible light absorption. The efficacy of the as-fabricated ternary hybrid is investigated
through the elimination of pharmaceutical pollutant NOF under LED-light exposure. Moreover, the critical
role of GO and the impact of Fe(lll) species in advancing SrTiO3z activity are thoroughly examined. A
photoactivity comparison study has been carried out between the ternary Fe(lll)-SrTiOs-GO, the
corresponding binary composites (Fe(Ill)-SrTiOs, and SrTiO3-GO), and the single (SrTiOs). The
photocatalyst’s stability, mineralization power are also evaluated. Besides, the mechanism of synergism
between SrTiO3z, Fe and GO has been explored using quenching experiments and the plausible degradation
pathway of NOF has been discussed. As far as we know, no investigation has been reported on building such
an innovative trio hybrid with multi-channel electron transport routes for ameliorating the photocatalytic
behavior of SrTiOz and expanding its applicability area.

4.2. Experimental section

4.2.1. Chemicals and Reagents

Strontium chloride hexahydrate (SrCl..6H.O, 99%), potassium permanganate (KMnQOas, 97%), sodium
hydroxide (NaOH, 97%) graphite powder (98%), sodium nitrate (NaNOsz, 99%), sulphuric acid (H2SOa4,
98%), hydrogen peroxide (H202, 30wt%), ethylenediaminetetraacetic acid (C10H1sN20, 99%), isopropyl
alcohol (C3HgO, 99.5%), ascorbic acid (CeHgOs, 99%), hydrochloric acid (HCI, 35%), methanol (CH3OH,
99%), ethanol (C2HsOH, 99.9%), Iron chloride hexahydrate (FeCl2.6H20, 98%) were acquired from Loba
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Chemie (India). Commercially available Titanium dioxide (P25-TiO2, [70% anatase + 30 % rutile form]) was
obtained from Degussa Corporation Germany. All these reagents were of analytical grade and were used any
pre-treatment. Norfloxacin (C16H1sFN3O3) tablet (400 mg) was purchased from the pharmaceutical company
Bharat Health Care Ltd. Triple deionized water utilized throughout the entire study was procured from

Organo Biotech Laboratories Pvt. Ltd.

4.2.2. Synthesis of SrTiOz nanocubes

SrTiOz nanocubes were fabricated via a hydrothermal route. To begin, 3 mmol of SrCl,.6H20 was dissolved
in 20 mL of DI water (marked as solution A); then, 3 mmol of P25-TiO was dispersed in 20 mL of DI water
(designated as suspension B); and 0.2 mol of NaOH was dispersed in 40 mL of DI water (referred as C). For
30-minute, solutions A and B were stirred separately. The suspension B was then gradually added dropwise
to the solution A, followed by the solution C. After 1h of uniform mixing and magnetic stirring, the reaction
mixture was transferred into a (100 mL) Teflon-lined autoclave and subjected to a 24h hydrothermal
treatment at 200°C. Upon completion, the autoclave was allowed to cool down naturally. The product was
collected by centrifugation, repeatedly washed with DI water and ethanol, and then dried in a hot air oven at

65°C for 4 hours. Finally, white colored SrTiO3 nanocubes were obtained.

4.2.3. Synthesis of Graphene oxide
Graphene oxide (GO) was effectively prepared from graphite powder via the modified Hummer's approach.
[25]

4.2.4. Synthesis of Fe(l11) deposited SrTiOs nanocomposite

The wet impregnation method was employed for the deposition of iron species on SrTiOz. For this purpose,
100 mg of the as-synthesized SrTiOs powder was dispersed in a round bottom flask containing 20 mL of
distilled water. The required amount of FeCl..6H20 solution (0.1M) corresponding to distinct weight
percentages (1, 2 3) of Fe was then appended dropwise to it. The resulting solution was kept under continuous
magnetic stirring for 12h. The transformation of the solution's colour from white to orange indicates
successful Fe deposition. The obtained product was centrifuged, washed with DI water and ethanol several
times, and dried in an oven at 65°C for 3h. The various 1, 2, and 3wt% Fe(lll) impregnated SrTiO3
composites synthesized in this manner were abbreviated as 1Fe(111)-SrTiOz, 2Fe(111)-SrTiO3, and 3Fe(l11)-
SrTiOz, respectively.
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4.2.5. Synthesis of Fe(l11)-SrTiO3-GO ternary nanocomposite

The synthesis of the ternary Fe(l11)-SrTiOs-GO nanocomposite was performed by using a hydrothermal
process. To begin, 10 mg of GO was dispersed in 40- and 20-mL mixture of distilled water and ethanol
ultrasonically for 2 hours to thoroughly re-exfoliate the GO. Following that, 100 mg of the as-prepared
Fe(I11)-SrTiO3 composite was added to this GO dispersion and stirring was continued for 1hour to achieve
a homogeneous suspension. The obtained suspension was then loaded to an autoclave and heated to 120°C
for 3 hours. After cooling naturally, the grey color precipitates were recovered through centrifugation,
thoroughly washed with distilled water and ethanol thrice, and kept for drying in an oven at 65°C for 3 h to
obtain the desired xFe(I11)-SrTiO3-10GO nanocomposite. (x% Fe, fixed 10% GO by wt%).

The complete fabrication process of 2Fe(l11)-SrTiOs-10GO nanocomposite is schematically displayed in
Scheme-4.1.

4.2.6. Synthesis of SrTiO3-GO binary nanocomposite

SrTiOs-GO nanocomposite was also prepared in a similar manner for comparison. Briefly, 10 mg of GO was
firstly dispersed in a ethanol (40mL): water (20mL) mixture ultrasonically, then (100mg) of prepared SrTiOs
nanocubes were added to it. After 1 hour of uniform mixing and stirring, the final mixture was heat treated
at 120°C for 3 hours. Finally, a (10 wt% GO loaded, SrTiOs-10GO) binary nanocomposite was obtained
following a centrifugation, washing and drying procedure.
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Scheme-4.1: Schematic illustration of the fabricatior_1 process of the ternary Fe(I11)-SrTiOs-GO
nanocomposite.

4.2.7. Characterization
The crystal structures and phase purity of the as-fabricated photocatalysts were examined by the XRD
technique using Rigaku Smart Lab SE Japan X-ray diffractometer, with Cu Ka target as an irradiation source
(L= 1.5406 A) operated in the range of 5° to 85° (20). The surface chemical compositions and binding
energies of constitutional elements were investigated using an XPS spectrometer (Thermo Fisher ESCALAB
Xi+). The morphology and structural characteristics were appraised though FE-SEM, (Carl Zeiss SIGMA
500), HR-TEM (JEOL, JEM 2100 PLUS) electron microscopes. The EDS spectra and mapping images were

captured on the Bruker EDS system. Furthermore, optical absorption spectra of each sample were collected
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in a diffuse reflectance mode with a UV-vis spectrophotometer (JASCO, V-750) across region of 200-800
nm with BaSOs as a reference. The PL experiments were performed at room temperature using a
SHIMADZU RF-6000 spectrofluorimeter excited at 330 nm wavelength. The functional groups were
identified with FT-IR spectra taken on a SHIMADZU, IR Tracer-100 spectrophotometer using KBr pellets
as reference. Raman spectra were obtained from Labram HR, a Horiba micro-Raman spectrometer with a
excitation laser of 532 nm. Changes in the absorption spectra observed during the degradation of toxic
pollutant were recorded on a (Shimadzu, UV-2600) UV-Vis spectrophotometer. Electrical conductivity data
was obtained on a Solartron analytical impedance analyzer set at room temperature (Model: SI 1260).
Besides, the surface area and distribution of pore sizes were measured using the Quantachrome Nova-1000
surface analyzer by BET and BJH methods, respectively. (Analysis gas: Nitrogen, Outgas and bath
temperature: 180°C and 77.3 K respectively, Outgas Time: 6 h).

4.2.8. Photocatalytic activity test

The photocatalytic performances of pure SrTiOs, and its nanocomposites (Fe(I11)-SrTiOs, SrTiOs-GO, and
Fe(l11)-SrTiO3-GO) were examined by analyzing the degradation of a model pharmaceutical pollutant, NOF,
under LED light irradiation. The photocatalytic reactions were executed in separate test tubes. Typically, 5
mg of a sample was dispersed into each test tube containing 5 mL of a 20 ppm NOF aqueous solution. Before
being exposed to light radiations, the suspension was stirred magnetically for 40 minutes in the dark to ensure
that the catalyst and NOF molecules were in a state of adsorption-desorption equilibrium. The photocatalytic
degradation processes were then commenced by illuminating the test tubes containing different catalysts with
a 50-W LED lamp (Wipro Garnet B22, with ~100W/m? intensity) for 120 min. At appropriate time intervals,
each catalyst was separated from the test tube via a centrifugation at 6,000 rpm for 10 min to remove any
residual solid particulates. A UV-visible spectrophotometer was then used to analyse the supernatant.
Changes in NOF concentration were monitored by observing changes in the absorbance spectra at Amax = 272
nm.

The (%) of NOF degradation was calculated from the below-mentioned relation:

Degradation (%) = {(Co—Ct)/Co}x100 1)
where, Co and C;signifies the NOF concentrations at the initial stage at time ‘0’ and after exposure to light
irradiation at time ‘t’ respectively.

To inspect the mineralization capability of Fe(I11)-SrTiOs-GO, TOC evaluation experiment was executed,
using the titrimetric method.
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The TOC value was reckoned by the following equation with distilled water as a blank:

(Blank—Sample)xNormality of FASX12000

roc (mg/L) - Sample volume x4 (2)
The extent of mineralization was ascertained by the given equation:
Mineralization (%) = Tocmtial=TOC final w1 ()()0 (3)

TOC inital

Where, TOC initial is the total organic carbon of NOF (mg/L) before degradation; TOC#inal represents the total
organic carbon of NOF after degradation process of 120 min (mg/L). Further, the degraded products of NOF
were identified with LC-MS system (Waters Micromass QTOF Micro mass spectrometer) coupled with a
quadrupole time-of-flight high resolution mass spectrometer. Aqueous solutions of 0.1% of formic acid and

acetonitrile with HPLC grade were taken as mobile phases.

4.3. Results and Discussion

4.3.1. Structural study

XRD analysis

The crystalline phases of the as-fabricated ternary (2Fe(l11)-SrTiO3s-10GO) and binary (SrTiOs-10GO,
2Fe(111)-SrTiO3) nanocomposites along with the bare GO and SrTiO3 samples, were recognized using XRD
patterns, and the results are depicted in Fig.4.1(a). For pure GO, the typical sharp peak at a 20 value of
11.6° has been observed, which corresponds well to the (001) lattice plane [26]. The result indicates the
conversion and oxidation, of pristine graphite into graphene oxide. Further, the XRD profile of parent SrTiO3
shows characteristic peaks located at 20 = 22.78°, 32.34°, 39.8°, 46.4°, 52.34°, 57.7°, 67.6°, 72.04°, 77.09°,
which can be well indexed to the (100), (110), (111), (200), (210), (211), (220), (221), and (310) diffraction
planes of cubic-structured SrTiOs. (JCPDS No0.79-0174), respectively [27]. The XRD profiles of the two
binary samples, (2Fe(111)-SrTiOz, SrTiO3-10GO) as well as the ternary 2Fe(l11)-SrTiO3-10GO sample, were
found to be similar to those of pristine SrTiOs. No peaks associated with Fe2Os, FesOs, FeEOOH, or other
iron-based oxides/hydroxides have been observed in XRD diffractogram of Fe impregnated samples, which
might be because of the low amount of Fe species or their high dispersion on the SrTiOs surface. However,
the presence and distribution of Fe (I11) species have been additionally validated through FE-SEM, EDX,
and XPS technique. Meanwhile, the enlarged principal peak corresponding to the (110) crystal plane at (20
= 32.39°) clearly indicates that the Fe(IIl) deposition did not induce any noticeable shift even in the peak
positions of SrTiOz in respective 2Fe(111)-SrTiOz and 2Fe(111)-SrTiOz-10GO samples (Fig.4.1(b)). This
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suggests that Fe ions are well adhered on the surface instead of being embedded into the SrTiOs lattice [28].
Additionally, in the case of the GO hybridized system, negligible diffraction peaks belonging to the GO were
detected in the XRD profiles of SrTiO3-10GO and 2Fe(l11)-SrTiO3-10GO nanocomposites. The absence of
such a peak could be due to the relatively small content, low diffraction intensity and nice dispersion of GO
in the composites. Besides, the sharp peaks and lack of any impurity related peaks demonstrates the purity

and highly crystalline nature of the prepared materials.
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Fig.4.1: (a) XRD patterns of GO, pristine SrTiOs, binary [2Fe(Il)-SrTiOs, SrTiO3-10GO], and ternary
2Fe(111)-SrTiO3-10GO samples (b) their corresponding magnified XRD patterns with an enlarged (110)
crystal plane.

4.3.2 Raman analysis

The existence of GO in 2Fe(l11)-SrTiO3-10GO is further ascertained by Raman spectroscopy. Fig.4.2
compares the Raman spectra of the GO and various SrTiOs samples, with Raman shifts ranging from 100
cm! to 2000 cm™!. The spectra of parent SrTiOs, exhibit a broad continuum in the range of 100-1150 cm™,
Peaks corresponding to first order raman modes in SrTiOs are observed at 179.9, [254.7, 289.4, 366.7],
5445 cm™ which are associated with the TO, (O-Sr-O), TOsz (O-Sr-O), and TOs (O-Sr-O), modes
respectively, while the second order raman bands are occurring at [621.3, 685.0, 712.2], 802.2 cm™ are
allocated to the LO (Ti-O-Ti) and LO4 (Ti-O) modes respectively [27,29]. After depositing iron species, no
shift or broadening of Raman peaks is observed in 2Fe(111)-SrTiOs, demonstrating that the SrTiOs structure
remains intact. The well-known D (1349 cm™) and G (1598 cm™) bands of GO, were clearly visible in the
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raman spectrum of GO. The D band is due to the presence of disorders in sp?-hybridized carbons, arising
from breathing mode of k-point phonons with Aig symmetry and the G band is caused by the phonon
vibration of sp? carbons with Eoqg mode [30,31]. Both the binary and ternary composites (SrTiOs-10GO and
2Fe(I11)-SrTiO3-10GO) exhibit all of the characteristic bands analogous to pristine SrTiOs and GO,
confirming the successful attachment of graphene oxide sheets. However, when compared with pure SrTiOs,
the peak intensities of the hybrids were significantly lowered due to the strong bonds between the various
components, or the surface coverage by GO, and Fe(l11) species. This further advocates the intimate contacts

developed between the individual components of the ternary hybrid.
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Fig. 4.2: Raman spectra of GO, pristine SrTiOz, and various SrTiO3 hanocomposites.

4.3.3 FT-IR analysis

FT-IR analysis was done to investigate the differences in chemical structure and study the bonding
interactions in pure GO, SrTiOs, 2Fe(l11)-SrTiO3, SrTiOs-10GO, and 2Fe(111)-SrTiO3-10GO samples, and
the results are depicted in Fig. 4.3. The FTIR spectrum of synthesized GO, revealed the existence of several
O-containing functional groups on its surface such as the band at 934 cm™ belongs to the C—H bending
vibration, while, 1044 cm™ refers to the C—O stretching vibration. Band around 1248 cm™ relates to the
(C—0—C) epoxy group’s asymmetric stretching vibration. An absorption peak at 1381 cm™ relates to
carboxyl (C-O) group’s bending vibrations. The band noticed at 1598 cm™ corresponds to the aromatic
stretching vibration mode of the sp? carbon skeletal network (C=C) and the other at 1720 cm™ was
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characterized as C = O stretching vibration of the carboxyl (COOH) group. The C-H bond vibrations in sp?
hybridization corresponds to the band at 2987 cm™2. Finally, a broad band in the high frequency region of
3000-3500 cm™* associates with the stretching, bending vibrations of O-H groups of water molecules
adsorbed on GO surface[32,33].

For the SrTiOsz NC’s, the characteristic absorptions were observed at 540, 855, 1646 and 3430 cm™. Peak at
540 cm® corresponds to the Ti-O stretching mode. This implies the existence of TiO6 octahedrons and the
formation of SrTiO3 perovskite-like structure. The weak peak at 855 cm™ is from the stretching vibrations
of Sr—O bond. Broad absorption peaks around 1646 cm™ and the band at

3430cm are the bending and stretching vibration modes of O-H group from the adsorbed water molecules
[34,35]. Compared to pristine SrTiO3z, small amount of O functional groups (C-O, C-O-C, C=0)
characteristic of GO, are additionally detected in the spectrum of both SrTiO3s-10GO, and 2Fe(l11)-SrTiOs-
10GO nanocomposites, strongly demonstrating the existence of chemical bonding with GO in the
synthesized composites. However, no functional groups of Fe(lll) species were found in iron modified
composites (Fe(111)-SrTiOz, and Fe(111)-SrTiO3-GO), most likely due to the low loading amount and high
dispersion. Besides, no discernible differences were observed in comparison to SrTiOgs, indicating that

anchoring of Fe(l11) species did not alter the chemical structure of SrTiOs.
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Fig. 4.3. FT-IR spectra of GO, pristine SrTiOs, and various SrTiOz nanocomposites
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4.3.4 XPS analysis

XPS measurements (Fig. 4.4) were done to examine the surface elemental composition as well as chemical
state of the multi-component 2Fe(I11)-SrTiOs-10GO nanocomposite. As depicted in (Fig.4.4(a)), the XPS
survey scan spectrum clearly show that the composite consists of Sr, Ti, O, Fe, and C elements, this is in
accordance with the EDS mapping analysis discussed later. The high-resolution XPS spectrum of Sr (3d)
(Fig.4.4(b)), exhibits 2 prominent peaks that are allocated to Sr 3ds;> (133.7 eV) and Sr 3ds2 (135.3 eV),
respectively, suggesting that the strontium element exists in the Sr?* state. One deconvoluted peak appearing
at 132.2 eV related to the metallic Sr°. The Ti (2p), XPS spectra (Fig.4.4(c)) presents two distinct peaks,
centered at 458.4 eV and 464.1 eV, corresponding to the Ti 2pszand Ti 2p12 binding signals respectively[36].
The difference in B.E’s between these two peaks was observed to be 5.7 eV, suggesting that the chemical
state of Ti in the 2Fe(l111)-SrTiOs-10GO composite was Ti** [37]. The spectrum (Fig.4.4(d)) of O (1s) was
fitted to 2 deconvoluted peaks at B.E.530.0 eV and 532.0 eV. The high peak at 530 eV correspond to crystal
lattice oxygen of SrTiO3, whereas the other peak at 532.0 eV attributes to the adsorbed oxygen from the OH
bond (surface hydroxyl group) attached to the composite’s surface.Furthermore, the XPS spectra of Fe 2p
(Fig.4.4(e), exhibits two main peaks centered at 710.6 eV (Fe 2ps2), 724.0 eV (Fe 2p12) and a satellite peak
at (719.3 eV) which are characteristic of Fe in trivalent oxidation state (Fe(lll)). Moreover, the peak
separation (A =2pu1 - 2p32=13.4 eV) , is comparable to that of Ferric ion [38]. This is also corroborated by
the satellite peak of Fe* which is located at higher B.E. of about 8.7 eV from the main Fe 2ps/2 peak, which
matches well with the B.E. energy difference reported in literature and rules out the presence of Fe?* species.
These findings strongly suggest that, the surface deposited Fe species in the synthesized composite, are in
Fe(l11) oxidation state, which corresponds to the iron in its oxide (Fe203) or hydroxides (FeOOH) form.
However, it should be noted that many reports, including one by Kirstin et al.[39], clearly show the presence
of the aforementioned Fe peaks, which are associated with the a-Fe2Os (Hematite) phase of iron. (Fig.4.4(f)),
displays the GO, C1s XPS spectrum, which is deconvoluted into three peculiar peaks. The peak at 284.5 eV
referred to the typical C-C bonds in the aromatic network for GO, while the other two weaker peaks
positioned at the 286.2 and 288.6 eV corresponded to the epoxy (C-O), carbonyl (C=0) functional groups
suggesting the existence of oxygen-containing groups in GO[20]. From the XPS results, it can be strongly

inferred that the formation of the ternary Fe(l11)-SrTiO3-GO composite was successful.
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Fig. 4.4: XPS spectra for 2Fe(I11)-SrTiO3-10GO nanocomposite (a) survey scan (b) Sr 3d, (c) Ti 2p, (b) O
1s, (d) Fe 2p, and (e) C 1s spectrum.

4.3.5 Morphology studies
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FE-SEM, EDS-Mapping and HR-TEM analysis

In order to understand the morphological and structural features of newly designed ternary 2Fe(111)-SrTiOsz-
10GO nanocomposite, FE-SEM, TEM and HR-TEM analysis were carried out. As evident from the FE-SEM
micrograph Fig.4.5(a), pristine SrTiOs has a well-defined nanocube’s like morphology with a smooth
surface. In the ternary 2Fe(111)-SrTiO3-10GO system, Fig.4.5(b), some tiny Fe(I11)NPs with irregular shapes
can be seen tightly anchored on the surface of SrTiOz nanocube’s, all of which interacted well with the 2-D
lamellar structure of GO. The tightly packed surface morphology of the composite particles is expected to

result in a smooth pathway for the efficient electron transportation and collection.

Elements | Weight% | Atomic%
Sr 39.94 13.29

Ti 22.89 13.94

(] 23.68 43.15

Fe 1.64 0.86

C 11.85 28.76

e

Fig.4.5: (a-b) FE-SEM images, (c) corresponding EDX spectrum; and (d) elemental color mapping images
of different elements (Sr, Ti, O, Fe, C) present in ternary 2Fe(l11)-SrTiO3-10GO nanocomposite.
Further, the images of EDS spectrum and corresponding elemental distribution with colored dot mapping

(Fig. 4.5(c-d)) testify the co-existence of Sr (pink), Ti (azure), O (orange), Fe (red) and C (yellow) constituent
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elements in the hybrid, affirming the successful configuration of the Fe(l111)-SrTiO3-GO trio with high
elemental purity and even distribution of Fe(l1l) species deposited SrTiOz nanocube’s over the GO surface.
The atomic percentage of each element is revealed in the inserted table in Fig. 4.5(c), which shows that
SrTiOs is more abundant in the sample than GO and Fe species, this is consistent with the findings of SEM
analysis.

Fig. 4.5((a)-(d)) displays the TEM images of the 2Fe(111)-SrTiO3-10GO nanocomposite. Similar to
FE-SEM, SrTiOz NPs were found to have a cube like structure with an average length of 24 nm (as measured
by the particle size distribution pattern). On each SrTiO3 nanoparticle, dark colored patches in the range of
2-10 nm are observed, which are believed to be the Fe(lll) species adhered to the SrTiO3z surface. The
photographs clearly show the accumulation of Fe(l11)-impregnated SrTiOs NCs on layered GO sheets. These
images depict the perfect development of the desired ternary composite with close contacts.

The HR-TEM analysis was then used to investigate the effectual integration of the three components in the
developed hybrid. The image (Fig. 4.6(e)) clearly shows, the presence of two distinct sets of well-resolved
lattice fringes, one of which is associated with (110) crystal plane of cubic SrTiOz with an interplanar spacing
(d) of 0.271 nm [36] and another with a lattice spaces of 0.375 nm, attributing to the (012) diffraction plane
of Fe(IIl) species from a-Fe20s3 (JCPDS No. 33-0664). This provides an authentication that the anchored
Fe(lI11) ions are in the form of iron oxide i.e. alpha hematite [40]. And, GO nanosheets served as the support
for both the anchored Fe(l11) species and SrTiOs. Likewise, the SAED pattern Fig. 4.6(f), displays numerous
concentric diffraction rings with bright spots, which are congruent to peculiar ring pattern of SrTiOs [(110),
(200), (220), (311)], a-Fe203 [(006)], and (001) plane of GO, which further demonstrated that impregnated
iron species were firmly anchored on SrTiOs NCs and are nicely supported by GO sheets[36,40]. According
to HR-TEM results, the Fe(l11) clusters formed by the impregnation method were in the grown in the form
of Fe>Os. Furthermore, the diffraction spots in the SAED pattern demonstrated the hybrid material's

polycrystalline nature.
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— Fe,O;3/Fe(11l)

10 nn — T —— GO
Fig.4.6: (a-d) HR-TEM images (e) Lattice fringes and (f) SAED pattern of 2Fe(lll)-SrTiO3-10GO
nanocomposite.

Overall, the FE-SEM and HR-TEM observations jointly evidenced successful fabrication of the dual (iron)
and (graphene oxide) modified SrTiO3 nanocomposite with development of strong and close contacts along
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with existence of multiple e- transfer routes between the individual constituents (Fe(l1) species, SrTiOs NCs
and GO sheets) in trio hybrid. This could be beneficial for the adequate charge carrier’s migration as well as

segregation in the composite ultimately resulting in an amelioration in SrTiO3’s photocatalytic activity.

4.3.6 Porosity and surface area study

In photocatalytic degradation reaction, a large surface area allows the adsorption of more reactants on the
catalyst’s surface, while a larger pore volume promotes the fast diffusion of numerous reactants and products,
thus, upgrading the photocatalytic ability for removing pollutants efficiently[41,42]. Hence, characterizing
the photocatalyst's surface area and distribution of pore size is beneficial for investigating the material's
photocatalytic features. The N2 adsorption-desorption experiments were carried out to explore these textural
properties (porosity and surface area) of pristine SrTiOs as well as ternary 2Fe(l11)-SrTiO3-10GO
nanocomposite and the findings are portrayed in Fig. 4.7.

According to the IUPAC, the curve shape (Fig. 4.7(a)), of both samples resembles the classic type-I1V
isotherm with typical H3 hysteresis loops at pressures ranging from (P/Po), [0.8- 1.0], representing the
formation of slit-like pores that are generally associated with aggregates of platelike particles typical
mesoporous nature of nanostructures.[43]The BJH analysis curves ((Fig. 4.7(b)), indicated that for both the
samples, the majority of the pores lie in the range of 2-25 nm which further signals the existence of a

mesoporous structure.

1
H (a) —=—SrTiO, —=—SrTiO, (b)
S —e— 2Fe(I1)-SrTi0,-10GO 0.004 - —e— 2Fe(I)-SrTi0;-10GO
S 60- 5 0.003+
E £
2 = i
T 40 s 0.002
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>
0 . : i . . 0.000 + . . ' . ’
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Relative pressure (P/P,) Pore diameter (nm)

Fig. 4.7: (a) N2 adsorption isotherms and (b) the corresponding BJH pore size distributions curves of pristine
SrTiOz and 2Fe(111)-SrTiO3-10GO nanocomposite.

The associated textural properties of pristine SrTiOz and ternary 2Fe(l11)-SrTiO3-10GO nanocomposite are
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presented in Table-4.1.

S.No. Photocatalyst Surface area Total Pore Mean Pore
(m?g?) Volume (cm3g?) diameter (nm)
1 SITiO3 25.635 0.109 2.297
2 2Fe (111)-SrTi03-10GO 36.137 0.132 2.030

The calculated BET surface area of the optimal 2Fe(111)-SrTiOs-10GO sample (36.137 m?/g) was approx.
1.4 folds larger than that of pure SrTiOs (25.635 m?/g). The enlargement observed in the surface area could
be owed to the surface deposition of Fe(lll) and the inclusion of a wonderful carbonaceous material such as
GO, with excellent supportability and a high adsorption capacity. Likewise, the pore volume of the ternary
composite was also found to be larger compared to those of pure SrTiO3 NC’s, which means that in composite
there is enough volume to hold and transport the contaminant molecules. However, the average pore size is
observed to be slightly reduced in 2Fe(111)-SrTiO3-10GO, may be due to the interaction between the three
components in the hybrid. Thus, the ternary photocatalyst with a mesoporous feature, extended BET surface
area and higher pore volume is capable of supplying plenty of surface-active sites during the photocatalysis,
which is conducive for ameliorating the photocatalytic degradation performance.

4.3.7 Optical and charge transfer properties

UV-Vis Diffuse reflectance spectra

The light absorption properties of as-fabricated samples were visualized using diffuse reflectance
spectroscopy and the outcomes are presented in Fig.4.8. (Fig. 4.8(a)) clearly depicts that, pure SrTiOs
absorbs strongly in the UV range, with an absorption maximum around 392 nm. This absorption is attributed
to the transition of e- from the O 2p orbital of VB) to the Ti 3d orbital of the CB. [44] In comparison to the
limited light absorption of pristine SrTiOgz, the two binary composites (2Fe(l11)-SrTiOs, SrTiO3-10G0O), and
the ternary (2Fe(l111)-SrTiO3-10GO) hybrid demonstrated strong absorption intensities from 400 to 800 nm.
Anchoring Fe(111) nanoparticles on SrTiOs’s, surface significantly improves its optical absorption property
by extending the absorption tail to above 500 nm. According to the literature, the d-d transition of the Fe(lll)
cocatalyst may play a role in this. In addition, a new absorption band in the region of 450-550 nm has been
observed in Fe(l11) impregnated SrTiO3 sample. This could be ascribed to the IFCT process occurring from

SrTiOz’s, VB electrons to the surface Fe(l11) species that greatly reduces the transition distance [12,13,45].
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The incorporation of GO further enlarges the visible light response, a considerable red shift is noticed in the
absorption edges, which is credited to the chemical interaction among the SrTiOs surface and the GO
functional groups via the Ti-O-C bond [46]. Moreover, the fact that it is a blackbody material aids in
improving the sample's absorption capacity.

After compounding both Fe and GO, with SrTiOg, the resultant hybrid not only exhibits an increase in
absorption intensity but also has a much wider absorption band across the entire visible spectrum[47]. As a
result, the combined IFCT phenomenon coming from the deposited Fe(l1) species and photosensitization by
GO results in the highest optical absorption strength and favors more efficient visible light utilization.

The observation was in close agreement with the colors of the corresponding samples which varied from
white for pristine (SrTiOs3) to bright orange for binary (2Fe(l11)-SrTiOz), and finally to dark grey for trio
(2Fe(111)-SrTiOz-10GO).

Besides this, the band gap energies of Eg of each photocatalyst were assessed using the empirical equation
[48]:

ahv = A (hv - Eg)? (4)
Here o, h, v and A, represents the absorption coefficient, planck’s constant, frequency of incident light,

proportionality constant, and bandgap energies respectively.
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Fig. 4.8: (a) UV-Vis diffuse reflectance spectra and the corresponding (b) Tauc plots of pristine SrTiO3,
binary 2Fe(l11)-SrTiOsz, SrTiO3-10GO, and ternary 2Fe(111)-SrTiO3-10GO samples.

As depicted in (Fig. 4.8(b)), in comparison to the larger band gap energies of bare SrTiOz (3.00 eV), SrTiOz-
10GO (2.70 eV), and 2Fe(111)-SrTiO3 (2.58 eV), the ternary photocatalyst 2Fe(l11)-SrTiO3-10GO had the
smallest optical bandgap energy (2.51eV), indicating that the energy demand for exciting the electrons from
the VB to the CB is significantly lowest in the trio 2Fe(l111)-SrTiOs-GO nanocomposite. These findings
suggest that combining SrTiO3, simultaneously with both Fe and GO played a vital role in reducing the band
gap, and successfully induced and broadened the visible light response range of parent SrTiOs towards longer
wavelengths. Thus, the newly designed Fe(lll)-SrTiOs-GO composite with the strongest visible-light
harvesting capacity is expected to reap abundant photons, which could generate more charge carriers,

subsequently boosting its photocatalytic efficiency.

Photoluminescence measurement

The efficient segregation of photoinduced electrons and holes is considered as a prominent factor for an ideal
photocatalyst. In this regard, the PL emission spectra was studied for the investigation of the migration,
separation, and rejoining extent of e-h* pairs. Lower PL intensity usually indicates improved separation and
transfer of the photo-produced carriers which enhances the photocatalytic ability. Fig. 4.9(a) illustrates the
PL emission spectra of the samples measured at (Aex = 335 nm). The PL spectrum of pristine SrTiOs NCs
has been observed to emit both in the UV and visible regions. At 380 nm [Near band gap emission (NBE)],
a strong UV emission peak appears, which could be caused by recombination of free excitons and
corresponds to the typical band edge emission of SrTiOsz perovskite. Other weaker blue and green emission
bands [Defect-related deep level emission (DLE)], observed at 469 and 536 nm attributes to several intrinsic
structural defects such as OH-defects, oxygen vacancies (Vo), surface states, and recombination of self-
trapped excitons (STE) formed between the CB and VB of SrTiO3[49-52]. However, M. L. Crespillo et al.,
study reveals that both blue and green emissions may be associated with STE center transitions from unbound
(blue) to bound (green) excited states [53]. Moreover, all the curves display similar emission peaks
positioned around 380, 469, and 536 nm with the intensity of the PL spectrum decreasing in the order of
2Fe(111)-SrTiO3-10GO > 2Fe(l1)-SrTiOs > SrTiOs-10GO > SrTiOz. Among all, SrTiOs exhibits the most
intense PL signal, indicating high extent of reconciliation and a low proficiency of charges partition.
However, the peaks intensities decreased markedly, after being modified with Fe(lll) species as well as GO,

suggesting that the carrier lifetime is longer in the composites. Reduced fluorescence signals here, reveals
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the beneficial roles of these co-catalysts in prohibiting the joining of e-h* pairs. Notably, the intensity of the
PL emission was highly quenched in 2Fe(111)-SrTiO3z-10GO, implying that the charge reunion process gets

further delayed in the ternary composite.
Two major factors can be imputed to the observed quenching effect: (i) the role of impregnated Fe species,

in facilitating the adequate e- transference from the SrTiO3z VB to Fe(ll1) surface and effectively consuming
the photoinduced electrons via IFCT and multielectron reduction reactions, ultimately suppressing the
reunion of e-h* pairs [54]. (ii) as a carbonaceous material, GO possesses excellent electronic conductivity
and a high storage capacity, which accelerates the transportation of photoexcited carriers from the CB of
SrTiOz to its large surface and then to the active sites, thereby extending charge carrier lifetime and
contributing to the superior photocatalytic activity of Fe(I11)-SrTiOs-GO. The outcomes of the PL analysis,
shows that by fabricating a ternary nanocomposite with strong coordination between the individual
components (deposited Fe(l11), active SrTiO3 NC’s , and GO), it is possible to achieve efficient charge carrier

transfer system with a lower recombination rate, which benefits the increased photocatalytic ability.
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Fig. 4.9: (a) Photoluminescence (PL) spectra and (b) Nyquist impedance plots of as-fabricated samples.

Impedance analysis
Furthermore, the EIS measurements were performed to gain deeper insight into the charge transfer efficiency

of the pristine SrTiOzand its nanocomposites. Generally, a smaller arc radii in the Nyquist plot corresponds
to faster interfacial charge transport and ameliorated charge segregation efficiency [55]. The arc radius here,
followed the sequence of SrTiOsz > SrTiO3-10GO > 2Fe(l11)-SrTiOs > 2Fe(l11)-SrTiOs-10GO. As can be
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perceived from (Fig. 4.9(b)) that there was a decline in the arc radius when co-catalysts Fe and GO were
introduced into the SrTiOz sample, suggesting that the formation of composites could reduce the electron
transfer resistance and minimize the rate of e-h* pairs recombination, resulting in a superior interfacial
charge carrier transport system. Compared to binary composites, the ternary 2Fe(l111)-SrTiO3-10GO
composite owned the smallest arc radius, demonstrating that it holds the highest electrical conductivity, more
accelerated charge carrier migrations, as well as adequate separation of photoinduced carriers. The obtained
EIS results are consistent with the above PL analysis and unambiguously reveal the valuable role of
constructing a ternary hybrid (2Fe(l11)-SrTiOs-10GO) for promoting the separation of photo-produced
charges.

4.4. Photocatalytic activity

4.4.1. Photodegradation reaction

Photocatalytic efficiencies of the as-fabricated Fe(lll)-SrTiOs-GO ternary composite were examined by
monitoring the photodegradation of NOF, a typical fluroquinolone antibiotic drug, under LED-light
illumination. For comparison, the NOF removal over pure SrTiOz, and binary (Fe(I11)-SrTiOs, SrTiO3-GO)
composites were also investigated. The degradation process was studied by tracking the main absorption
peak of NOF at 272 nm over different time spans. Several Fe(l11)-SrTiOs compositions were probed in order
to determine the optimal loading of impregnated Fe onto the SrTiOs. Aside from photodegradation, control
tests on self-photolysis and dark adsorption were performed.

As presented in Fig. 4.10(a), photolysis (in absence of catalysts) was seen to be ineffective for NOF removal
with only a ~7% decrease in absorbance observed after 120 minutes of LED light treatment. The faint
degradation capacity of direct photolysis, certifies that NOF is photostable. About 36.1% of NOF molecules
were adsorbed when the 2Fe(l11)-SrTiO3-10GO and NOF reached the adsorption-desorption balance (40
min) in the dark, while 13.4%, 26.3%, 27.9% 25.8%, and 28.8% of NOF were adsorbed over pristine SrTiOg,
[1Fe(I1)-SrTiOs, 2Fe(l11)-SrTiOs, 3Fe(l1)-SrTiOs]; SrTiOs-GO, samples respectively. Clearly, the
adsorption capacity of newly designed 2Fe(l11)-SrTiO3-10GO was superior to that of all other modified and
unmodified samples. This is due to the increased BET surface area with abundant NOF adsorption sites
obtained by simultaneously incorporating Fe and GO onto the surface of SrTiOs. Further, to advance the
elimination efficacy, the degradation was commenced with the light illumination. Upon exposure to LED
light for 120 min, the catalytic performance of synthesized photocatalysts progressed as follows: SrTiOs

(33.6%) < SITiOs-10GO (68.5%) < 2Fe(111)-SrTiOs (79.2%) < 2Fe(111)-SrTiOs-10GO (92.3%). The results
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show that pristine SrTiO3z can only degrade a limited amount of NOF, owing to its narrow photo-response
range, low specific surface area, and ultrafast rejoining of photoinduced e and h*. The deposition of Fe(lll)
species, is observed to facilitate the performance. Although all of the Fe(l11)-SrTiO3 composites had higher
photocatalytic activity than the single-component sample. The extent of degradation, however, is strongly
dependent on the amount of Fe(lll) loaded. With the raise of the Fe(lll) content in the composites their
removal efficiencies increase gradually and then decline. Among all the iron deposited SrTiOz composites,
the 2Fe(111)-SrTiO3 (with Fe content = 2wt%) exhibited the highest degradation efficiency toward NOF
removal. Increasing the amount of Fe(lll) further to 3 wt% slightly reduced the NOF removal efficiency.
Such a phenomenon can be explained by the following two aspects. When the deposited content of Fe(ll1)
species was lower, photo-generated charge carriers in the 1Fe(lll)-SrTiOs composites could not be
effectively partitioned, and would supply insufficient active sites on the surface of SrTiOs, resulting in low
photodegradability. While the presence of excessive Fe(lll) ions may partially cover the active sites and
prevent incident illumination from reaching the catalyst surface, this impeded the photoexcitation of Fe(lll)
and SrTiOg in the binary composite, which could act as recombination centers and undermines the charges
separation. This eventually reduces the photocatalytic ability. Therefore, the loading of appropriate amount
of Fe(lll) species is conducive to achieve the optimum synergy effect between Fe(lll) and SrTiO3, After
further modifying the optimal 2Fe(l11)-SrTiOs composite with graphene oxide, the photocatalytic activity
was remarkably improved. Narrower band gap, enhanced light harvesting ability, minimal e™-h* pair charge
carrier recombination, and stronger adsorption capability all contribute to the 2Fe(111)-SrTiO3-10GO's high
photodegradation ability.

Moreover, the photocatalytic degradation kinetics of NOF was quantitatively analyzed by fitting the
experimental values to a pseudo-first-order rate equation.

{In(C/Co) = —kt} (5)
Here, Co and C; denote the NOF concentration’s at (0) and (t) minutes of irradiation, respectively, while k
represents the reaction rate constant (min~'). Fig. 4.10(b), depicts the linear relationships between In(Co/Ct)
and reaction time using as-synthesized samples. Interestingly, in line with the degradation efficiency, the
degradation rate constant (k) of 2Fe(111)-SrTiOs-10GO is the highest (0.019 min™"), which is approximately
~9.5, ~2.1, and 1.58 folds greater than those of the SrTiOs NCs (0.002 min™!), SrTiO3-10GO (0.009 min™!),
and 2Fe(111)-10SrTiOs, (0.012 min™"). As previously discussed, the exceptional photocatalytic ability of the
2Fe(I11)-SrTiO3-10GO sample, demonstrated that the synergy of both anchored Fe(l11) species and GO is
fruitful in magnifying the photocatalytic response of SrTiOs.
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Additionally, the temporal variations in the absorption spectrum of NOF over bare SrTiOs and the ternary
2Fe(111)-SrTiO3-10GO catalysts during the degradation process were monitored and the outcomes are
displayed in Fig.4.10((c)-(d)). The degradation profiles clearly show that with an increase in the irradiation
period, during the degradation course, the intensity of the maximum absorption peak of NOF (Amax=272nm)
is noticed to gradually diminished by both the catalysts. 2Fe(l11)-SrTiO3-10GO, however, accomplished a
quite larger reduction after 120 min of LED irradiation. The flattening of the NOF spectral profile emphasizes
the commendable degradation efficiency of 2Fe(l11)-SrTiOs-10GO in contrast with the unmodified SrTiO3

sample.
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Fig. 4.10: (a) Time course-kinetic plots and (b) corresponding variations in apparent reaction rate constants
(k) values obtained for the degradation of NOF antibioitc in the presence of different photocatalysts (c) Time-
dependent UV-vis spectral absorption changes of NOF solution over pristine SrTiOz and (d) 2Fe(I11)-SrTiOs-

10GO ternary nanocomposite under 120 min LED light illumination.
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Fig.4.11(a-b) displays the complete kinetic analysis data of different photocatalysts with histograms for NOF
removal.

The marked augmentation in degradation efficiency of the ternary hybrid over pristine SrTiOs and other
binary catalysts can be associated with these advantages:

()Well developed ternary structure with three types of intimate contacts developed simultaneously in the
Fe(111)-SrTiO3-GO hybrid, i.e. between SrTiOz and anchored Fe(l1l) ions, between Fe(l11) and incorporated
GO sheets, and between SrTiOs NC’s and GO sheets. All jointly contributes to the extraordinary
photocatalytic behavior by providing multi-channel electron transport routes. This expertly suppresses the
rejoining extent of e-h™ pairs in SrTiOs thereby prolonging their life-time and thus increasing their
participation in the photo degradation process.

(ii) Enlargement in the specific surface area with simultaneous deposition of Fe(l1l) ions and GO sheets on
SrTiOs nanocube’s aids in the provision of more active adsorption sites suitable for adsorption of the
pollutant molecules which ultimately facilitates the quicker degradation.

(iii) Increment in visible light absorption extent with considerable red shift in absorption edges achieved
through the IFCT process of Fe(l11) ions as well as the role of GO as a sensitizer.

(iv) Advancement in the transfer and separation ability of the photoinduced charge carriers owing to the
superb electrical conductivity and mobility of GO.

(v) The direct transfer of electrons from SrTiOs VB to the Fe(l1l) surface by the IFCT mechanism increases
the availability of holes in SrTiO3 VB, resulting in the efficient production of active hydroxyl radicals with
high oxidizing power, which promotes the degradation process.

Besides, we compared the photocatalytic performance of the as-synthesized 2Fe(lll)-SrTiOs-10GO
nanocomposite towards the degradation of NOF removal to that of some other previously reported
photocatalysts (Table-4.2).

Remarkably, the photocatalytic activity of 2Fe(lll)-SrTiOs-10GO outperforms that of the other
photocatalytic materials addressed earlier, strongly recommending that this newly designed ternary hybrid
holds enormous potential as an efficient nanomaterial for application in field of wastewater treatment.
Table-4.2: Comparison of performance of 2Fe(l11)-SrTiO3-10GO with other promising photocatalysts for
NOF degradation .
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S.No

1.

=

Photocatalyst

2BVP/GQDs/PCN

TiO2/Bi2WOQOe/rGO

(TBR-0.75%)

rGO/Bi2WOs

CsPbBr3-rGO/Bi,WOs

3:1BiOBr/B-Biz03

AgsPO/GO
(AG-2)

2Fe(111)-SrTiO3-10GO

Initial NOF
concentration

(Ppm)
20

10

20

15

114

Light
Intensity

300W Xenon
lamp
(420 nm cut-
off filter)
[Visible
light]

500W Xenon
lamp
(400 nm cut-
off filter)
[Visible
light]
300W Xenon
lamp
[Visible
light]

300W Xenon
lamp
(420 nm cut-
off filter)
[Visible
light]

500W Xenon
lamp
[Simulated
Sunlight]

250W Xenon
lamp
(100 mW cmr
2

[Visible-LED
light]

50 W LED
lamp
(~100W/m?)
[Visible-LED
light]

Degradation
efficiency
time (min)

86.3%
in
120 min

87.79%
in
60 min

87.49%
in
180 min

69.79%
in
120 min

71%
in
60 min

83.68%
in
100 min

92.3%
in
120 min
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4.4.1. Pollutant mineralization

One of the primary goals of photocatalytic processes is to mineralize the target organic pollutant. Following
that, TOC analysis was employed to determine the extent of mineralization. The amount of organic carbon
dissolved in the aqueous solution is generally represented by the TOC value. And the reduction in the TOC
concentration reflects the extent of mineralization of the organic content at the end of the reaction [56]. So,
to assess the extent of mineralization of NOF antibiotic over the as-prepared trio, (2Fe(l11)-SrTiOs-GO)
photocatalyst, the TOC was measured both before and after the photodegradation process (Fig. 4.11(c)). The
obtained results reveal that after 120 minutes of LED light exposure, the removal ability reached 60.0%,
indicating that 2Fe(l11)-SrTiO3-GO, can mineralize more than half of the NOF molecules which is also
adequate to remove the antimicrobial properties of antibiotics and their harmful impacts on the environment
and human health. And the low percentage of TOC removal in comparison to degradation efficiency, could
be associated with the higher stability of the NOF molecule with its large aromatic ring structure as well as
the generation of immense number of intermediate products that could accompany the degradation process
and still contribute to the TOC of the solution. As a result, total antibiotic mineralization is difficult to
achieve. However, prolonged treatment is expected to provide complete mineralization of NOF from aqueous

solutions.

4.4.2. Active species detection

To identify the dynamic agents involved in the photocatalytic removal of NOF over optimal 2Fe(111)-SrTiOsz-
10GO composite, the radical scavenging experiments were carried out Fig. 4.11(d)). The analysis was done
by employing 10°M solutions of AA, IPA and EDTA for trapping (O2"), (.OH), and (h*), species
respectively. This active species detection test was conducted under similar conditions as the degradation
experiments. When compared to the scavenger-free photocatalytic system, the decrease in photocatalytic
activity with the addition of scavengers suggests that the photocatalysis of NOF over 2Fe(111)-SrTiO3-10GO
is influenced by holes, super oxides, and hydroxyl radicals. However, the addition of EDTA and IPA has an
acute suppressing effect on NOF removal, indicating that both h™ and. OH are the primary active species that
were produced and responsible for the degradation, whereas (AA) only marginally affects the photocatalytic
rate, implying that O>™ plays a limited or subordinate role. The contribution of each reactive species to NOF

removal was in the following order: h*>. OH > O,". The same phenomenon was observed in the NiWO4@g-
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CsNg4 [57], Ag/FeTiO3/Ag/BiFeOs [58], photocatalytic reaction systems. Thus, it can be deduced that, the

degradation of NOF is chiefly accomplished by h* and. OH active species.
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Fig. 4.11: (a) Photodegradation efficiencies (b) reaction rate constants (k) (min™) values exhibited

by

different photocatalysts for NOF degradation. (c) TOC removal of NOF using 2Fe(l11)-SrTiO3-10GO (d)
Influence of various scavengers on the removal effect of NOF in the presence of 2Fe(l11)-SrTiOs-10GO

photocatalyst.

4.2.3. Probable degradation mechanism

For grasping the photocatalytic mechanism, the transport pathways for photoinduced charge carriers needs

to be speculated, by combining the experimental results with the band-edge potential levels of the concerned

semiconductor. In this regard, the CB and VB positions of SrTiOs were formulated by the following

formulas:
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Ecs = y - Ee-1/2E (6)
Eve =7 - Ee+1/2E, (7)
Here, x denotes the absolute electro-negativity of SrTiOsz (5.34 eV), Ecg and Eve are its conduction band and
valence band positions, Ee is the energy of free-electrons on the H; scale (4.50 eV vs NHE) [59]and Eq refers
to observed band gap energy of SrTiOs (3 eV). Thus, the Ecs and Evg values for SrTiOz were found as -0.66
eV and +2.34 eV, respectively. Based on the information, a conceivable mechanism for the photodegradation
of norfloxacin over the ternary Fe(I11)-SrTiOs-GO hybrid is presented and elaborated in Scheme-4.2.
Previous studies have shown that SrTiO3, with a wide band gap of >3 ¢V, is difficult to excite with visible
light (A > 400 nm). However, under the exposure of LED light irradiation (with A > 360 nm), the as-
synthesized SrTiO3z with nanocubes like morphology and an absorption onset around 392 nm become
partially excited. As a result, when the LED light strikes the surface of Fe(l11)-SrTiO3-GO, the SrTiO3 phase
elevates, producing e™-h* pairs.

Further, when both Fe species and GO, sheet are simultaneously adhered to the SrTiOz surface and a close
interfacial contact is developed between all the three components, the photo-excited electrons are then
expected to travel a variety of paths. Some of these electrons would quickly shoot towards the CB of SrTiO3
and undergo reduction reactions. Also, a small fraction of these CB electrons may shift to the deposited
Fe(111) cocatalyst due to the higher positive potential of Fe3*/Fe?* (+0.77 eV vs. NHE) in comparison with
the CB of SrTiO3 (-0.53 eV vs. NHE). This can upgrade the separation extent of photoinduced e™-h* pairs in
bulk SrTiOs. Meanwhile, a direct IFCT process from the SrTiOsz VB to the anchored Fe(lll) species would
also occur due to the strong contact formed between the Fe(l11) and SrTiOz NCs. These transferred electrons
would reduce Fe(ll1) to Fe(ll), (Fe(lll) + e = Fe(ll)), and because of the instability, the formed Fe(l1l) may
easily convert back to the original state of Fe(lll) via multi-electron oxygen-reduction reactions of Fe(ll),
[Fe(ll) + O2 + HoO—Fe(Ill) + -OH] [45,47]. The Fe(lll) species here, serves as an oxygen-reduction site,
limiting the reintegration of photoinduced electrons and holes even further [60]. Moreover, the coupled GO
sheets, with a Fermi level value (-0.08 eV vs. NHE) lower than the SrTiOs (-0.66 eV) CB, function as
excellent e” sinks and transporter units by readily capturing the photoinduced electrons from the SrTiO3
surface and then shuttling them to reaction sites [34,61]. This additionally inhibits charge carrier reunion and
increases the availability of energetic electrons, potentially upgrading the degradation ability of Fe(lll)-
SrTiOz-GO[59]. Finally, all the excessive electrons accumulated on the surfaces of SrTiOs, GO sheets, and
Fe(111) species may combine with the dissolved O, molecules to form a reactive (O2) radical anion, due to
their higher negative CB edge potential (—0.66 eV vs. NHE) in comparison with the E° (+«0,7/02) (-0.046 eV
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vs. NHE). The generated *O>" is then protonated to produce firs the hydro-peroxyl radical (HOO-), and then
H20., which further dissociates into a highly active (.OH) species. Simultaneously, due to the SrTiO3’s larger
positive VB potential value (Evg) than the E°(OH-/«OH) (+1.99 eV vs. NHE)[62,63], photoinduced holes
left on the VB of SrTiOs can react with surface OH™ ions to generate another powerful oxidant, the OHe
radical. Ultimately, the production of numerous reactive species (h*, OHe, and *O2-) works together in
mineralizing the toxic NOF molecules into less harmful intermediates and, eventually, eco-friendly products
such as H.0 and CO:x.

The possible reaction steps engaged in the photocatalytic NOF degradation mechanism with Fe(111)-SrTiOsz-

GO are summarized in equations below (8-20):

SrTiOz+hv — SrTiO3 (h* +¢) (8)
SrTiOs (e-) + Oz — SrTiO3z + +Oy (9)
SITiOs () + Fe (III) — SrTiOs + Fe (111) (") (10)
Fe(lll) + & & Fe(ll) (11)
Fe(ll) + Oz + H0 — Fe(III) + -OH (12)
Fe (1) () + O2 — Fe(Ill) + +O2 (13)
SrTiOsz (e) + GO — SrTiOz + GO (g) (14)
GO (e-) + 02 — GO + *O2 (15)
*0% + H" - .O0H (16)
2.00H — O2 +H20: (a7)
H202 + (e-) — .OH + OH" (18)
SITiOs (h*) + OH — +OH (19)
«0%°/+OH/h* + NOF — CO; + H,0 + smaller molecules (degradation products) (20)

Overall, the excellent synergetic effect between the dual cocatalysts, Fe (111) and GO, greatly facilitates the
separation of photogenerated charges, and offers a convenient electron transport pathway as well as
numerous reactive sites for carrying out the oxygen-reduction reactions. Consequently, the photocatalytic

performance of the prepared ternary Fe(l11)-SrTiO3-GO nanocomposite gets greatly improved.
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Scheme-4.2: A plausible mechanism for the photocatalytic degradation of Norfloxacin over 2Fe(111)-SrTiOs-
10GO nanocomposite under LED light irradiation.

4.2.4. Photo-degradation pathway

To gain a better understanding of the photocatalytic removal of NOF antibiotic, the intermediate products
formed in the degradation process by the 2Fe(l11)-SrTiOs-10GO catalyst were identified using the LC-MS
method, and their chemical structures were suggested based on the description of their m/z value. ((m)
represents product’s molecular mass and (z) its charge number). The mass spectrum of the possible NOF
intermediates is shown in Fig. 4.12 (a). It can be observed that after 120 minutes of photodegradation, the
characteristic mass spectrum peak of parent molecule NOF at m/z 320 no longer exists, indicating that NOF
molecules were successfully degraded. During the degradation, primarily products (P) with m/z values of
336, 310, 296, 262, 246, and 90 were detected. Based on the results of LC-MS analysis, scavenging
experiments, and prior literature reports, the probable degradation pathway of NOF is presented in Fig. 4.12
(b). The pathway is supposed to undergo degradation routes mainly involving piperazinyl ring cleavage,
defluorination, decarboxylation, and opening of quinolone and benzene moieties. Owing to the higher e-
density, the benzene ring of piperazine in NOR gets easily attacked by free radicals. Therefore, NOF
degradation began with the cleavage of the piperazinyl ring reaction via sequential attack of. OH, which
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leads to product P1 (m/z: 336). The second pathway involves the opening of quinolone ring to generate
product P2 (m/z 310)[64,65]. NOF was then converted to P3 (m/z: 334) by carboxylation of the piperazine
ring. Further, defluorination occurs through the attack of .OH radicals on the benzene ring's C-F bond,
resulting in the formation of P4 (m/z: 332) and the release of F~ ion from degradation of NOR. P4 gives rise
to P5 (m/z: 291) via the piperazine ring opening. Subsequently, after decarboxylation (-COOH), this P5
transformed into product P6 (m/z: 247) [66]. P6 (m/z: 352) can also be formed by the attack of .OH on the
C=C in the quinolone moiety, which then resulted in P7 (m/z: 324) and P8 (m/z: 296) via step-by-step
decarboxylation pathway[67]. P12 (m/z: 318) can be generated by replacing the (F) atom on the benzene
ring with a. OH radical. The piperazine ring is then opened, forming P13 (m/z: 334), which further underwent
dihydroxylation reaction to yield P14 with m/z 261) [68,69]. Besides, the quinolone moiety in product P6
(m/z: 352) could be attacked by. OH radical on the C=C bond next to the COOH group, to form P10 (m/z:
280). The ring opening would lead to formation of aliphatic substance, P11(oxalic acid), with the lowest
molecular mass (m/z: 90) [68,70]. Finally, by prolonging the reaction time, all these intermediate products
(P6, P2, P9, P11 and P14) are expected to be successfully oxidized by the essentially generated reactive
species, to form smaller fragments such as molecular acids, which can then mineralize to inorganic

compounds such as COz, H20, NOs™, and Fions

LC-MS spectra of NOF ' Enlarged view

45,0900
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Fig. 4.12 (a): LC-MS chromatogram of the NOF intermediates (b) Proposed photocatalytic degradation
pathways generated from NOF degradation using 2Fe(111)-SrTiO3-10GO nanocomposite after 120 min of
LED-light illumination.

4.2.5. Recyclability studies
Aside from its catalytic activity, it is critical to assess the service life of a photocatalyst for real-time

applications. The, reproducibility and photostability of the as-prepared ternary 2Fe(l111)-SrTiO3-10GO
photocatalyst were evaluated by performing the successive recycling experiments for the photodegradation
of NOF under similar experimental conditions (as described in sec 4.2.8), where the catalyst was subjected
to repeated photochemical reactions. After every run, the catalyst was centrifuged, and subjected to washing
and drying process before being used in the next cycle. As shown in Fig. 4.13(a), after four consecutive
reaction cycles, the degradation rate of NOF is still at about 82.7%, which is down by 9.6% from the first
use, implying that the 2Fe(l11)-SrTiO3-10GO hybrid is a reusable catalyst. The reduction in the removal
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efficiency (92.3% to 82.7%) could be attributed to the catalyst’s ineluctable loss during the retrieval process.
In addition, during the cycles, a few untreated intermediates may have attached to the catalyst’s surface
clogging some active sites and pores, and resulting in the reduction in its performance.

Furthermore, after the four cycles, the sample (2Fe(I11)-SrTiOs-10GO) was subjected to XRD,
(Fig. 4.13(b)), to investigate its structural stability. The XRD pattern of the reused sample showed that the
positions and intensities of characteristic diffraction peaks remained consistent, and no new diffraction peaks
were observed, thereby indicating that the crystal structure of the photocatalyst remained preserved even
after four cycles of use. In general, the results suggest that the, newly designed Fe(I11)-SrTiOs-GO possesses
outstanding regeneration ability and superb stability, thus can be regarded as a robust photocatalyst with

long-term applicability in various photocatalytic reactions.
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Fig. 4.13: (a) Reusability experiments for the degradation of NOF using 2Fe(lll)-SrTiOs-10GO
nanocomposite, (b) XRD patterns of 2Fe(111)-SrTiO3-10GO before and after four cyclic runs.

Conclusion
In summary, this work involves the fabrication of a dual cocatalyst modified Fe(l11)-SrTiO3-GO ternary

photocatalyst by the impregnation and hydrothermal methods. The structural, morphological, chemical
composition, optical, and textural properties of the optimal 2Fe(l11)-SrTiO3-10GO have been thoroughly
studied using a variety of techniques, confirming its successful formation. The characterization results show,
that the newly designed trio hybrid with specialized morphology has a relatively larger specific surface area,
improved charge separation efficiency, rapid electron transport pathways, a narrower band gap, and a broader

photo-absorption range. XPS and HR-TEM analysis revealed the existence of surface deposited iron species
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mainly in the form of iron oxide (a-Fe203), with (Fe) exhibiting a +3-oxidation state. After being exposed
to LED light for 120 min, this hybrid (2Fe(111)-SrTiO3-10GO) with nanocube-like SrTiOs, sheet-like GO,
and impregnated Fe ions commendably eliminated 92.3% of the toxic norfloxacin antibiotic. Moreover, the
degradation efficiency was superior to that of bare SrTiO3 and single-co-catalyst modified composites (such
as 2Fe(111)-SrTiOgz, SrTiOz-10GO). This tremendous improvement in performance could be credited to the
specially-designed ternary system with intimate contact between the constituent components all of which
worked synergistically. The anchored Fe (I11) species, play a beneficial role in strengthening the light
absorption range as well as improving the charge dynamic behavior by e capturing through the photoinduced
IFCT phenomenon, generating plenty of reactive OH:, that are vital for the degradation process. Similarly,
the attached GO sheet with strong e~ migration and trapping ability inhibits the e-h™ pairs rejoining and
provides more surface area with abundant reaction active sites. The 2Fe(ll1)-SrTiO3-10GO even
demonstrated acceptable mineralization ability as well as commendable reusability and stability in 4
successive recycling tests. Furthermore, LC-MS results reveal that the hybrid can decompose the NOF into
small molecules with lower toxicity. Finally, based on the outcomes of the LC-MS, band energy analysis
and scavenger experiments, the possible photocatalytic mechanism over Fe(l11)-SrTiO3-GO was speculated
with h*, .OH, playing a paramount role in the degradation process. Therefore, the current study not only
validates the potential and practicability of employing low-cost Fe species, and carbonaceous materials like
GO to promote SrTiO3 photocatalytic activity, but also proposes a novel strategy for designing efficient
visible light active perovskite type ternary hybrids with environmental remediation applications.
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CHAPTER-5

Cu decorated CaTiO3-GO hybrid composite for the improved degradation
of cefixime and dehydrogenation of alcohol under LED-light
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Schematic summary

A multifunctional Cu-CaTiO3-GO tnanocomposite was synthesized, with the dual capability of generating
clean energy (H») and degrading antibiotic cefixime (CFX) under LED light. The trio hybrid outperformed
its counterparts by generating 57.6 mmolh' H and attaining 94.1% CFX degradation efficiency. The
efficient migration and separation of photoinduced charge carriers, the SPR effect of plasmonic Cu NPs,
bandgap narrowing, enlarged surface area, favourable cuboidal morphology, and the strong synergy between
the three components Cu, CaTiO3, and GO in the developed three-level electron transfer system all

contributed to this splendid photocatalytic performance.
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5.1. Introduction
Dilemma of sustainable-energy and environmental deterioration have recently emerged as the two major
roadblocks to the development of human society. Research priorities are currently cantered on the
advancement of new renewable energy and water treatment technology in response to the ongoing depletion
of fossil fuels and the rising water pollution problem [1]. H2 is gaining support as a potential carbon-free
renewable clean energy source that can replace fossil fuels owing to its low density, abundant reserves, high
calorific value, non-toxicity, easy storage, etc. Among the numerous Hx production technologies,
photocatalytic H> generation via water splitting is regarded as a promising method due to the lack of toxic
byproducts and environmental friendliness [2,3]. Being an uphill reaction with a high AGo (+237 kJ/mol)
limits water splitting's thermodynamic feasibility. Producing Hz from a methanol-water mixture, on the other
hand, requires less energy (Go = +49.51 kJ/mol) than water splitting. In this regard, photocatalytic
dehydrogenation of alcohols is being investigated as a high-quantum-yield energy production technique [4].
Similarly, pharmaceutical antibiotics are becoming contaminants because of their indiscriminate
usage, continuous input, and persistence in various environments matrices even at lower concentration.
Among them, Cefixime (CFX), one of the most active and widely utilized third-generation semisynthetic
cephalosporin, from the Beta-lactam family has been extensively produced and applied in agriculture and
medicine due to its broad antibacterial spectrum. Ear, throat, lung, and urinary tract infections, as well as
gonorrhoea, pneumonia, syphilis, and influenza, are all treatable with CFX antibiotic [5,6]. However, due to
insufficient metabolism, most of the CFX is excreted from the living body in its pharmacologically active
state via urine and feces and eventually enters the environment (surface and ground-water, drinking water,
municipal sewage and soil), posing threat to the human health ecosystem function. Long-term accumulation
of CFX residue especially in the water sources may increase bacterial resistance [7]. As a result, it is crucial
to employ appropriate treatment technologies to completely remove CFX residues from water bodies [8].
Semiconductor photocatalysis is a potential technology for combating energy scarcity and environmental
pollution concerns with the minimum operational cost and time. Thus, efficient SC materials with high
efficiency, stability, powerful redox capability, and adequate carrier separation and transmission ability are
required. Calcium titanate (CaTiO3), ‘the founding father’ of the perovskite family, is a well-researched SC
photocatalysts that excels in a wide range of applications, including artificial photosynthesis, energy storage,

water splitting, sensors, wastewater treatment, air adsorbents, the production of H> and CO- reduction, etc.

As an alkaline earth metal titanate composed of naturally abundant, non-toxic elements, this multifunctional
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material possesses incredible characteristics such as perovskite structural stability, multiple crystal phases,
superior ferroelectricity, high oxidizing capacity, corrosion resistance, a large number of available alteration
sites, compatibility with other materials, compositional flexibility and environmental friendliness.
Furthermore, the substantially more negative CB position makes it an appealing candidate for generating H>
energy [9]. Despite its enormous potential, bottlenecks including lower surface area, quick photo-induced e-
-h* pair recombination, and limited light harvesting capacity (owing to wide band gap greater than 3 eV),
largely hinders its practical applicability scope[10].
To address the aforementioned pitfalls, decorating plasmonic metal NPs (i.e. Au, Ag, Cu, and Pt) over the
SC surface is a promising strategy that can drastically upgrade the photo-absorption properties. The
improvement is attributed to their unique LSPR effect, which can enlarge the light absorption range to the
visible region by efficiently transmitting their plasmonic energy to the CaTiO3z surface, resulting in the
generation of abundant charge carriers. Additionally, because of the creation of a Schottky barrier at the M-
SC contact, these metal NPs can also behave as e‘trappers, capturing the energetic e”’s streaming from the
CaTiOz CB. This greatly accelerates the separation of e-h™ pairs, contributing to the improvement [11-13].
For instance, Zhen et al. synthesized Ag/a-MoOs heterojunctions that accelerated the degradation of
thiophene (a refractory S-containing pollutant) by almost 2.5 folds (0.023 min™) contrast to pure a-MoOs
(0.009 min') [14]. When exposed to UV light, Cu-SrTiOs photocatalyzed the release of Hz from a methanol-
water solution much better than pure SrTiOs, moreover, the H> evolution rate is comparable with Pt- SrTiOs
[15]. Visible light photocatalytic activity with 80.24 pmolg™h™ CO production and up to 264.5 pmol gt ht
were obtained with plasmonic Ag-decorated SrTiOz hanocomposite (ASTO). The extraordinary performance
is credited to the enhanced e- extraction and transfer between Ag and STO, and the increased visible light
absorption capacity facilitated by the LSPR effect [16]. Likewise, Au/ZnTiO3[17] nanocomposites exhibit a
remarkable increase in Hz evolution rate (108 pmol h™®) unlike pure ZnTiOs, which exhibits negligible
activity in visible light. Due to its affordable cost, natural abundance, high effectiveness, impressive electrical
conductivity, and a significant LSPR effect, the non-noble metal Cu has been recognized as an efficient co-
catalyst for developing plasmonic photocatalysts [18].

Another approach that has garnered immense attention is the use of graphene oxide (GO), a fantastic
member of the carbon family, as a photocatalyst support material for constructing advanced nanocomposites
with superb photocatalytic activity. The effectiveness of GO is rooted in its distinctive characteristics, such

as its tunable porous structure with (n—m) interactions and abundant reactive oxygen
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groups, ultrafast charge carrier mobility, high e storage ability, large specific surface area, high mechanical
strength, extended absorption, etc. All these fascinating properties offer GO-incorporated composites a
plethora of excellent, unprecedented functionalities all in one go. These include (i) enlarging the photo-
absorption range and narrowing the band gap; (ii) extending the lifetime of e™-h* pairs; (iii) developing a
feasible pathway for transporting and separating charge carriers; and (iv) producing an abundance of active
sites and offering good absorptivity for target pollutants [9,19,20]. To date, there have been a handful of
reports on enhancing the photocatalytic efficiency of SC materials by coupling them with GO. Guo et al.
[21] reported a 3-D BiOI-GO composite that exhibited outstanding photodegradation efficiency towards
phenol. A porous graphene-SrTiOs composite was recently used to remove MB dye with great results [22].
Luo et al. [23] used GO as a substrate to support ZrO(OH)2) NPs to remove As(l1l) and As(V) from the
drinking water. Under sunlight exposure, Victoria Blue dye was almost completely degraded (97.95%) in
just 90 minutes with V20s nanorods/GO photocatalyst [24].

Considering the above, the current work used a two-step approach to create a potential Cu-CaTiO3-GO
nanocomposite by hydrothermally forming a binary composite of CaTiOs and GO sheets and then photo-
depositing Cu NPs on its surface. Here Cu NPs would boost optical responsiveness, while GO would
facilitate the separation and transportation of photoinduced charges, thus enhancing CaTiO3's photocatalytic
behavior. The efficacy of such a ternary hybrid is tested by degrading pharmaceutical pollutant CFX and
generating Hz by dehydrogenating methanol under LED light. The photocatalytic effectiveness of ternary
Cu-CaTi0s3-GO, binary composites (Cu-CaTiOz and CaTiO3-GO), and single component CaTiOz have been
compared. The catalyst’s reusability is examined in consecutive photocatalytic cycles. The mineralization
ability for CFX is also assessed. The role of reactive species has been investigated systematically, and a
plausible degradation route for CFX has been suggested. Finally, the mechanism behind this dual-purpose
system's increased photocatalytic activity has been addressed. To our knowledge, no research has been
proposed for upgrading CaTiOs's photocatalytic activity by building a trio-hybrid with various charge

transfer channels comprising of transition metal (Cu), perovskite (CaTiOs3), and carbonaceous material (GO).

5.2. Experimental section

5.2.1. Chemicals and Reagents

Calcium nitrate tetrahydrate (Ca(NO3)24H20, 99%), sodium nitrate (NaNOsz, 99%), sodium hydroxide
(NaOH, 97%), graphite powder (98%), hydrogen peroxide (H202, 30%), sulphuric acid (H2SO4, 98%),
hydrochloric acid (HCI, 35%), ethylenediaminetetraacetic acid (EDTA) (C1oH1sN20, 99%), potassium
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permanganate (KMnOas, 97%), isopropyl alcohol (IPA) (C3HgO, 99.5%), ascorbic acid (AA) (CeHgOs, 99%),
ethanol (C2HsOH), methanol (CH3OH, 99%), Cupric acetate monohydrate (Cu(CH3C0OO)2.H-0, 99%), were
obtained from Loba Chemie (India). Titanium dioxide (P25-TiO2) was purchased from Degussa Corporation,
Germany. These chemicals were all of an analytical grade and were used directly without any pre-treatment.
Cefixime (C16H15N507S>) antibiotic tablet (250 mg) was acquired from the Shine pharmaceutical Ltd. Also,
for the entire study, triple deionized water from Organo Biotech Laboratories Pvt. Ltd. was used.

Synthesis
5.2.2. Synthesis of Graphene Oxide (GO)
An improved version of Modified Hummer’s method was used to synthesize GO from graphite powder [25].

5.2.3. Synthesis of binary CaTiO3-GO composite

CaTiO3-GO composite was prepared through the hydrothermal route. Briefly, in order to synthesize 5 wt%
GO modified CaTiOs, 0.04 g of GO was first ultrasonically dispersed in 80 mL of distilled water for 1 h.
Then, while being vigorously stirred, 0.4940 g of Ca(NOs)24H.0 was added to it. The resulting suspension
was then gradually treated with 19.20 g of NaOH and 0.1190 g of TiO. P25. Following 30 minutes of
continuous stirring, the mixture was subsequently given a 15-minutes of Ar gas purging. The obtained
suspension was then transferred to a 100 mL Teflon-lined autoclave, and hydrothermal treatment was carried
out for 12hours at 200°C. After cooling naturally, the dark gray product (CaTiO3-GO) was acquired, washed
multiple times with D.l. water, ethanol, and finally kept for drying in a vacuum oven at 65°C for 3 h.

5.2.4. Synthesis of CaTiOs cuboids

A similar procedure was adopted for the synthesis of pristine CaTiOs as above, but without the inclusion of
GO.

5.2.5. Synthesis of Cu deposited CaTiO3-GO composite

To obtain a ternary Cu-CaTiO3-GO composite, plasmonic Cu nanoparticles were deposited onto the CaTiOs-
GO composite via the photo-deposition process. In a test tube containing 10 ml of IPA-water (1:1) mixture,
100 mg of as-prepared CaTiOs-GO powder was dispersed, where isopropanol was a hole scavenger. To
obtain a Cu loading of 1wt%, the appropriate amount of (0.01M) Cu(CH3COO)2.H20 solution was added
dropwise to the above suspension. The test tube was then bubbled with Ar gas for about 15 minutes to make
the atmosphere oxygen-free and then sealed with a rubber septum. Further, the prepared suspension was

photo-irradiated with a UV lamp (125W Hg arc, 10.4mW/cm?) for 4 hours while receiving steady magnetic
131



stirring. Finally, the light gray-colored product (Cu-CaTiO3-GO) was collected by centrifuge, washed a few
times with distilled water and ethanol separately, then dried at 50°C for 2 hours in an oven.

The complete fabrication route adopted for ternary Cu-CaTiO3z-GO composites is depicted in Scheme-5.1.

5.2.6. Synthesis of binary Cu-CaTiOs composite

For the purpose of comparison, a Cu-deposited CaTiO3z sample was also synthesized with the same protocol
and conditions as the ternary composite (Cu-CaTiO3-GO) by simply replacing the CaTiO3-GO powder with
CaTiOzin the test tube.
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Scheme-5.1. Schematic illustration of the synthesis process of the ternary Cu-CaTiO3-GO composite

5.2.7 Characterization:

The crystal structure of the prepared photocatalysts were investigated through Rigaku, Smart Lab SE Japan
X-ray diffractometer) with a monochromatic Cu-Ka radiation source (A = 1.54056 A) operated at angle 10°
< 20 < 80°. Surface chemical compositions and oxidation states of constitutional elements were examined
by a Thermo Fisher ESCALAB Xi+, X-ray photoelectron spectrometer. Morphology studies were acquired

via FESEM (Carl Zeiss SIGMA 500) and HR-TEM (JEOL, JEM 2100 PLUS) electron microscopes.
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Elemental composition along with colored mapping images were appraised by collaborating the scanning
module of the SEM microscope with an EDX analyzer (Bruker). The SEM microscope scanning module and
EDX analyzer (Bruker) were used to evaluate element composition and colored mapping images.

The Quantachrome Nova-1000 analyzer measured surface area and pore structure characteristics using
Brunauer-Emmett-Teller (BET) analysis. (Analysis gas: nitrogen, outgas and bath temperature: 180°C and
77.3K respectively, outgas time: 6 h). The diffuse reflectance spectra (DRS) of each sample were monitored
using a UV-vis spectrophotometer (JASCO, V-750) 200-800 nm range with a reference standard of BaSOa.
A 532 nm laser-excited Labram HR, Horiba micro-Raman spectrometer was used for Raman spectroscopy
measurements.The photoluminescence (PL) emission spectra were recorded on a SHIMADZU, RF-6000,
spectrofluorimeter with excitation of Amax = 278 nm. An analytical impedance analyzer from Solartron was
used to measure electrical conductivities/resistances at room temperature (Model: SI 1260). A UV-vis
spectrophotometer (Shimadzu, UV-2600) was employed for observing the photodegradation of the model

contaminant.

5.2.8 Photocatalytic activity test
(a) Photodegradation study of the toxic pollutant

The photocatalytic activity of the pristine CaTiOs, and its composites (CaTiO3-GO, Cu-CaTiOgz, and Cu-
CaTiO3-GO) was assessed by monitoring the degradation of a model pharmaceutical contaminant CFX
antibiotic under visible LED light. Typically, about 10 mg of each photocatalyst was dispersed in different
test tubes containing 10 ml of aqueous CFX solution (50 ppm). Before photo-irradiation, the suspension was
subjected to vigorous magnetic stirring in complete darkness for 40 min to accomplish the equilibrium of
adsorption-desorption between the catalyst surface and the CFX molecules. Subsequently, the degradation
experiments were performed by illuminating the test tubes with LED light irradiations (a 50-watt LED bulb
(Wipro Garnet B22, intensity~100W/m?) under continuous stirring for different time intervals of 20, 40, 60,
80, and 100 min. After every fixed interval of time, each test tube solution was centrifuged (7000 rpm) to
dislodge the catalyst The supernatant was then analyzed by utilizing a UV-visible spectrophotometer. The
concentrations of CFX were examined by measuring the absorbance at Amax = 278 nm, respectively. All
photocatalytic tests were conducted in triplicates, with averages and error bars presented in graphs (source
of error ~7% of data).

The photodegradation efficacy of the catalysts was determined using the equation:
Co—Ct

Degradation efficiency (%) = . x 100 (@D
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where Co denotes the initial concentration of “CFX” antibiotic at time ‘0’ and C: refers to the concentration
of “CFX” at time ‘t’ after photoirradiation.
The CFX degradation intermediates were also detected using LC-MS analysis (Waters Micromass QTOF

Micro mass spectrometer) utilizing a mobile phase of acetonitrile, ultrapure water, and 0.2% formic acid.

(b) Photocatalytic H2 production reaction

The photocatalytic H> evolution studies were executed in different test tubes. Typically, 40 mg of each
photocatalyst was suspended in a test tube containing 10 mL of aqueous methanol solution (50 vol%). To
establish an inert environment inside the medium, Ar gas purging was done for 20 minutes and then sealed
with a gas tight rubber septum. The reaction was then initiated by exposing the test tubes containing the
reaction mixture to LED light illumination (50W LED lamp of Wipro Garnet B22 with intensity ~100W/m?,
A > 360 nm) for 6 hours, with continuous magnetic stirring. After 6 hours, the amount of H evolved from
the aqueous solution was identified and quantified periodically by manually injecting 1 mL of the produced
H> gas into the injector port of a gas chromatography system (GC, Nucon Ltd. India) with a TCD detector, a
5 A molecular sieve column, and carrier gas (Ar). The oven, injector, and detector temperatures were kept at
40°C, 40°C, and 50°C, respectively. The GC chromatogram was then compared to a reference gas standard,
(505 ppm Hz concentration + 503 ppm CO> balanced Argon as acquired from Sigma Gases, India). For
comparison, the control and blank (no catalyst) tests were additionally performed under similar experimental
conditions.

5.3 Results and discussion

5.3.1. Structural studies
XRD analysis

The phase purity and crystallographic structures of the synthesized samples pure GO, CaTiOs, Cu-CaTiOs3,
CaTiO3-GO, and Cu-CaTiO3-GO composites, were examined from the XRD patterns, and the results are
depicted in Fig.5.1. XRD pattern of pure GO shows a prominent peak at 26 =11.6°, corresponding to the
(001) lattice plane [26]. This confirms the oxidation and existence of oxygen-containing functional groups,
supporting the notion that pristine graphite is transformed into graphene oxide. The diffraction peaks located
at 20 =23.3°, 27.4°, 33.1°, 37.2°, 39.0°,40.8°, 47.5°, 53.9°, 59.1, 62.4°, 69.5°, and 79.2° could be perfectly
indexed to the respective (1 10), (11 1), (121), (102), (031), (220), (202), (311), (123), (231), (242), and
(161) planes of the orthorhombic CaTiOs [27]. The diffraction peaks of the binary samples (Cu-CaTiO3,

CaTiO3-GO) and the ternary Cu-CaTiO3-GO sample, were observed to be consistent to those of pristine
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CaTiOs. In addition to the CaTiOs, the XRD pattern of Cu-CaTiOz and Cu-CaTiOs-GO reveals the
emergence of one additional low-intensity peak of metallic Cu at 20 = 74.8°, which can be indexed to the
(220) crystal plane (marked with “#” asterisks)[28]. The absence of any other peaks owing to copper oxides
affirms the presence of Cu in metallic form in these composites. Similarly, the lack of variations between the
existing peak positions of CaTiOsand Cu-CaTiOgs, suggests that the Cu NPs are well adhered to the surface
instead of being embedded into the lattice. Furthermore, no obvious diffraction peak belonging to GO is
discerned in the XRD profiles of CaTiO3-GO and Cu-CaTiOs-GO. This might be due to GO’s good

dispersion and even distribution in the composite or the small content in the sample that cannot be detected
using the instrument.
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Fig.5.1. (a) X-ray diffraction patterns of prepared GO, pristine CaTiOs3, binary (Cu-CaTiO3 CaTiO3-GO)
and the ternary Cu-CaTiO3-GO samples

5.3.2. Raman analysis

Fig.5.2. depicts the Raman spectra of the prepared samples. Raman spectra of pristine CaTiOz show nine
peaks observed at 144, 183, 248, 281, 367, 401, 467, 521, and 638 cm™ ! which can be ascribed to the
orthorhombic phase according to prior findings. The peak at 144 cm™! is linked to Ca-TiOs lattice vibrations,
namely Ca bonding with the TiO3 group. The bands at 183-367 cm™! correspond to O-Ti-O bending vibration
modes. 468 and 521 cm™! represent Ti—O torsional modes (oxygen cage bending or internal vibration). The
raman band observed at 638 cm™! arises from the Ti—O symmetric stretching vibrations [29,30]. GO Raman
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spectra exhibit two strong bands D and G bands at 1345 cm™ and 1592 cm?, respectively. D-band originates
from the structural defect i.e sp? carbon defect with A1g symmetric vibration, while the G band reflects the
in-plane vibration of the Eoq phonon from the sp? bonded carbon atoms [31]. The presence of Raman bands
corresponding to pure CaTiOs as well as GO in the ternary nanocomposite (Cu-CaTiO3z-GO) supports the
effective attachment of graphene oxide sheets. Furthermore, when compared to pure CaTiOg, the intensity
of the Raman peaks of the Cu-CaTiO3-GO was greatly reduced due to the strong interaction between the

various components or the surface covering by GO and Cu NPs.
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Fig.5.2. Raman spectra of CaTiOs, GO and the Cu-CaTiOs-GO composite.

5.3.3. Morphology studies
FE-SEM, EDS-Mapping and HR-TEM analysis

To appraise the morphological and structural properties of the newly developed ternary Cu-CaTiO3-GO
composite, FE-SEM, (Fig.5.3), TEM, HR-TEM (Fig.5.5.(a)-(f)) analysis were executed. The FE-SEM
photograph in Fig.5.3(a), shows that the primitive CaTiO3 exhibits a well-defined cuboid-shaped structure.
A cross-like cube consisting of some vertically crossing cuboids can also be observed (Fig.5.3(b). The
synthesized GO exhibited a flaky or crumpled-sheet like structure. The images, clearly reveal the existence
of cuboid-shaped CaTiOz that are well adhered to the surface of GO sheets. Although the visible presence of
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Cu NPs was not observed in the FESEM image of the composite. However, some tiny white spots can be
seen randomly deposited on the surface of both CaTiOs as well as GO, which are assumed to represent the
photo-deposited Cu NPs. These photographs depict the perfect creation of the intended ternary hybrid, with

tight interactions between each of its components.

Fig.5.3. FE-SEM images of (a-d) Cu-CaTiO3-GO composite

Further, high elemental purity of the Cu-CaTiO3-GO hybrid is ensured by the EDS spectrum and
corresponding elemental mapping images (Fig.5.4(a) and (b)), which shows a distribution of Ca (yellow),
Ti (azure), O (green), C (red), and Cu (pink) constituent elements in the selected region of the trio composite.
It's yet another proof that Cu is successfully deposited on CaTiO3-GO composite.

The detailed morphological characteristics of the ternary composite is further assessed by the TEM and HR-
TEM analysis. Similar to FE-SEM analysis, the TEM images Fig.5.5(a-d) disclose the cuboid type
morphology of CaTiOs with an average length of 832 nm and a width of about 515 nm, homogenously
embedded on the layered GO sheets. Numerous smaller Cu NPs in the form of nanodots (light colored dots)
with average size 82 nm are seen to be accumulated on the surface of perovskite CaTiO3 as well as in some

portions across the GO sheets. The close attachment of each component in the hybrid (Cu, CaTiO3z, GO) is
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clearly visible in the TEM photographs. This tightly packed surface morphology of the developed Cu-
CaTiO3-GO system is expected to result in a smooth channel for efficient electron capture and transmission

to achieve high degree of photochemical reaction.
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Fig.5.4. (a) EDX spectrum; and (b) elemental color mapping images of different elements (Ca, Ti, O, C, Cu)
present in ternary Cu-CaTiO3-GO composite.

Moreover, the HR-TEM images (Fig. 5(e)) clearly exhibited the presence of two distinct types of lattice
fringes, with ‘d” spacings of 0.265 nm, and 0.216 nm that can be well correlated to the (121) crystallographic
plane of orthorhombic CaTiOz, (111) diffraction plane of metallic cubic Cu respectively[27,32]. In addition,
GO nanosheets served as the ground (shown as interface) for both deposited Cu and CaTiOs. This datum
provides reliable evidence that the ternary system was indeed formed with all components being in close
proximity to one another. Such an intimate interface between different crystal phases could be may be
beneficial in accelerating the electron transport across the interface, hence prolonging the life time of charge

carriers.
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Fig.5.5. (a-d) HR-TEM images (e) Lattice fringes and (f) SAED pattern of Cu-CaTiO3-GO composite.
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Likewise, the SAED pattern Fig.5.5(f), shows concentric diffraction rings with spots, matching well with the
peculiar ring pattern of orthorhombic phase of CaTiO3z [(121) with d = 0.266 nm], Cu [(111) with d =
0.21nm], further indicated that the Cu NPs are nicely loaded on CaTiO3 nanostructures which are further in
good support with graphene oxide sheets. These results are consistent with the XRD patterns. The findings
of the FE-SEM and HR-TEM analysis evidenced the successful fabrication of the Cu and GO co-loaded
CaTiO3 nanocomposite with intimated contacts along with existence of multiple e- transfer routes among the
individual constituents. This could be conducive for the adequate transfer as well as segregation of charge

carriers in the composite thus, ameliorating CaTiO3’s photocatalytic activity.

5.3.4 XPS analysis

The elemental compositions and chemical states of the multicomponent Cu-CaTiO3-GO composite were
comprehended by XPS analysis (Fig.5.6). The full XPS survey scan spectrum (Fig.5.6(a)) clearly reveals
the existence of five elements (Ca, Ti, O, Cu, and C) in the composite. The high-resolution Ca(2p) XPS
spectrum (Fig.5.6.(b) exhibits two prominent peaks centered at 345.9 eV and 349.5 eV, that are assigned to
the Ca 2p32 and Ca 2p12 binding signals, respectively, suggesting that the calcium element exists in the +2-
oxidation state. Similarly, the existence of two distinct peaks in the Ti (2p) (Fig.5.6.(c) positioned at 458 eV
(Ti2par2), 463.6 eV (Ti2pu2), with an energy difference of 5.6 eV, indicates the existence of titanium in the
(Ti*") state. The deconvoluted O (1s) spectra of oxygen (Fig.5.6.(d)), manifest two peaks. Peak at a 529.5
eV belongs to the crystal lattice oxygen of CaTiOs, and peak at 531.7 eV could relates to the adsorbed O>
from the OH bond absorbed onto the composite’s surface [33]. Cu (2p) spectrum (Fig.5.6.(e)) shows two
peaks at B.E. of 932.6 eV (corresponding to Cu 2ps;2) and 952.5 eV (corresponding to Cu 2pi/2). These peaks
suggest that the surface deposited Cu exists in two variable oxidation states, 0 and +1, which are assigned to
metallic Cu or Cu.O species.[34] Since no Cu20 was identified in XRD and HRTEM analysis, so the peaks
may be from metallic Cu only. The GO, C(1s) XPS spectra (Fig. 5b) are deconvoluted into three peaks. Peak
at 284.5 eV related to the typical C-C bonds with the “sp?” configuration, while the other two weaker peaks
at 286.2 and 288.6 eV belonged to the epoxy (C-0), carbonyl (C=0) functional groups, witnessing oxygen-
containing functional groups in GO[35]. Overall, the XPS investigation strongly supported the formation of
a Cu-CaTiO3-GO hybrid composite.
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Fig.5.6. XPS spectra for Cu-CaTiO3-GO nanocomposite (a) survey scan (b) Ca 2p, (c) Ti 2p,
(b) O 1s, (d) Cu 2p, and (e) C 1s spectrum

5.3.5 Porosity and surface area study

The textural properties (surface area and porous nature) of the pristine CaTiOs, and the ternary Cu-CaTiOs-
GO composite were examined by the N> adsorption desorption technique. As depicted in Fig.5.7(a), both
samples exhibit a type-1V isotherm pattern with H3 hysteresis loops, at vapor pressures ranging from 0.1 to
0.9 P/Po, indicating their mesoporous nature [36,37]. The pore size distribution plots of the samples
(Fig.5.7(b)) further reflect this. It can be perceived from Table 5.1, that the BET surface area of the newly
designed Cu-CaTiOs-GO ternary framework (22.82 m?/g) is approximately 8 times larger than that of bare
CaTiOs (2.84 m?/g). These results demonstrate that the addition of GO sheets with 2-D structural features,
as well as the surface deposition of Cu NPs, significantly increased the surface area of CaTiO3. The greater
surface area of the hybrid makes it capable of delivering a greater number of surface-active sites for
adsorption of the pollutant molecules, subsequently alleviating the photocatalytic effectiveness. Likewise,
the samples' pore volume and pore size distribution exhibited the same increasing trend as the surface area,
which could allow the speedy diffusion of numerous reactants and products in the photocatalytic process,
thereby, upgrading the photocatalytic activity and eliminating pollutants more quickly [38]. With its
mesoporous structure, greater BET surface area, and larger pore volume, the ternary photocatalyst holds huge

potential for use in photocatalytic processes.
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Fig.5.7. (a) N2 adsorption isotherms and (b) the corresponding BJH pore size distributions curves
of pristine CaTi03 and Cu-CaTiO3-GO composite.
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S.No. Photocatalyst Surface area Total Pore Mean Pore
(m?g?t) Volume (cm3g?) diameter (nm)
1 CaTiOs 2.846 0.007 3.405
2 Cu-CaTiO3-GO 22.829 0.080 3.909

Table 5.1: Textural properties of pristine CaTiOz Cu-CaTiO3-GO composite

5.3.6. Optical and charge transfer properties
UV-Vis Diffuse reflectance spectra

The optical absorption characteristics of as-fabricated samples were appraised through UV-vis diffuse
reflectance spectroscopy, and the resulting spectra along with the color images are displayed in Fig.5.8.
Fig.5.8(a) clearly depicts that, pristine CaTiOz exhibited absorption in the UV light region, with an
absorption onset around 380 nm. The observed absorption edge corresponds to the electron transference
from its VB (O 2p orbital) to CB (Ti 3d orbital)[39]. While the dual composites (Cu-CaTiO3z, CaTiO3-GO)
show high absorption efficiency in the visible region (400-800 nm). A considerable redshift is clearly
observed in the absorption edges of these hybrid composites. In the case of CaTiO3-GO sample, this
significant shift, could be attributed to the interaction between the CaTiO3 surface and the graphene oxide
functional groups via the Ti-O-C chemical bond [40,41]. Apart from this, an additional intense and broad
band in the region of 500-800 nm (with maxima around 700 nm) was observed in the Cu loaded composites,
which results from the typical LSPR effect of photo-deposited Cu NPs[42]. The results indicate that the
incorporation of GO and plasmonic Cu has a positive effect on the optical property of CaTiOs. In
comparison to the hybrids (Cu-CaTiOs, CaTiOs-GO), the absorption band of Cu-CaTiO3-GO was found to
be broader and more intense, making it the best choice among all contenders for capturing visible light. The
results were consistent with the colors of corresponding samples changing from white CaTiOs to, finally
light gray Cu-CaTiO3-GO.

The band gap energies of these photocatalysts were also evaluated by employing Tauc’s equation:

ahv = A (hv -Eg)*? (2

where o is an absorption coefficient, h = Planck’s constant, v represents the light frequency, A refers to an

energy-independent constant, and Eg denotes the band gap energy. As depicted in Fig.5.8(b), the E4 values

of CaTiOs, CaTiO3-GO, Cu-CaTiOs, and Cu-CaTiO3-GO composites were measured as 3.05, 2.85, 2.77, and

2.67 eV, respectively. Clearly, the differences in band gap values show that Cu, CaTiOgz, and GO interact
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well, which proves that the trio hybrid was formed. The electronic interaction, interfacial bonding, and
synergistic effects between carbon-related materials such as GO and the plasmonic metal Cu clearly reduced
the band gap of CaTiOz from 3.05 to 2.67 eV indicating that energy required to excite electrons from the VB
to the CB is substantially lower in the Cu-CaTiO3-GO nanocomposite. DRS spectra demonstrate that
modifying CaTiOs's surface with Cu and GO broadens the light absorption range and shortens the
composite's bandgap.

Therefore, on account of the improved optical absorption property, it is expected that the newly constructed
Cu-CaTiO3-GO composite will be able to accomplish more efficient visible energy use by generating

numerous charge carriers, hence improving its photocatalytic efficacy.
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Fig.5.8 (a) UV-Vis diffuse reflectance spectra and the corresponding (b) Tauc plots of pristine
CaTiO3, binary Cu-CaTiO3, CaTi03-GO, and ternary Cu-CaTiO3-GO samples

Photoluminescence measurement
PL spectroscopy is an efficient method to probe the recombination of photoexcited charge carriers.
Generally, the PL emissions arise from the reconciliation of the e™-h* pair, lower PL intensities suggest a
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slower recombination rate [43]. Fig.5.9(a) illustrates the PL emission spectra of the CaTiOs and its
composites at the 370 nm wavelength. With the exception of peak intensities, all the samples have similar
emission peaks. Defect-related deep-level emission (DLE) caused by inherent structural defects including
oxygen vacancies, surface states, and OH- defects, produces two PL bands at 467 nm (blue region) and 553
nm (green region)[44]. The PL intensities here followed the sequence of CaTiOs > Cu-CaTiOs > CaTiOz-
GO > Cu-CaTiO3-GO. The intensity of the PL peaks in dual composites (Cu-CaTiOs and CaTiO3-GO)
decreased markedly, indicating that the reunion extent of photoinduced e™-h* pairs has been suppressed. The
Schottky barrier formed at the Cu-CaTiOs interface may act as an electron reservoir in the Cu-CaTiO3
sample, limiting the reconciliation process. Because of the superior electronic conductivity of the GO sheets
in the CaTiO3-GO composite, electrons could be transported quickly from CaTiOs to the latter, resulting in
a decreased recombination rate. The PL spectral intensity was further suppressed in the ternary Cu-CaTiOs-
GO composite, indicating that the rejoining of e™-h* couples is prevented to a greater extent. This could be
because of the strong interaction and synergistic effect between the different parts (metallic Cu NPs,
perovskite CaTiOs, and GO sheets), as well as the creation of multiple electron transfer channels, which
would help with the segregation and transfer of photoproduced charges Thus, the PL results point out the
importance of designing the ternary system for prolonging the lifetime of charge carriers, which could be

one of the contributing factors for Cu-CaTiO3z-GQO’s superior photocatalytic performance.

Impedance analysis

To further explore the charge migration and transfer processes in pristine CaTiOs, and its composites,
impedance measurements were carried out, and the results are depicted in Fig.5.9(b) in terms of Nyquist
plots. Generally, the arc on the impedance spectrogram represents the magnitude of the charge transfer
resistance, and the smaller the arc radii, the lower the electron transport resistance, indicating a higher
segregation efficiency of charge transfer in the material [45]. As shown, Cu loaded CaTiOs-GO owned the
smallest arc radii than any other sample which suggests that incorporating both the cocatalysts Cu and GO
simultaneously onto CaTiOsz NCs results in higher conductivity, rapid interfacial charge transport, and
adequate separation of photoinduced e-h* pairs. The above findings are well consistent with those of PL
measurements. Based on the above-mentioned conclusions, it can be inferred that the highly ameliorated
photocatalyst performance of the ternary hybrid (Cu-CaTiO3-GO) could not only be credited to its enlarged

visible light absorption but also to its improved charge carrier separation and migration ability.
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Fig.5.9 (a) PL spectra and (b) Nyquist impedance plots of as-fabricated samples.

5.4. Photocatalytic activity

5.4.1. Photocatalytic degradation reaction

The photocatalytic efficiencies of the prepared samples were initially assessed by monitoring the degradation
of the antibiotic, cefixime (CFX) under LED light irradiation. Fig 5.10(a) depicts the CFX removal rate
curve in terms of CJ/Co with light irradiation time (t). As apparent from Fig.5.10(a), no significant
degradation of CFX is encountered in blank tests (absence of catalyst), indicating that CFX is extremely
photostable and its direct photolysis can be ignored. After 40 min of equilibration in the dark, the adsorption
capabilities of different photocatalysts were computed as CaTiOs: 9.6%; CaTiO3-GO: 30.2%; Cu-CaTiOz:
19.2%, and Cu-CaTiO3-GO: 39.1%. Clearly, the adsorption capacity of all the modified samples was better
in comparison with the unmodified CaTiO3, and when both Cu and GO were deposited simultaneously on
the CaTiOz surface to develop a trio hybrid, the adsorption capacity was maximized, most likely due to the
enhanced BET surface area with abundant reactive adsorption sites that enable this composite system to offer
strong adsorption ability. For the further advancement in the removal efficacy, the photocatalytic process
was commenced with LED light irradiation. After 100 minutes of photocatalytic treatment, the catalytic
performance of synthesized photocatalysts proceeded as follows: CaTiOsz (27%) < CaTiO3-GO (71.4%) <
Cu-CaTiO3 (59.8%) < Cu-CaTiO3-GO (94.1%). The minimum photocatalytic performance was observed in
the case of pristine CaTiOs, which could be ascribed to its wide band gap, limited light harvesting ability,

low surface area, and more prominent charge carrier recombination. Among all the, Cu-CaTiOs-GO
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presented exceptionally striking capabilities with the dynamic removal of CFX drug under identical
conditions. The cumulative outcome of some promising features like a reduced band gap, extended light
harvesting ability, better generation, separation, and transfer of photo-induced e-h* pairs, and stronger
adsorption capability ultimately results in its superior pollutant degradation performance.

Additionally, the reaction kinetics of the CFX degradation, were examined quantitatively using a pseudo-
first-order rate equation:

JIN (G C0) = Kt vttt 3)
Here, Co and C; represent the CFX concentrations at (0) and (t) minutes of irradiation, and (k) is the reaction
rate constant (min~!). Fig. 5.10(b), depicts the linear correlation between In(Co/C:) and irradiation time (t)

using as-fabricated samples.

Dark LED light (a)] 3.0« No catalyst (a)
1.01% ® CaTiO,, k = 0.003 min”
2.514 Cu-CaTiO,, k = 0.0086 min”
03 50]® CaTI0LGO, k=001 min
5061 J Cu-CaTiO;-GO, k = 0.026 min-*
a.. (é) 1.5
(.4 4—<— No catalyst
—s— CaTiO, 1.0+
0.2 4—+— cu-CaTiO, 0.5
—e— CaTiO-GO
0.0 1 Cu-CaTiO-GO 0.0 = 5 - ~ < —
40 20 0 20 40 60 80 100 0 20 40 60 8 100
Time (min) Time (min)

Fig. 5.10(a) Time course-kinetic plots and (b) corresponding variations in apparent reaction rate constants
(k) values obtained for the degradation of CFX antibiotic in the presence of different photocatalysts

Certainly, in accordance with the degradation efficiency, the ternary Cu-CaTiO3-GO hybrid presents the
greatest degradation rate constant (0.026 min™"'), which is 8.6, 2.36, and 2.5 folds higher greater than observed
for the single CaTiOz NCs (0.003 min™!), binary CaTiO3-GO (0.011 min'), and Cu-CaTiO3 (0.008 min™!),
respectively. As previously mentioned, the remarkable photocatalytic ability of the multi-component system,
demonstrated that the synergy of both photo-deposited Cu and coupled GO is beneficial in amplifying the
photocatalytic response of CaTiOs. Moreover, the temporal changes in the absorption spectra of the CFX

solution in the presence of bare CaTiOz and ternary Cu-CaTiO3-GO samples were monitored throughout the
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degradation process, and the degradation profiles reveal that with an extension in the irradiation duration,
the intensity of the typical absorption peak of CFX appearing at A = 278 nm gradually diminishes for both
catalysts. Cu-CaTiO3-GO, however, experienced a quite large reduction. After 100 minutes of LED light
exposure, the prominent band loses its identity, and the absorption hump almost reaches the ground
suggesting that most of the CFX molecules get destroyed. Complete flattening trend of the target CFX
spectral profile demonstrates the admirable photocatalytic skills of Cu-CaTiOs-GO in contrast with the

unmodified CaTiOz sample.

Fig.5.11(a-b) displays the histograms of CFX degradation Kkinetic analysis results over different
photocatalysts
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Fig.5.11 Histograms showing comparative (a) photodegradation efficiencies (b) reaction rate constants (k)
values exhibited by different synthesized CaTiOz based photocatalysts for CFX removal.

5.4.2 Photocatalytic Hz evolution reaction

Due to their suitable band potentials, the prepared CaTiOs samples, were also tested for photocatalytic
hydrogen production through the dehydrogenation of an aqueous methanol solution. In order to determine
the H> capabilities of different photocatalysts, several experiments were performed. Both photolysis studies
(without a catalyst) and dark tests (without light exposure) revealed no appreciable evolution of Hz, showing
that H2 was solely produced through the photocatalytic process. Fig. 5.12. illustrates the amount of Hz gas
generated over pristine CaTiOs and its composites after 6 hours of LED-light irradiation. Similar to the CFX
degradation study, pure CaTiOs exhibits a relatively lower H evolution rate (6.14 mmolh™), owing to its

wide band gap, reduced surface area, and quick restriction of interfacial charge carriers. However, the H»

148



evolution rates were progressively enhanced with the inclusion of GO and Cu NPs. The maximum H;
production, of 57.69 mmolh™, was observed over Cu-CaTiOs-GO after irradiation for 6 h, which reveals that
the majority of charge carrier electrons are accessible for proton reduction. This rate was about 3.06, 4.03,
and 9.39 folds higher than those of Cu-CaTiOs (14.3mmolh?), CaTiOs-GO (14.3mmolh™) and bare CaTiOs

(6.14 mmolh™), respectively.
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Fig.5.12. Photocatalytic dehydrogenation of methanol for H2 generation by different catalysts

The fact that the trio hybrid is much better at photocatalysis than CaTiO3 and other photocatalysts can be
explained as follows:

(i) The design of a unique multicomponent framework with three types of close contacts between CaTiOs
and deposited Cu NPs, between Cu and incorporated GO sheets, and between CaTiOz and GO. Together,
they all play a role in the splendid photocatalytic performance by offering multi-channel electron transport
pathways. This expertly hampers the rejoining probability of e™-h™ pairs in CaTiOgs, thereby extending their
life-time and thus improving their involvement in the photodegradation process.

(i) Extension in the visible light harvesting ability and reduction in the band gap value as attained by the
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loading of plasmonic Cu NPs with an unique LSPR effect, as well as the role of GO as a sensitizer permitting
the production of vast charge carriers for the purpose of efficient photocatalytic activity.

(iii) Existence of adequate band edge positions in the trio Cu-CaTiO3-GO system, favorable for simultaneous
H> production and photocatalytic degradation reactions.

(iv) Enlargement of the surface area with the simultaneous inclusion of Cu NPs and GO sheets with CaTiO3
nanocuboids results in the creation of numerous active sites ideal for the adsorption of the pollutant
molecules, which eventually accelerates the degradation activity.

(v) Promotion in the charge flow as well as advancement in the transfer and segregation extent of the e-h*

pairs due to the exceptional conductivity and electron storage capacity of GO. [46].

5.4.3. Active species detection

To determine the primary oxidative species involved in photocatalytic CFX elimination over Cu-CaTiOs-
GO composites, the radical scavenging experiments were executed. For this, the photocatalytic degradation
of CFX in the optimal conditions was carried out in the presence of (AA, 10°M), (IPA, 10°M) and (EDTA,
103M), as the (O2"), (+*OH), and (h*) scavengers, respectively. Fig 5.13 depicts the effect of various
scavengers on the photodegradation of CFX into Cu-CaTiO3-GO catalysts. In comparison with the
scavenger-free experiments, the presence of revealed the most significant decline in degradation efficiency,
confirming that *OH plays a key role in the degradation of CFX. AA also suppresses degradation efficiency,
suggesting that the O+ is also actively involved in the degradation of CFX. However, the addition of EDTA
shows only a small inhibition in the photocatalytic activity of the Cu-CaTiO3-GO composite, demonstrating
that «OH has a limited contribution to the CFX elimination. Similar results were seen in the sillenite Bir2TiO2
[8], and MIL-53(Fe)/urchin-like g-CsNa4 [47] photocatalytic reaction systems. Thus, these experimental
findings proposed that the «OH and O2" were likely the prime active species and the h* performed a secondary

role (not directly participating) in the presented photocatalytic degradation process.
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Fig.5.13. Effect of series of scavengers on CFX degradation by Cu-CaTiOs-GO photocatalyst

5.4.4. Probable degradation mechanism

To gain a better understanding of the origins of the synergy between CaTiOs, Cu, and GO in CFX
degradation, as well as the improved activity of the nanocomposite, we investigated the photocatalytic charge
transfer mechanism. In this regard, the conduction (Ecg) and valence band (Evs) potentials of CaTiOs were
reckoned by using the following equations:

Ece =7 - Ee-1/2E4 4)
Eve =y - Ee+1/2E, ®)
where, y represents the absolute electro-negativity of CaTiOs (5.105 eV)[48], Ee is the free energy of e- on
the Ha scale (4.50 eV vs. NHE), Eq is energy of the CaTiOz band gap (3.05 eV). As a result, the Ecg and Evs
of CaTiOs vs. NHE were determined to be -0.92 eV and +2.13 eV, respectively. Based on the foregoing
results and discussions, a possible photodegradation mechanism of CFX over Cu-CaTiOs-GO ternary

nanocomposite is proposed and depicted schematically in Scheme-5.2.
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Scheme-5.2: Probable photocatalytic mechanism for degradation of cefixime (CFX) and H2 evolution
through methanol dehydrogenation over Cu-CaTiO3-GO composite

When the Cu-deposited CaTiOs-GO composite is subjected to LED light irradiations (with A > 360 nm), the
CaTiOs phase, which has a cuboid-like morphology and an absorption onset at 380 nm, shows some affinity
for the irradiation light and elevates to create electrons and holes in its CB and VB. Similarly, under this
LED light, photo-generated e-h* pairs can also be produced on deposited plasmonic Cu NPs due to the
localized SPR effect, and when these Cu NPs come in contact with CaTiOs cuboids, the LSPR-induced
highly energetic hot electrons overcome the Schottky barrier and rapidly channel to the CB of CaTiOs3,
leaving behind holes on the Cu surface [49-51]. Furthermore, the photoexcited electrons accumulated in the
CaTiO3 CB have a proclivity to flow into the graphene oxide sheets since GO’s energy level (-0.08 eV vs.
NHE) is much positive than the CaTiO3z CB (-0.92 eV), and GO possess strong electron-accepting behavior
[52]. This type of electron transfer route of Cu — CaTiO3 — GO, efficiently suspends the charge
recombination process hence, facilitates the photocatalytic performance. Finally, the excessive electrons on
the plasmon-excited Cu NPs surfaces and those gathered on the CaTiO3 and GO’s surfaces may react with
dissolved O in the aqueous solution to generate a highly striking superoxide radical anion (*O2’), because of
their much negative CB potential (-0.92eV vs. NHE) in comparison with the E%(+0,70,) (-0.046 eV vs.
NHE). In addition to this, the protonation of «O>" creates the hydro-peroxyl radical HOO-, which dissociates
152



into highly reactive (.OH) species. Meanwhile, owing to CaTiOs's higher positive VB potential in contrast
with the E° («\OH/OH", +1.99 eV vs. NHE), the residual holes within the VB of CaTiO3z and Cu may react
with the surface OH™ ion to generate another active species, OHe radicals [31,53-55]. Eventually, the
generation of abundant active species (*O2™, h*, and OHe) could satisfactorily lead to the destruction of the
target CFX moieties by several oxidation and reduction reactions, which is in accordance with the results of
the quenching experiments (Fig. 8a).

To sum up, the possible reactions equations occurring during the photocatalytic degradation of CFX over

Cu-CaTiO3-GO hybrid composite are expressed below:

Cu+hv— Cu(h'+¢) (6)
CaTiOsz+ hv — CaTiOs (h" + €) (7
Cu (e-) + CaTiO3 — CaTiOs3(e) + Cu (8)
CaTiO3(e) + GO — CaTiOs+ GO (¢) 9)
GO (e-) + O2 —» GO + Oz (10)
CaTiOs (e-) + O2 — CaTiO3z + «O2” (11)
Cu (e-) + O2 = Cu+ 02 (12)
0, + H"— .O0H (13)
2.00H — O2 + H20- (14)
H.0; + (e-) — .OH + OH" (15)
Cu(h®) + OH — *OH (16)
CaTiO3(h*) + OH" — <OH 17)
*02 "/ *OH + CFX — CO2 + H20 + smaller degradation products (18)

Likewise, a potential mechanism for generating H> via dehydrogenation of methanol solution is described as
follows:

The primary condition of an ideal semiconductor for the H> production is that the Ecs and Eve positions must
straddle within the limits of methanol-water mixture decomposition reaction in accordance with the NHE,
the Ece has to higher than the redox potential of H>O i.e H*/H2 (0 VV vs NHE) and Evs needs to be more
positive than the redox potential of water O2/H>O (1.23 V vs NHE) and methanol CH3OH (0.016V). The
prepared catalyst, fulfills this condition, and is suitable for the use for H2 evolution reactions.

As discussed above, when the Cu-CaTiOs-GO catalyst is triggered by LED light, e /h* pairs are produced in
its different components. Since the CB of CaTiOz is much negative in contrast with the reduction potential
of H*/H2 (0 eV), the electrons that have accumulated on its CB could drive the generation of molecular Hz.
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The H* ions could also be converted to H2 gas by the electrons amassed on the surface of the CaTiO3 and
GO sheet. Meanwhile, the photoinduced VB holes with strong oxidation potential, will move to the catalyst's
surface, where they will oxidize adsorbed methanol molecules and produce formaldehyde (HCHO) and
hydrogen ions. Additionally, the holes can even oxidize water molecules to generate Oz and Ha ions [56].

The overall reactions involved in the photocatalytic dehydrogenation of methanol are presented below:

Cu-CaTiOs-GO + hv — Cu-CaTiOs-GO (h* + ¢) (19)
Reduction:

2H* +2(e-) — Hz(q) (20)
Oxidation:

CH30H + 2(h*) — 2H* + HCHO (21)
CH30H < Hz + HCHO (22)
2H* +H,0 — 1/20,+ 2H* (23)

The cumulative effect of Cu, CaTiO3, and GO, promote the separation and multistep transference of
photoproduced charge carriers, leading to the development of a promising Cu-CaTiO3-GO ternary

photocatalyst with heightened performance.

5.4.5. Cefixime photodegradation pathway

To delve deeper into the photocatalytic removal of CFX antibiotic, the reaction intermediates generated in
the degradation process were identified via the LC-MS technique, and their structures were deduced from
their m/z value. ((m) represents the intermediate's molecular weight, and (z) denotes the charge number.)
Fig.5.14(a) illustrates the mass spectrum of possible CFX intermediates. After 100 minutes of
photodegradation, the characteristic mass spectrum peak of the parent molecule CFX with m/z 453 no longer
exists, suggesting that CFX molecules were effectively degraded. However, several products (P) with m/z
values of 409, 289, 226, 199, 182, 158, and 91 were detected. Combining the findings of LC-MS analysis,
guenching experiments, and previous literature reports, the plausible CFX degradation pathway using Cu-
CaTiOs-GO catalyst is suggested and presented in Fig.5.14(b).

P1(m/z:226) was generated by the removal of the complete (Z)-2-(2-amino-4-thiazolyl)-2-
(carboxymethoxyimino) acetylmoiety from the CFX molecule (m/z 453) [57]. Following that, deamination
and dethylation result in the production of P2 (m/z: 199). Next, the B-lactam ring opens up via the sequential
attack of active species (‘OH and O>"), which further underwent carboxylation to yield product P3 (m/z:
217). The ring-opening and bond cleavage further lead to the formation of P4 (m/z:182) [58]. The direct
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generation of P5 (m/z: 289) from CFX (m/z: 453) occurs by the removal of the aminothiazole ring, opening
of the B-lactam ring, and losing the carboxyl group[59]. In another pathway, after being attacked by the. OH
radical and losing its carbon dioxide functional group, CFX (m/z: 453) transforms to P6 (m/z: 409). The
product P7 (m/z: 337) is then formed by separating another CO. group. As the .OH attack proceeds, P7 (m/z:
337) loses its ethylene group and gains the OH group in its place. The enol form is then converted to ketone,
resulting in the formation of product P8 (m/z: 313). Subsequently, the attack of several radical groups results
in the breakdown of one of the rings generating P9 (m/z: 158). The removal of branching of the thiazole ring
converts this product to P11 thiazol-2-ol with m/z 101. Eventually, the ring-opening occurs, leading to a
product with a lower molecular mass, P12 (m/z: 91) [60]. Finally, with further oxidation reactions and longer
processing times, all these intermediate products (P4, P5, and P12) are expected to decompose into smaller
fragments, such as molecular acids of lower toxicity, which can subsequently mineralize into inorganic

compounds such as CO2, H.0, NH4*, and SO4>~ ions.
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Fig.5.14(a): LC-MS chromatogram of the CFX intermediates (b) Proposed photocatalytic degradation
pathways generated from CFX degradation using Cu-CaTiOs-GO composite after 100 min of LED-light
illumination.
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5.4.6. Recyclability studies
In order to scrutinize the durability and reusable nature of the as-prepared ternary Cu-CaTiO3-GO ternary

photocatalyst for real-time applications, the recyclability experiments for degradation of CFX and H>
production were carried out for 4 repetitive cycles by following the similar steps as mentioned in the
experimental section. Each cycle was continued for 100 minutes. After every run, the catalyst was recovered
from the suspension, washed with distilled water and ethanol, and finally kept for drying at 65°C for 2 hours
in a vacuum before being utilized in the next cycle. It can be seen that after 4 successive reaction cycles, the
degradation efficiency of the Cu-CaTiO3-GO hybrid declined about 14.7%, however, the catalyst still
exhibits 79.4% removal efficiency for CFX (Fig.5.15(a), demonstrating excellent reusability of the prepared
composite. The observable drop in its removal efficiency (79.4% from 94.1%) could be due to the
unavoidable loss of the catalyst during the retrieval process. It is also possible that, during the sequential
cycles, a few untreated intermediates would have adhered to the catalyst’s surface, blocking certain active
pores and contributing to the decrease in its photocatalytic activity. Likewise, after four consecutive reaction
cycles, the rate of Ho-evolution still stays at 52.51 mmolh™, which is slightly down by 8.97% from the first
use. Formaldehyde, formic acid, and other byproducts of methanol oxidation may contribute to this loss by
altering the solution's pH and decreasing the charge carriers' life.

Additionally, no significant changes in the locations and intensities of characteristic diffraction
peaks could be seen in the XRD patterns of the ternary composite before and after the 4" degradation cycle
(Fig.5.15(b), further validating the inactness of its crystal structure. This ratifies that the constructed Cu
deposited CaTiO3-GO composite possesses commendable stability, with acceptance for long-term repetitive

applications such as environmental remediation and clean energy production.
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Fig.5.15. (a) Reusability studies, (b) XRD spectra, of Cu-CaTiO3-GO composite before and after four cycles
of CFX degradation

Conclusion

In this study, a new Cu-CaTiO3-GO ternary composite was synthesized using hydrothermal and photo-
deposition techniques. Characterization results confirmed the successful creation of the trio-hybrid with
intimate contacts between the individual components. HR-TEM images validate the existence of cuboid
shaped CaTiOs in close proximity with the GO sheets, and the buildup of tiny Cu nanodots on the surfaces
of both. The smaller arc radius of the EIS Nyquist plots and substantially weaker PL intensity corroborate
the efficient distance between the photogenerated charge carriers in this composite. Additionally, in
comparison to pure CaTiOs3, a significant red shift was observed in the optical absorption edge, indicating its
stronger visible light sensitivity. The effectiveness of the ternary composite was assessed under LED light
via degradation of the antibiotic CFX and the generation of green energy (H2). Compared to pristine CaTiOs3,
and its binary (CaTiOs-GO, and Cu-CaTiOs) counterparts, the newly developed three-level system (Cu-
CaTiO3-GO) exhibited enormously high photocatalytic performance, with a Hz generation rate of 57.6
mmolh-1 from a methanol-water mixture in 6 hours and an cefixime degradation rate of 94.1% in a short
span of 100 min. This splendid enhancement in the photocatalytic performance of the Cu-CaTiO3-GO
composite could be accredited to the following merits: effective generation, migration, and partition of
photoinduced e-h* pairs, enlargement in light captivation because of the SPR effect of plasmonic Cu NPs, a
lower bandgap, a larger specific surface area, the design of a unique three-level electron transfer system with

beneficial morphology, along with strong synergy between the 3 components Cu, CaTiOs, GO jointly
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contributed to the drastic improvement. Additionally, this trio system showed stupendous structural and
photocatalytic stability even after four cycles of its progressive use. The predominant role of «OH, and O™
species in the degradation process was affirmed by scavenger studies. The mineralization degree of the CFX
was gauged through TOC measurements. The photocatalytic degradation route was determined by LC-MS,
proving that the ternary hybrid could decompose the CFX molecules into smaller, less hazardous compounds.
Finally, based on the scavenger tests, and band energy calculations, a probable mechanism of dual functional
photocatalysis with Cu-CaTiO3-GO was also mapped out. In conclusion, this study offers a new thought for
the design and synthesis of a noble-metal-free Cu-CaTiO3-GO type versatile photocatalyst that can
simultaneously produce hydrogen and purify wastewater, thereby providing both energy-saving and

environmental restoration functionalities.
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Conclusion and Future Outlook

Semiconducting perovskite oxides such as metal titanates (ATiO3, A = C, Ba, and Sr) have attracted
significant interest from researchers as potential photocatalytic materials. Yet, their fully-fledged efficiency
has been hampered by issues such as a poor response to visible light, quick recombination of photoinduced
charge carriers, and a small surface area with a few reaction-active sites. The core focus of this thesis is to
synthesize visible light-active perovskite based (ATiO3 = Ca, Ba, and Sr) titanates with efficient e-h" pair
separation for photocatalysis using the synergic influence of metal (plasmonic/transition) and graphene oxide
(carbonaceous material) on them. The developed nanocomposites, such as Ag/Cu-CaTiO3, Ag-BaTiO3/GO,
Fe(II)-SrTi03-GO, and Cu-CaTiO3-GO, have been found to exhibit improved photocatalytic performance
than their individual counterparts (pure titanates and their binary composites) for the photodegradation of
several toxic pharmaceutical pollutants and textile dyes. In addition, the Cu-CaTiO3-GO catalyst performed
well in tests evaluating its potential for use in the generation of renewable energy (Hz). The enhancement in
the photocatalytic properties is credited to the construction of a three-level electron transfer system that
features (i) suitable morphologies (nanorod, nano-cube, cuboid), (ii) increased specific surface areas due to
the incorporation of GO, resulting in an abundance of photocatalytic active sites (iii) accelerated separation
and transport of photoexcited charge carriers across the interface contacts of metal (M), ATi03, and GO, and
(iv) an expanded light absorption range due to surface-deposited metals. Based on the research work, it is
anticipated that these modified metal titanates with promising photocatalytic activity and the advantage of
perovskite stability can be further investigated in other scientific fields such as sensing, fuel cells, batteries,
bacterial disinfection, carbon dioxide (CO3) reduction, nitrogen oxide (NOx) conversion, hydrogen (Hz)
generation from biomass or water splitting, and many more. In extension to this, it is proposed that the
strategy of promoting the photocatalysis activity via the combined effect of M and GO can be expanded for
the modification of other perovskites oxide such as titanates belonging to the transition metal series (ATiOs,
A =Fe, Co, Ni, Mn etc.)
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Influence of Ag/Cu photodeposition on CaTiO; photocatalytic activity
for degradation of Rhodamine B dye
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Abstract—The present work outfines a simple sol-gel method for the synthesis of CaTidy, (CT0O) nanoparticles fol-
lowed by modification with Ag, Cu via photodeposition. Different amounts (£ to 5 wi%) of Ag and Co were boaded
over CT0 o form Ag/Co-CT0 nanocomposites. Several characterization techniques, such as XRD, UV-DRS, SEM,
EDS, HRTEM and photohiminesence, were emploved to study their structural and physicochemical properties. The
photocatalytic performance of as-prepared samples was assessed by degrading Rhodamine B dye under UV irradia-
tion. Resubs indicate thal AgfCn deposition significanthy enhanced the photocatabytic activity of CT0, depending upon
the amount of metal loading. It found that | wi® Ag-CTO compaosite exhibited the highest (98%) photoactivity within
9 mins in contrast to 82% and 57% depradation achieved by 1 wi Cu-CTO and bare CTO, respectively. The depra-
dﬁmmﬁsfmpﬁmﬁnt-mmmmmmdkﬂjuw:m'hmm:ﬂmutm
k=18% 10 * min ' of Cu-CTO and k=086 10 * min * of bare. The improved photocatalytic activity was credited 1o the
increased optical absorption and quick transter of photoinduced electrons from CaTi, conduction band to Ag and Co
deposits that probahly reterds the charge-carmers recomibination as evident by their observed phololuminance behavior.

Keywords: Ag/Co-CaTi0), Manocomposites, Ag'Cu Cocatalysis, Photoadivity of Perovskite Manostructures, RhB Dieg-

PISSM: D255-1115%
EI5EN: 1975-T220

radation by Metal Loaded CaT30,, Calcim Titanate Photocatalysis, Ap and Cu Photodeposited CaTic,

INTRODUCTION

(slobal environmental problems have become more of mone con-
cern due o severe pollution, especially rescalcitrant todc organic
pollutants. For its effectivenss, sumplicity, and emaronmentzly-friendty
nature, semiconducioe-hased photocatalysis, one of the advanced
oidation technologies, has been megarded as the most appealing
method in treating waste water B basically involves ahsorption of
photons with energy equal to or higher than the hand gap of the
the moypen and hydrood jons to penerate active radicals that can
degrade the water contaminants readity and quiddy [1.2]. In this
regerd, a variety of semiconducior systems and their composites
assemblape of catahytic materials explored to date, perovskite mddes
of the form ABC), are geining huge atention because of their im-
mense potential m diverse applications [3-5]. Owing to their remark-
ahle physicochemical and optoebactmonic properties, such as struc-
tural flexibility, dectron-mobility, band gap tunability, low-cost
efforts have been made on utiliving perovekite oxides as photocat-
ahysts [6-8]. Recenthy, Calcium titanate {CaTi(k), 2 typical titanium-
conteining ede semiconductor with a perovekite-type structure
[8-12}, environmental remedistion [13-15] and industrial peocesses

"T'o whom correspondence should be addressed.
E-mail: bpalisthaparedu
Copyright by The Korean Institute of Chemical Engineers.
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at its A. B and O sites [18]. In addition, this n-type semiconduc-
tor even possesses conduction band potential value more negative
than the benchmark photocatatyst TiCh, making it a good auhsti-
tute for the industrial catalyst T, [19,20].
Mﬂngh|&1ﬁ];isaiﬁghly;ﬂmﬁcudiwmate:iahhmrmb&
cawse of its wide bandgap and Jow quantum efficency, its overall
photncatalytic periommance i restricied. Several factors ane of rele-
vance, but majordy two are important: ultrafsst eombination of
photoexdited electron-hole pairs and the limit of optical response
ondy to UV-light [21]. Thus the two most cnacial points for achiev-
ing the high photocatabytic performance of CaTily ane necessity to
eificiently separate the photogenerated charpe cartiers and to expand
its absorption range to the visihle region. Up to now, many atiemgpis
122-24], metal deposition [2526], surface funcionalization [27],
heterojunction fvrmation [28-30], and coupling with carbon mate-
riaks [31-33]. Among thess, depositing metal nanopartides on semi-
oondoctors has been an important strategy 1o overcome these
shortoomings. Generally, metal deposition on semicondoctors is
Imown to form a metal-semiconductor (M-5C) interface or Schottly
barrier that furnishes an effective pathway for capturing, storing
and discharging of phoiogenerated electrons. The contact metal
actually serves as an decinon trap. The Schottky barrier ceated at
the interface permits the fow of dectrons from the semiconduc-
tor to the depositod metal 6l the equilibration of Fermi levels. This
process i influenced by nature, electmonegativity, reduction poten-
tial and Fermi enengyfwork function of the metal {34]. Metals with
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Design of a novel Ag-BaTiOs3/GO ternary nanocomposite with enhanced
visible-light driven photocatalytic performance towards mitigation of
carcinogenic organic pollutants
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ARTICLE INFO ABSTRACT

Kepwennds: Hearsin a novel vizsible-light recpomzive, photocatalyst {Ag-BaTi0:/ 000 wan fabricated by depositing Ag nano-
BaTila particlez and 00 cheat onto the surface of BaTiCy nanorods via a combination of photodepozition and hydro-
Crystal “u"d thermal methods The as-prepared ternary photocatalyet was comprehengively charactesized for im soructoral,
g:mn:c:llr:d]-ﬁ: degraditio morphological, and optical properties uzing XRD), XPS, Raman HR-TEM, PE-ZBM, BDG-mapping, BET, BI15,UV—wiz
P —— DRE, and PL analygiz. The photosctivior was aspeszed by degrading oyotal viclet dye (CV)] and ansibiotic

ofloxacin {OFL) under vicible light illumination. In comparizon with pristine BaTid'y, and binary composites 43-
BaTi(, BaTiDs-00, the newly designed temary hybrid exhibited superior activity with — %3.5% and 96.1%
degradation efficiency for GV and OFL at high rate constant: (0.053 and 0.033 min™', respectively)l, The
heightensd photocamlytic performance iz attributed to the SPR effect of Ag, which broadens the wisible light
range, 3z well a2 strong adoorption capacity, swcellent eleciron mobility, and greater murface area of GO that
facilitates the charpe transfer proceso. Moceover, the catalyzt could be eacily reuzed for four sequential cycles,
maintsining up to 75.03% efficiency for OV removal Trapping axperiments disclosed the eloguent role played by
the (kydroxyll "OH and OF (superoxide) radical: in pollutant degradation. Alzo, the degradation pathways of GV
andd OPFL were determined bazed on the LG-MS analymiz. TOG test wac conducted. Bventually, on account of the
recultz, a photocamalytic reaction mechaniom was precumed. This work offers a propitious strategy, for quccessful
eradication of multiple perilous pollutants from wastewater ueing a combination of metal titanates, plasmonic Ag
nanoparticles, and G0 based highly efficient ternary photocasly=r

Ternary composihes

1. Intreduoction additive ete. This recalcitrant dye enters the aguatic systems through the

effluents of the textile and paint industriez, as well az the medical and

The relentless expanzion of industrialization and urbanizadon has
exacerbated some of the world’s most pressing issues, such as the energy
crizis amd environmental pollution. Particularly, the accumulation of
hazardous contaminantz (lethal dyes, pharmaceudeal drugs etc.) in
natural water bodies iz a major threat to human beings az well as the
aguade life [1-3]. Crystal sdolet {CV), a well-known synthede cationie
dye belonging to the tiphenylmethane group, iz extensively utilized in a
varnety of ways, including biological staining, veterinary medicine
dermatological agents, bacteriostade agents, and az an pouloy feed

biotechnology industries. Becauze of itz mutagenic, teratogenic, carci-
nogenic, and mitotic poisening properties, it has a considerable delete-
rious impact on flora and fauna [4.5]. Similarly, antibiotics, which
account for a large proportion of pharmaceutical and personal care
products are another common emerging organic micropollutant
Dumping of phammaceutical industrial effluents into water streams and
improper disposal of tonne: of unwanted medications into the envi-
ronment are two of the pathways through which these contaminants

predominate in our water rezources [5]. For instance, Qfloxacin (OFL),

Abbrevigions: PESEM, Pield emission scanning electron microccopy; HETEM, Highresolution ransmimion electron microzcope; BDX, Bnergy disperzive X-ray;
XPE, X-ray phowelscron spectroscopy; DRS, Diffuse reflectance spectrophotometer: BJH, Barrest-Joymer-Halenda: LC-MS, Liguid chromatography-mam spec-
wometry; BET, Brunaves-Bmmets-Teller; CB, Conduction band; VB, Valence band: 44, Ascocbic acid: P4, lzopropyl alcohol: EDTA, Bthylenediaminetetraacetic acid:
O, Superoxide anion radical; "0OH, Hydroxyl radical: H,, Hwlrogen; NPz, Nanoparticles; MO, Methyl orange; RhB, Rhodamine B; MB, Methylene blue; NCz

Manocuboids.
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A novel ternary Fe(IlI)-SrTiOs-GO nanocomposite for LED-light-driven =
photocatalytic degradation of norfloxacin antibiotic: Performance,

mineralization ability, degradation pathway, and mechanistic insight

Manjusha Passi, Bonamali Pal’

Sehood of Chemlsary and Bischesory, Thapar bemnse of Engineering & Techmology, Pariala 147004, Pusglah, Indls

ARTICLE IRFO ABSTRACT

FKeywaonts: The widespread prodoction and ose of pharmacentical antibiotics & wreakdog havoc on the eovironment, To
ErTiy addreis this keme, a semiconductar phatocatalyst with high photocatalytic sfidiency muast be developed in arder
Morflamsesin

to eliminate antibiotics from wastewater, Herein, an =ficient ternary photocatalys (Pe{IT-SrTi0-GOF) was
synthesized by anchoring Fel(l) spedes and GO sheets over the sarface of STy nanocobes. The optimized (1Pe
(IS T o 10G0) emocomposite displayed superior photuactivity by degrading 92.3 % of NOF within 120 min
of LED light exposizre in contrast with pristine Sr‘.ﬁC.l: (33.6 W) andd hinary composites (SrTeD - GO (68.5% ],
(2Fe(IID-SrTiC] (79.2% L The meliorative performance & credited to synergle effecs of GO (with high con
ductivity], SrTilly, (specialized morphology) and Fe{lIT) species (FCT effect) all together in the tio-bybod that
ncrelerated the transferenoe and separation of photoindoced carrders, and extends the visible-fight responsive
range. (b}, (OI) wers the predominant reactive spedes liabie for the degradation prscess. Further, the plan-
sibiie photocatabytic mechanism and degradation pathways of NOF wene speculated with several inbermediates
identified. The current study provide a new perspective on constmecion of moovative, reusable and cost -effective
photncatalyst based on transition metal oo and GO m-caitalyred metal titanates for wastewater remediation

Indestacial charge transfer effeer (IFCT)
Photnearalyte degradarion
FeSITil-00

Tarnary oompasines

1. Introduction

Por more than 50 years, antibijotica hawve been vsed 2z an elizir to
safeguard human beings and animals from a wide range of pathogenz,
and in recent years, both their production and concsumption have esca-
lated. Antibiotic persistence in water sources is a global concern due to
their advene environmental impactz and potential harm to aguatic life.
Az 2 recult, thege are now recognized az emerging pollumnt:. Pharma-
ceutical industriss, mu.nil:'pnl WaItEwWaLeT, ]:nep-i:u] wastewater, and
sewage treatment plantz are the main sourcez of their precence in
aquatic environments [1,2]. Mocfloxacin {NOF), a mm.j—gmmﬁ.nn
synthetic fuorequinolone (P} antibiotic, has been vaed in human
[respiratory, bacterial infections} and veterinary medicine, livestock
farming and aguaculmire, due to itz broad antimicrobial activity [3]. Due

to the stzbility of the guinolone backbone, low metabolic rate and
incomplete biodegradability, only partial removal of thece antibioticn ia
accomplizhed in conventional wastewater reatment plant and zignifi-
cant gquantities are deliberately releazed into the environment in their
pharmacologically active forms [4]. Gince, NOF iz highly mutagenic,
teratogenic, and embryotoxic, even trace amounts of its residues and
derivatives can eutrophize ecosyutema and contaminste food amd
drinking water sources. By inhibiting DMNA replicadon and inducing
antibiotic resistance in bacteria, it may ireparably harm the water
bodies [5.6]. Therefore, for itn eradication, viable technologies are
reguired. Semiconductor-mediated photocatalyziz hag received conaid-
erable attention az an effectual water treatment method, owing to itz
incomparable guperiority in term: of environment friendliness, mus-
tainahility, affordability, high efficisncy, and stabilisy [7,5]. In general

Abbrevietions: MOF, Nocfloxacing 8C, Semicondoctor; CR, Conduction band; VB, Valence band; IFCT, Interfacial charge transfer; VLA, Vigible-light active; (273,

Electrom; (h7), Hole; A& a, scorbic acid; 1P, Bopropyl aleshol; EDTA, Ethylenediaminetetmacetic acid; NC, Manombe; D, Distilled; FESEM, Field smission scanning
electron micmscopy; HETEM, High-resohition transnisdion electmon micreseope; EDX, Ensrgy dispersdve Xomy; XPS, Xoniy phatnelectron spectrosoopy; DRS, Diffuse
redlectance spectrophotometer; BFH, Barrett—Joymer-Halenda; LC-MS, Liguid chromatographby-mass spectromestny; BET, Bronamsr-Emmett-Telier; TOC, Total organic
carbon; BLE's, Binding energies; OF, Superoaide amion radical; ‘O, Hydroxyl mdical; Hz0z, Hydrogen peraxide.
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and photocatalytic applications e
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ARTICLE INFO ABSTRACT
Argde history: (Caldium tianate (CaTi0s ) a multi-metal oxide has received extensive attention in eoent years, due @ is unique
FBCHei 12 sery! 2IYE] sructural featutes, high chemical stability, optimum hand edge posdtions, strong catalytic activity, inexpensive-
Received inevised form 14 Apul 2021 ne, low tocicity and easy synthesis. The curment review summarizes varions synthesis methods that have been
AccEptet (| carried out for the prepamtion of CaTil; nanomaterials theirstroctural properties, their madification strategies

A Labvle cncline 28 April 2021

inchiding elemental doping. noble metal depositon, heterostruc ture formation, hybrid ization with carbonaceous

materials like graphene, graphiticcarbon nitride and photocatalytic applications related to environmental and

r{am, p;‘mmi energy fields such as photodegradation of organic pollutants, carbon-dioxide reduction, and pmducion of
Tiianats green amrmency of energy (hydrogen). Besides, efforts are also made to provide a perspective forfuture research.
Modiflemion srategss Owverall this review aims to provide nseful information for specialists dealings with cldum ttanate.
Hydsogen production i 2021 Elsevier BV_All rights resenved.
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Recent advances on visible light active non-typical stoichiometric

oxvgen-rich Bij2017Cjo photocatalyst for environment

pollution remediation
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ARTICLEINERO ABSTRACT

Editor: Teik Thye Lim

Keywonls
Bivztha{ln
Visihle-Hght acive

Pollatani degradation
Layered materials

Ar a fracinaring vinible-light artive materisl Bi;q0;Cly haa become 2 new ressarch hotpot in the arena of
semicomductor photocatalypin and drawn broad inrerdicciplinary attention az highly potent camlyzm for salar
energy comvemion and environmentl protection. The uniqueness of theze layered bizmuth-baced oxides mate-
rials are their potential to harmess energy in the visible ange their relative saze of oymthesiz, coor-affectivensas,
great chemical amability, high photoactivity, swong adcorptivity, biologically inert nasore, lezz toxicity, appro-
priate flat band potential, marrow band gap and enviconmentally benign. Howeves, the quick reconcilation of the
photoproduced charge caarier iz 2 persistent bottlenech in thiz material Thiz icsoe generally manifests in the
form of reduced lifetime of photoexcited o-h" decreasing the quantem efficiency of diverse Light-driven appli-
cationz. In current years, an enormous research interest io devored in fabricating Biy20y7Cly baved robust phe-
tocatalysts. This review summarizes the diverse strategies such as morphology control, growth mechaniom,

/non-metal doping, decosation with plazmonic metals, hetergjunction/compogite formation, the creation
of oxvgen vacancies etc adopted for improving photocatalytic performance of Bij20yrCla. Besides thiz, relevant
achievements of pristine and Bij20,7Cly-bazed photocamalysts on the remowal of harmful emerging environ-
mental pollutants such as dyes, peticidea, personal careproducts, heavy metal ionz, pharmacentical waste,
bacteris, gasegun pollutants etc have been dizcupzed in Jdetail Moreover, efforts are aloo made to provide a
percpective for futurs research Itis hoped that thiz review will offer vizion by providing come valuable guidance
for dezigning BigyDi7Cis 2z 2 cocatalyst to fabricate more effective photocatalysm for practical application in
envirommental pollution mansgement.

1. Introduetlion

Shampoos), heavy metals, phenols, fertilizers, benzene compounds, and
halogenated hydrocarbon and so on directy inte the rivers without even

In the past decades, with the acceleration of the human population
and rapid development of urbanization and industrdalization, environ-
mental contaminadon has now emerged as a global izzue of zeriouz
concern. Ezpecially, the unconscionable dizcharge of wastewater into
the namral water bodies poses a zignificant risk to human health and
acological enviromment becanze of their persistence and toxicity. A wide
range of induztries and chemical factories releazes several kinds of voxic
and carcinogenic organic pollutants such az dyes, pharmaceuticals (eg,
aniibiotiz, analgesics), persomal care productz {eg. Hair dyes,

addrezzing adequately. Thiz untreated water directly or indirecdy re-
lates to the environment pollution [1-4]. To suztain a clean and zafe
environment and improve the water quality, water pollution issues must
be zolved urgenty. To date, many rezearchers have attempted to erad-
irate the wastewater laden with several toxic substances wring conven-
tional techniques such az physical adsorpton, chemical reactons and
biological degradation appreaches. However, in spite of some success in
the elimination of contaminants from water, several limitations of the
conventional strategies such as the undesired generaton of secondary

Abbrevistians: BPA, Bizphenol A; RhE, Rhodamine B; MO, Methyl crange: CIP, Ciprofloxacin: TC, Tetracycline; ME, Methylens bloe; 2 4-DCP, 2 4-dichlorophenal;
4-CP, pchlorophenal or 4-chiorophencl: EMZ, Sulfamethacine; MBT, 2-mercaptobensathiz=ole: Crvl, Hexawalent chromivm; *0H. Hydroxyl radical: 0., Oxygen;

H.O, Warer 05, Superoxide radical anion; DFT, Dencity functional theary.
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