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ABSTRACT

The research thesis entitled ‘Perovskite alkaline earth titanates based
nanomaterials as photocatalysts’ deals with the synthesis, characterization and
photocatalytic studies of some doped perovskite alkaline earth titanates and porous
graphene-perovskite alkaline earth titanate nanocomposites. The present study reports
the successful synthesis of seven different series of novel perovskite alkaline earth
titanate-based materials namely, Rh-doped SrTiOs, V-doped SrTiOs, porous
graphene-SrTiOs nanocomposite (PGST), Rh-doped BaTiOs, porous graphene-
BaTiOz nanocomposite (PGBT), V-doped CaTiOs and porous graphene-CaTiO3
nanocomposite (PGCT) using facile solvothermal/hydrothermal method. All the
synthesized materials were carefully characterized for their elemental composition,
structural, morphological, and optical properties by employing appropriate techniques
such as XRD, FESEM, EDS, TEM, HRTEM, Raman Spectroscopy, XPS, BET, DRS,
and PL spectroscopy. Thereafter, each material was investigated for its catalytic
efficiency towards the degradation of methylene blue dye under visible light
irradiation. The synthesized materials exhibited enhanced photocatalytic efficiency
which could be attributed to the efficient visible light harvesting capacity and reduced

rate of recombination of photoinduced charges.

Keywords: Doping; Graphene; Perovskite; Methylene blue; Photocatalysis;
Solvothermal.
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CHAPTER 1

INTRODUCTION






This chapter gives a brief introduction to the basic concepts of the study
undertaken. It also gives a summary of the relevant works in the literature which will
focus on perovskite titanates, graphene, doped-perovskite titanates, graphene-based
nanocomposites, their synthetic methods, and photocatalytic applications. The scope

and objectives of the present research work have been given at the end of this chapter.

1.1 PEROVSKITE TITANATES OVERVIEW

Perovskite is a calcium titanate with the chemical formula CaTiOs, a mineral
discovered by Gustav Rose in 1839 and is named after Russian mineralogist Count
Lev Alekseevich Perovski (1792-1856). Perovskites are the family of compounds
represented with the general formula ABOs where A site is occupied by the larger
cation and B site is occupied by the smaller cation. In this crystal structure, the corner
is occupied by BOs octahedra (where B cation is positioned at the center of the
octahedron). The A-site cations occupy the cavities created by these 8 octahedra and
thus leading to the 12-fold cub-octahedral coordination of oxygen anions. However, a
slight buckling and distortion of the octahedra takes place, depending upon the ionic
radii and electronegativity of the A and B site cations. This distortion gives rise to
lower symmetry structures. Different degrees of structural distortion of the BOs
octahedra gives rise to different crystal fields, which may influence the band structure,
dielectric, photoluminescence, piezoelectric, ferroelectric, pyroelectric, hole, and
electron transport properties (Kanhere and Chen 2014).

From the perspective of photocatalysis, perovskite structure compounds have
many advantages over binary metal oxides. Firstly, perovskites possess suitable band
edge potentials which will favor various photoinduced reactions (Phoon et al. 2019).
Secondly, the flexibility of the A site and B site for cation doping can alter the band
structure and thus lead to a noticeable change in the photophysical properties (Irshad
et al. 2022). Thirdly, it is possible to combine the properties like ferroelectricity or
piezoelectric with that of the photocatalytic property to enhance the photocatalytic
activity (Xu et al. 2019). In particular perovskite alkaline earth titanates (ATiOz3) like
SrTiOz, BaTiO3z and CaTiOs have sparked the scientist community due to their high
dielectric constant, low dielectric loss, high thermal stability, high chemical stability,



wide band gap and high mechanical stability (Rayssi et al. 2018, Zhang et al. 2017,
Kumar et al. 2020).

They can be used in a variety of applications which includes dynamic random
access memory, multilayer capacitors, thermistors, sensors, high-temperature
superconductors, solid oxide fuel cell, hydrogen storage, piezoelectric devices, and
photocatalysis (Xiao et al. 2020, Priyadharsini et al. 2020, Hanani et al. 2021,
Tagylirek et al. 2018, Singh et al. 2018, Yahya et al. 2018, Ren et al. 2020, Zhang et
al. 2021, Shi et al. 2021). Several methods have been reported for the synthesis of
ATIiOz which includes the hydrothermal method (Wong et al. 2021), solvothermal
method (Chen et al. 2020), solid-state reaction (Qi et al. 2020), sol-gel method
(Hussain et al. 2020), molten salt synthesis (Zhou et al. 2021), co-precipitation
method (Zhang et al. 2021) and combustion method (Jongprateep et al. 2019) among
which solvothermal (or hydrothermal) approach is an effective method because of its
high purity, lower energy consumption, eco-friendly characteristics. Moreover, the
crystallinity, morphology, and size can be fine-tuned by controlling various synthetic
parameters like reaction temperature, reaction time, nature of solvents and surfactants
(Phoon et al. 2019).

1.2 GRAPHENE OVERVIEW

Graphene, a 2D layer of sp? hybridized carbon atoms with a hexagonal pattern
is known to possess many interesting properties such as large theoretical surface area
(2630 m?g™), high electron mobility (~200,000 cm?V-1s?), high Young’s modulus (~1
TPa), high thermal conductivity (3000-5000 Wm™K™?), excellent optical transparency
and good chemical stability (Kusiak-Nejman and Morawski 2019). Porous graphene
consists of few-layered planar graphene sheets that possess high surface area,
excellent hydrophobicity, optical transparency, high chemical stability, and structural
stability. Such porous structures afford smooth access for the contaminants,
expediting faster adsorption and desorption of contaminants (Tabish et al. 2018).
These unique properties make it well suitable for many potential applications such as
memory devices, transistors, surface-enhanced Raman spectroscopy, sensor,
supercapacitor, batteries, fuel cells, catalysis, dye-sensitized solar cell, drug delivery,
and so on (Sattari-Esfahlan and Kim 2021, Deng et al. 2019, You et al. 2019, Huo et



al. 2019, Lee et al. 2020, Wang et al. 2020, Su and Hu 2021, Wang et al. 2020,
Mahalingam et al. 2021, Song et al. 2020). Currently, several methods can be
implemented for the production of single or few-layered graphene sheets which
include epitaxial growth on single-crystal silicon carbide, the epitaxial growth of
graphene films on metal surfaces like Co, Ni, Cu, Pt, Ir, and Ru using CVD and the
most widely used technique is the initial oxidation of graphite to graphene oxide by
improved/Hummers method followed by the subsequent reduction to RGO or
graphene (Mishra et al. 2016, Wu et al. 2019, Alkhouzaam et al. 2020).

1.3 CATALYSIS

The term “catalysis” was first coined by the Swedish chemist Berzelius in
1835. Catalysis can be defined as the increase in the rate of a chemical reaction by the
addition of a reagent without itself being consumed. The catalyst alters the path of the
reaction by lowering the activation barrier between the reactants and the products.
Types of catalysis include homogeneous catalysis, heterogeneous catalysis,
biocatalysis, phase transfer catalysis, organocatalysis, electrocatalysis, photocatalysis,
asymmetric catalysis, and so on (Viswanathan et al. 2002). Nanocatalysts are
composed of nano-dimensional particles (nanometals or nano metal oxides) with a
large exposed surface area, which can boost the accessibility of the active sites to the
reactants and have been used in a variety of applications which include environmental
remediation, food processing, refining, sensors, energy conversion and storage,
reforming, biorefinery and so on (Prinsen and Luque 2019).
1.3.1 Photocatalysis

Environmental pollution is one of the most serious problems faced by
developed and developing countries in the world. The most common pollutants
include chlorinated and non-chlorinated aliphatic and aromatic compounds,
detergents, dyes, agricultural wastes, plastics, heavy metals, toxic gases (CO, NHs,
NOy, SOx), and so on. Water is imperative to life. A major portion of water is
constituted by aquatic resources such as salted waters of oceans, seas, and glaciers.
About only 0.65 % of the water total mass can be usable by man. Dyes find many
applications in our daily life including clothing, food, paper, leather, cosmetics, drugs,



electronics, plastics, and printing. Nearly 80 % of the synthetic dyes are consumed by
the textile industry.

One of the major congestions in the textile industry is the dye treatment and
nearly 10 % of the dyes are discharged to the effluent as a result of several washing
processes (Vinu and Madras 2010). Therefore, there is an imperative need of
developing potent and eco-friendly techniques to treat wastewater. Advanced
oxidation processes (AOPs) have been defined by Glaze et al. (1987) and they play a
vital role in the removal of persistent organic pollutants.

Photocatalysis is an integral part of the AOPs, which means these processes
exploit oxidizing agents like hydrogen peroxide (H202), ozone, Fenton’s reagent
(H202+Fe?") for the effectual degradation of the pollutants. Photocatalysis refers to
the acceleration of the rate of chemical reactions (oxidation/reduction) in the presence
of a catalyst generally a semiconductor oxide by UV/visible radiation. In 1972
Fujishima and Honda discovered that water can be split simultaneously into oxygen
and hydrogen under an applied bias to an irradiated TiO- single-crystal electrode. This
notable discovery pointed the onset of photoinduced redox reactions on
semiconductor surfaces.

1.3.2 Mechanism of Photocatalysis

In general, heterogeneous photocatalysis consists of a semiconductor (SC)
which can harvest light energy to produce several active species to expedite the
degradation of recalcitrant pollutants. The photocatalytic mechanism can be

represented by the following steps (Dong et al. 2015):

SC+hv—h"+¢ (1.2)
h* + H,0 — OH + H* (1.2)
h* + OH — OH (1.3)
h*+P — P* (1.4)
e +0,— 0" (1.5)
O, + H* — OOH (1.6)
2 OOH: — Oz + H20; (1.7)



H>O, + O — OH + OH + O (1.8)
H>O, + hv — 2 OH (1.9
P+ (h*, Oz, OH or OOH") — degradation products (1.10)

When a SC is irradiated with an energy equal to greater than its bandgap equal
number of holes (h™) and electrons (e”) are formed in the VB and CB respectively
(equation 1.1). The so-formed holes and electrons then migrate to the surface of the
semiconductor and participate in the redox reactions. The photogenerated holes
oxidize the surface adsorbed water or hydroxyl groups to produce hydroxyl radicals
(OH) as given in equations (1.2) and (1.3). There is a possibility that the formed holes
can directly oxidize the pollutant (P) (equation 1.4). The photoinduced electrons
reduce the surface adsorbed oxygen to produce superoxide radicals (O2™) as given in
equation (1.5), which on further reaction with H* to form OOH: radicals (equation
1.6) which will finally decompose to produce OH:' radicals as shown in equations
(1.7), (1.8), and (1.9). Hence, the formed h*, OH:, and O™ are said to be active species
for the degradation of harmful pollutants to harmless degradation products (equation
1.10). The overall photocatalytic mechanism is schematically shown in Figure 1.1.

0,
— "
CB Y H
03
by > E, oon
OH-
VB Rt s »
OH OH
P CO,+H,0
C0,+H,0 P

Figure 1.1 Mechanism for the photocatalytic degradation of pollutants.



1.3.3 Thermodynamic Requirement for the Generation of Active Species

The VB and CB of the semiconductor should be located in such a way that the
oxidation potential of the hydroxyl radicals E* (H,O/OH) = 2.8 V vs NHE and the
reduction potential of superoxide radicals E (02/O2) = -0.28 V vs NHE should lie
within the band gap. In other words, the redox potential of VB should be sufficiently
positive to generate OH- radicals and the redox potential of CB should be sufficiently
negative to generate O™ radicals (Vinu and Madras 2010).
1.3.4 Photocatalytic Reactor

Photocatalytic reactors of volumes ranging from 0.1-10 L are commonly used
to study the photocatalytic activity of semiconductor photocatalysts. Different reactor
designs have been found to be suitable for photocatalytic degradation reactions in
which immersion type photoreactor with the catalyst particles in the suspension have
been found to yield a higher rate of degradation of the pollutants (Vinu and Madras
2010). We are using an immersion type photocatalytic reactor supplied by Lelesil
innovative systems which consists of a jacketed quartz tube that houses the UV
radiation source at 250 W. The mixture of catalyst and organic pollutant is taken in
the outer jacketed reaction beaker made of borosilicate glass. Coldwater is circulated
to avoid the thermal effects for the degradation of the pollutants.
1.3.5 Modification Routes for Extending Visible Light Response of Catalysts

As we know that nearly 43 % of the solar irradiation energy corresponds to
visible light and nearly 7 % of the energy corresponds to UV light. Undeniably, the
first generation TiO; is a prominent photocatalyst in the UV region, due to its wide
band gap of 3.2 eV which hampers its use in the visible range. Therefore, there is an
imperative need for the extension of visible light response of wide band gap
photocatalysts.
1.3.5.1 Doping

Doping plays an important role in extending the visible light response of wide-
gap semiconductors, and in particular non-metal doping has been extensively studied.
Non-metal doping could retain the inherent surface properties of the photocatalyst at
the atomic scale (Valentin et al. 2013).

The dopant states are generally located slightly above the valence band

maximum making the photogenerated holes in these states suitable for various



photoinduced oxidation reactions (Ong et al. 2014). Nitrogen doping has been
intensively studied amongst all the non-metal dopants. Zou et al. (2012) prepared
nitrogen-doped SrTiOs by template-free methodology using glycine as a pore creator
as well as a nitrogen source. Their results indicated that N-doped SrTiOz exhibited
enhanced photocatalytic activity which could be attributed to the enhanced visible
light absorption due to the contribution of nitrogen dopants and oxygen vacancies.
The enhanced photocatalytic activity could also be attributed to the mesoporous
structure and higher surface area.

Modification of photocatalysts with noble and other metals such as Pt, Au, Ag,
Rh, Ru, Pb, Pd, Bi, Cr, Co, Zn, Mn, Cu, V, Ni, and Sn have also enabled the
extension of the spectral response of photocatalysts well into the visible region
(Pelaez et al. 2012). However few reports indicated that the doped metal ions may
serve as recombination sites for the photo-induced holes and electrons thereby
suppressing the photocatalytic efficiency (Li et al. 2014). Codoping with two or more
metals or nonmetal atoms is highly advantageous in maintaining the charge neutrality
and can suppress defect formation thereby enhancing the mobility of the charge
carrier, enhancing the visible light activity, and reducing the charge recombination,
which will be highly beneficial for various photo induced redox reactions (Chen et al.
2020).
1.3.5.2 Dye Sensitization

Dye photo sensitization has been found to be one of the most promising
methods to extend the optical response in to the visible region of the solar spectrum.
The photocatalytic mechanism of the dye sensitized photocatalyst under visible light
was proposed as follows (Zhao et al. 2005):

D (dye) + hv — D" (1.11)
SC+D"— D"+ SC (¢) (1.12)
SC(e) +0,— SC+ 0Oz~ (1.13)
e+D*>D (1.14)
H* + O — OOH' (1.15)



202 +2H"— Oy + H02 (1.16)
H2O, + O — OH + OH + O (1.17)
P + (OH;, OOH;, O2") — Degradation products (1.18)

When dye absorbs visible light, it will be excited to the excited state (D”) from
the ground state (D). When the LUMO of the dye matches with the CB of the
semiconductor, the excited dye molecule will be converted to a semi-oxidised radical
cation (D) by injecting an electron into the CB of the semiconductor. The pictorial
representation of the photocatalytic mechanism of the dye-sensitized photocatalyst

under visible light is shown in Figure 1.2.

HOMO

Photocatalyst

Figure 1.2 Photocatalytic mechanism of the dye-sensitized photocatalyst under

visible light.

1.3.5.3 Heterostructure

Heterostructured semiconductor is another promising strategy for extending
the optical response of wide band gap semiconductors in the visible region of the solar
spectrum. When a wide gap semiconductor is composited with a narrow band gap
semiconductor (which can absorb visible light) with a more negative CB level as
compared to a wide band gap semiconductor, photogenerated electrons from the

narrow band gap semiconductor will be injected into the CB of the wide band gap
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semiconductor thereby suppressing the charge recombination (Li et al. 2021). The
pictorial representation of the photocatalytic mechanism of the heterostructured

semiconductor under visible light is shown in Figure 1.3.

Narrow band

0,+ OH-+P — CO,+ H,0

Wide band

Figure 1.3 Photocatalytic mechanism of the heterostructured semiconductor under

visible light.

1.3.5.4 Coupled with z-Conjugated Structure

Semiconductor photocatalyst coupled with a m-conjugated structural material
like graphene has been found to be an effective strategy for enhancing visible light
activity. When graphene is composited with a wide bandgap semiconductor, the
interaction between the graphene and the semiconductor narrows down the band gap,
thus improving the visible light absorption property and also suppressing the charge
recombination (Sekar et al. 2021). The pictorial representation of the photocatalytic
mechanism of the semiconductor coupled with graphene under visible light is shown

in Figure 1.4.
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C0,+H,0

Graphene

Figure 1.4 Photocatalytic mechanism of the semiconductor coupled with graphene

under visible light.

1.4 AREVIEW OF LITERATURE

A review of the literature was carried out to understand the recent
developments in the area of doped ATiO3 and graphene-based ATiO3z nanocomposites
for photocatalysis. Various synthetic methodologies used for the synthesis of
graphene, doped ATiO3z, and graphene-based nanocomposites in the recent past have
been discussed below, followed by a brief account on their applications in
photocatalysis.
1.4.1 Graphene

Graphene is an attractive candidate in several industries due to its excellent
electrical conductivity, high surface area, excellent thermal conductivity, high
mechanical strength, high chemical stability, and excellent optical transparency. But
producing high-quality sheets in a large scale is still a challenge. Mechanical
exfoliation, being a top-down approach is the first method used for the synthesis of
single-layer graphene, where a small mass of graphite is repeatedly peeled out with
the help of scotch tape (Novoselov et al. 2004). However, the yield was reported to be
too low. CVD being a bottom-up approach is one of the most popular methods
utilized for the large-scale synthesis of single or few-layer graphene, where the
activation of gaseous reactants takes place followed by the subsequent chemical

reaction and followed by the formation of a stable solid coating on a suitable substrate
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(Munoz and Gomez-Aleixandre 2013). Oxidative exfoliation-reduction being a top-
down approach is one of the most popular methods employed in the synthesis of
graphene sheets due to its high yield and low production cost (Lee et al. 2019). In this
method, graphite is oxidatively exfoliated to get GO and is subjected to reduction to
give RGO. The Hummers method is widely used for the synthesis of GO as it is a safe
and quick process (Hummers and Offeman 1958). Chemical reduction, thermal
reduction, hydrothermal reduction, and electrochemical reduction are the common
reduction techniques utilized for the reduction of GO to graphene sheets, and other
reduction techniques include photocatalytic, microwave, and photothermal methods.

Yu et al. (2016) reported an economical, fast, scalable, and eco-friendly
NaNOz-free Hummers method by partly replacing KMnO4 with K>FeO4 of higher
oxidizability at low temperature to enhance the pre-oxidation and intercalation of
graphite. This improved method also reduces the amount of concentrated H,SO4. The
derived graphene aerogel was found to be an excellent candidate for supercapacitor
application.

Xing et al. (2017) synthesized graphene nanosheets from humic acid by
preliminary carbonization followed by oxidation-exfoliation-thermal reduction. The
obtained graphene sheets exhibited a high specific surface area (495 m?g?), large pore
volume (2.987 cm?g?), and interconnected mesoporous structure with uniform
oxygen-containing functionalities. The synthesized graphene nanosheets exhibited
high specific capacitance, excellent rate capability, outstanding cyclic performance,
and desirable energy density with low resistance value in agueous electrolytes.

Pie et al. (2018) reported a safe, scalable, ultrafast, and green method for the
synthesis of GO sheets by electrolytic oxidation of graphite by using commercial
flexible graphite paper as a raw material. In this method, two electrochemical
processes were involved namely electrochemical intercalation and electrochemical
oxidation-exfoliation. They found that the pre-intercalation of graphite inhibits the
electrocatalytic oxygen evolution reaction of water at a higher voltage which enables
the oxidation of graphene lattice within a few seconds. GO obtained in this method
exhibited similar chemical composition and properties as achieved from the
traditional Hummers method and this method enables continuous production and easy

control on the number of layers and oxidation degree of GO sheets.
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Xing et al. (2019) reported a cost-effective and eco-friendly method for the
preparation of porous graphene sheets via graphitization followed by liquid oxidation-
rapid thermal reduction by using anthracite as a precursor. The prepared porous
graphene exhibited a hierarchical micro-meso-macroporous structure, high specific
surface area (640 m?g™?), large pore volume (3.792 cm®gY), with an enormous amount
of defects and nanopores which will be helpful in providing sufficient active sites for
lithium ions storage and enable quick transport of lithium ions and electrons. The
synthesized porous graphene exhibited a high reversible capacity of 770 mAhg? at a
current density of 0.1 C and possessed an outstanding rate capability with desirable
capacities even at high current densities. The synthesized porous graphene also
exhibited superior cyclic performance of 98.0 % of the initial capacitance retention
even after 110 cycles.

Coros et al. (2020) synthesized RGO by a simple, eco-friendly, and cost-
effective technique. They also studied the structural properties of the synthesized
RGO by using XRD, UV-Visible, Raman, TGA, and XPS analysis. At a temperature
of 400 °C, the highest percent (82 %) of few layers graphene is obtained. The material
exhibited superior removal capacity for atenolol (61 % in 30 minutes).

Ma et al. (2021) synthesized porous RGO by a novel and facile microwave-
assisted one-pot method using the ZnO as the template with highly interconnected
porous channels and without any restacking between the layers. The HCI solution act
as the etching agent. The presence of open-macroscopic channels in porous RGO
reduces the ion-transfer resistance and provide satisfactory ion-diffusion and ion-
accessible surface areas which lead to higher electrochemical performance.

1.4.2 Perovskite Titanates

Kawasaki et al. (2012) investigated the occupied and unoccupied in-gap
electronic states of Rh-doped SrTiOs photocatalyst by X-ray emission spectroscopy
and X-ray absorption spectroscopy. An unoccupied midgap Rh*" acceptor state was
found 1.5 eV below the conduction band minimum of SrTiOs. They also found that
both Rh** and Rh3" dopants possess an occupied donor level close to the valence band
maximum of SrTiOs. First-principles calculations indicate the substitution of Rh at the

Ti site and that Rh: SrTiO3 has a p-type electronic structure. The Rh doping results in
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a large decrease in band gap, making Rh: SrTiOsz an attractive material under visible
light for the H2 evolution reaction.

Furuhashi et al. (2013) synthesized Rh and Sb co-doped photocatalyst by
hydrothermal synthesis. The UV-visible absorption results indicated that doping Rh
alone resulted in a mixture of Rh** and Rh3*. An equivalent amount of Sbh was added
to maintain the oxidation state of Rh as +3 due to the charge compensation. The
doped and non-doped samples exhibited transient infrared absorption due to
photoexcited electrons. Doping Rh alone caused the fastest absorbance decay, which
could be due to the presence of Rh** as the recombination center and the absorbance
decay was retarded in the presence of Sb. The synthesized photocatalyst was found to
be highly efficient for overall water splitting.

Maeda (2014) synthesized rhodium-doped barium titanate (BaTiO3:Rh) by the
polymerized complex (PC) method. Their results indicated that the doping of Rh
species into the lattice of BaTiOsz resulted in the formation of new absorption bands in
the visible light region. It was found that the BaTiOs:Rh loaded with Pt as a hydrogen
evolution promoter will able to produce H> from water containing an electron donor
such as methanol and iodide under visible light. It was also found that the Z-scheme
water splitting could be achieved using Pt/BaTiOsz:Rh as a building block for H»
evolution in combination with PtOx-loaded WO3 as an O evolution photocatalyst in
the presence of an 1O37/I" shuttle redox mediator under visible light irradiation.
Photoelectrochemical analysis indicated that the BaTiOsz:Rh electrode exhibited
cathodic photoresponse due to water reduction in a neutral aqueous Na>SO4 solution
upon visible light.

Xian et al. (2014) synthesized SrTiOz-graphene nanocomposite via
photocatalytic reduction of GO by SrTiO3z under UV irradiation. It was found that the
band structure of SrTiOs in the composite was uninterrupted. The photocatalytic
activity of the composite was enhanced as compared to bare SrTiOz for the
degradation of acid orange 7 under UV light, which can be attributed to the reduced
charge recombination. The effect of nitrogen, ethanol and KI on the photocatalytic
efficiency of the SrTiOs-graphene nanocomposite was studied. The photocatalytic
efficiency was slightly reduced by purging nitrogen gas due to the removal of

dissolved oxygen from the solution whereas the photocatalytic efficiency was

15



significantly reduced by the addition of ethanol (hydroxyl radical scavenger) and KiI
(hydroxyl radical scavenger as well as hole scavenger). Hence hydroxyl radicals and
holes are suggested to be active species for the photocatalytic degradation of dye.

Xian et al. (2014) reported CaTiOs-graphene composite for the photocatalytic
degradation of methyl orange. The enhanced photocatalytic activity (98 % in 60
minutes) under UV irradiation was attributed to the effective suppression of
photoinduced charges.

Modak and Ghosh (2015) studied the effect of La codoping on the geometric
and electronic structure of Rh-doped SrTiOz using hybrid density functional theory
towards hydrogen evolution. The electronic structure of Rh-doped SrTiOsz was found
to be strongly influenced by the presence of La. The localized mid-gap states were
completely passivated upon the introduction of La to Rh-doped SrTiOs and hence
responsible for the enhancement of photocatalytic activity. The presence of La not
only minimizes the formation of a photochemically inert Rh*' state but also
minimizes oxygen vacancy formation.

Modak and Ghosh (2015) studied the role of F in improving the
photoconversion efficiency of Rh-doped SrTiOs. Doping with Rh reduces the band
gap by introducing partially occupied and unoccupied states above the VB. These
states may also act as recombination centers. Electronic structure calculation revealed
that the unoccupied localized states of Rh-doped SrTiOz are completely passivated in
the presence of F and thus reduces the rate of electron—hole recombination. The
valance band maxima are elevated significantly, reducing the band gap to 2.50 eV
which will enhance the visible light activity of SrTiOs. It was found that the band
structure of the codoped system is found to be strongly dependent on the ratio of the
dopant elements. In the case of 1:2 (Rh, F)-codoped SrTiO3, a clean band structure,
with a significant reduction of band gap to 2.31 eV is observed. It was found that the
relative positions of the band edges for both 1:1 and 1:2 (Rh, F)-codoped SrTiO3 are
favorable for overall water splitting.

Nishioka and Maeda (2015) synthesized rhodium-doped barium titanate
(BaTiO3:Rh) nanocrystals by a facile hydrothermal method followed by post-heating.
It was found that the photocatalytic activity was mainly dependent on the various

synthetic parameters such as precursor ratio, nature of TiO2 precursor materials, and
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post-heating conditions. These synthetic parameters have a considerable impact on
crystallinity, the generation of Ba vacancies as well as the oxidation state of Rh in
BaTiOz:Rh. Their experimental results indicated that suppressing the generation of Ba
vacancies during the synthetic process and improving the crystallinity can lead to
enhancement in photocatalytic activity.

Wang et al. (2015) synthesized BaTiOs-graphene nanocomposites with
different weight ratios of GO by a facile one-pot hydrothermal approach. The as-
prepared samples were characterized by various advanced characterization
techniques. The photocatalytic activity of the BaTiO3z-graphene composite was found
to be higher as compared to pure BaTiOs for the degradation of MB under visible
light irradiation. It was suggested that graphene acts as an organic dye-like
photosensitizer in the BaTiOs-graphene nanocomposite which transforms the wide
band gap BaTiO3s semiconductor into visible light.

Kiss et al. (2017) synthesized nanostructured Rh-doped SrTiOz by a facile
hydrothermal approach by avoiding high-temperature calcination and maintaining Rh
in the photocatalytically active +3 oxidation state. The photocatalytic activity of
SrTiOs containing 5 at % Rh was found to be higher for the degradation of methyl
orange and E. coli under visible light which could be attributed to the high surface
area and the efficient visible light absorption (>420 nm) caused by the presence of
Rh3" species.

Kumar et al. (2017) reported nitrogen-doped CaTiOz-reduced graphene oxide
composite for the photocatalytic degradation of MB and thiabendazole. The improved
activity (95 % of MB and 90 % of thiabendazole in 180 minutes) under visible light
was due to the excellent adsorption capacity and suppressed charge recombination.

He et al. (2018) synthesized core-shell SrTiOs/graphene composite by the
chemical vapour deposition technique. The composite with CHs flux of 5 sccm
exhibited enhanced photocatalytic activity as compared to bare SrTiOs towards the
degradation of Rhodamine B under UV irradiation. It was found that the formation of
the Ti-C bond is highly beneficial for the effectual transport of electrons from SrTiO3
to graphene sheets and thus suppressing the charge recombination also it was claimed

that the core-shell structure successfully avoids the restacking of graphene sheets, thus
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leading to the efficient absorption of light and higher interface area for charge carrier
separation.

Zhao et al. (2018) prepared the core-shell BaTiO3z nanoparticles
and GO nanosheets by a sol-precipitation process and the Hummers' method,
respectively. BaTiOs/GO nanocomposites were successfully prepared via the freeze-
drying method. The BaTiO3z/GO nanocomposites promoted the formation of steady
architecture and enhanced the active reaction sites for photo-degradation. The
nanocomposite with 80 % GO exhibited enhanced photocatalytic performance
towards the degradation of MB (67 % in 150 minutes) which was mainly attributed to
the appropriate energy band structure and effective absorption.

Ahmadi et al. (2019) synthesized SrTiOs/reduced-graphene oxide (STO/rGO)
nanocomposite by using the photocatalytic reduction method. The as-prepared
STO/rGO nanocomposite exhibited enhanced photocatalytic efficiency as compared
to bare STO towards the degradation of Rhodamine B under visible light. The
enhanced photocatalytic activity of STO/rGO could be attributed to the efficient
transfer of photoexcited electrons and holes in the STO/rGO nanocomposite. Holes
and hydroxyl radicals were found to be the main active species for the degradation of
Rhodamine B. The band structure of STO/rGO nanocomposite is almost unchanged as
compared to pure STO. The higher PL intensities of the STO/rGO nanocomposite as
compared to bare STO could be attributed to the higher recombination rate of
photoinduced electrons in the CB of rGO and CB of STO, pointing that the holes in
the VB of STO with more positive potential can take part in the oxidation reactions to
produce hydroxyl radicals. They also proposed the possible photocatalytic
mechanism, in which rGO get photoexcited (as a sensitizer) to produce electron and
hole pairs. These photogenerated electrons on the rGO, can be transferred to the CB
of STO as a result, rGO gets a positive charge which removes an electron from the
VB of the STO, and the remained holes on the VB of STO can react with water
molecules or directly with Rhodamine B dye molecules to generate the hydroxyl
radicals.

Hoang et al. (2019) synthesized Mo, V-codoped SrTiOs by a sol-gel method. It
was found that the reduction in the band gap energy from 3.24 eV (pure SrTiO3) to
2.64 eV for co-doped SrTiOs could be attributed to the creation of impurity levels
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caused by the Mo®" and V° cations. The co-doped SrTiOs exhibited higher
photocatalytic degradation towards MB as compared to undoped and mono-doped
SrTiOs in the visible region, which can be attributed to the reduced band gap and
reduced recombination rate of photoinduced charges caused by the dopants Mo®* and
V®* cations.

Mengting et al. (2019) investigated the photodegradation of MB by
BaTiOs/GO composite under UV-visible irradiation. They also found that the
photodegradation of MB by BaTiO3s/GO composite takes place via hydroxyl radicals.
The composite with a 1:2 ratio of BaTiOs/GO (0.5 g/L catalyst dose, pH 9.0, and
5mg/L of MB concentration) exhibited the highest MB degradation of 95 % in
3 hours under UV-visible irradiation.

Yan et al. (2019) synthesized CaTiOs nanocuboids by a hydrothermal route
using P25 as the titanium source. Au nanoparticles were uniformly decorated on the
CaTiO3 nanocuboids by a photocatalytic reduction of HAuCls solution. Compared to
pure CaTiOs nanocuboids, the Au@CaTiOz composites exhibited enhanced visible-
light absorption, increased photocurrent density, suppressed PL intensity, as well as
enhanced photocatalytic performance for the degradation of Rhodamine B under the
different light sources (simulated sunlight, UV light, and visible light). The
photocatalytic activity of 4.3 % Au@CaTiOs (99.6 % of Rhodamine B under
simulated sunlight) was found to be higher than that of bare CaTiOz nanocuboids. The
enhanced photocatalytic activity of the composites could be attributed to the efficient
separation of photogenerated e /h* pairs due to the electron transfer from CaTiO3
nanocuboids to Au nanoparticles and enhanced visible-light absorption due to the
localized surface plasmon resonance effect of Au nanoparticles. The electromagnetic
field caused by the localized surface plasmon resonance effect of Au nanoparticles
could trigger the generation and separation of electron-hole pairs in CaTiOs. Hydroxyl
radicals and holes were found to be the major active species for photocatalysis.

Chen et al. (2020) synthesized Na* co-doped CaTiOs:Eu®* through the solution
combustion method. It was found that doping of Na* and Eu®* enlarged the absorption
region and reduction in the band gap energy of pure CaTiOs. It was observed that the
greatest photocatalytic property and the degradation rate of MB (96.2 % in 300
minutes) with CaTiO3:0.5 % Eu®*, 0.5 % Na* sample under UV light was due to the
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reduction in band gap and grain size. It was also found that codoping restrained the
formation of Ca?" ions and oxygen defects thus improving the photocatalytic activity.
Cui et al. (2022) synthesized porous CQDs-doped SrTiOs/graphene material
(CSG) by the sol-gel carbonized propagation method. The best sample CSG-5 (80 mL
ethanol) showed the highest degradation rate for MB (94 %) at a dose of 1.5 mg L™
The best photocatalytic performance under visible light can be attributed to the
support of graphene and the formation of SrTiOs and CQDs heterojunctions, which
facilitate the separation of photoinduced charges. Acidic media and appropriate
amounts of NOz™ can promote the degradation of MB. The trapping experiment and
ESR results indicated that holes and superoxide anion radicals are the main active

species. The CSG-5 catalyst showed excellent reusability and stability after 5 cycles.

1.5 PROBLEM IDENTIFICATION

Heterogeneous photocatalysis with the aid of different semiconductors has
been receiving immense interest in the research community for their gigantic potential
in the treatment of recalcitrant pollutants in water, production of hydrogen via water
splitting due to their economic, environmentally benign, and alignment with the
“zero” waste scheme. Perovskite alkaline earth titanates like SrTiOs, BaTiOs, and
CaTiOsz have been utilized as a photocatalyst due to their ease of preparation,
chemical stability, biocompatibility, and resistance to photo corrosion. However, their
photocatalytic activity is strictly restricted to the UV region of the solar spectrum due
to the wide band gap of 3.2 eV, and also, they suffer from high recombination rates of
photoinduced charges which will limit their use in practical applications. There are
several strategies for improving the photocatalytic activity of perovskite alkaline earth
titanates such as doping with metals or non-metals, formation of heterostructures,
coupled with m-conjugated structures like graphene, and so on (Zhou et al. 2022, Wu
et al. 2020, Kumar et al. 2017).

Doping with metals and non-metals or tuning the cation ratio has been found
to be an effective strategy in extending the optical response of perovskite titanates
well into the visible region as there are three possible sites for doping. Though doping
seems to be a promising strategy, it is also known to introduce mid-gap states acting

as recombination centers which will diminish the photocatalytic efficiency and also it
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should be noted that the oxidation state of a metal dopant has a significant effect on
the modification of the electronic structure by the formation of donor and acceptor
levels as well as suppressing the electron-hole recombination (Saad et al. 2018). Thus,
it is necessary to design the synthetic technique with appropriate dopants to get better
photocatalytic efficiency.

Semiconductor photocatalyst coupled with a m-conjugated structural material
like graphene has been found to be a promising method for enhancing visible light
activity. When graphene was composited with a wide band gap semiconductor, the
interaction between graphene and the semiconductor narrows down the band gap, thus
improving the visible light absorption property, enhancing the surface area, enhancing
the charge transport, and suppressing the charge recombination.

Porous graphene consists of few-layered planar graphene sheets that possess
large surface area, excellent hydrophobicity, excellent optical transparency, high
chemical stability, and structural stability. Such porous structures promote faster
adsorption and desorption of contaminants during the photocatalytic reaction.
However, the nature of chemical bonding between the semiconductor and the
graphene plays a vital role in photo-induced interfacial electron transfer (He et al.
2018). Therefore, the development of environmentally benign photocatalysts to
overcome these problems is of great importance and a challenge in the current

scenario.

1.6 SCOPE AND OBJECTIVES OF THE WORK

Perovskite alkaline earth titanates, MTiOs (M = Ba, Ca, Sr) have attracted
extensive interest because of their widespread applications in the photocatalytic
degradation of organics, water splitting owing to their high chemical stability, good
biocompatibility, and resistance towards photo corrosion. However, due to their wide
band gap, their photocatalytic activity is hampered in the visible light region of the
solar spectrum. Hence, it would be worthwhile to work on these MTiO3 to enhance
their catalytic activity.

Generally, for heterogeneous photocatalysts, the crystal phase, particle size,
surface area, crystallinity, morphology, and photocatalytic activity can be well-tuned
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by tailoring various processing parameters such as surfactants, reaction temperature,
reaction time, and solvents. As a result, a similar strategy can be used for MTiOs.

Doping has been found to be a promising strategy in extending the visible
light response of MTiO3 as there are three possible sites for doping. It is well known
that the incorporation of noble and other metals such as Ag, Bi, Co, Cr, Fe, Ir, La,
Mn, Nb, Pb, Pd, Pt, Rh, Ru, Sb, and Zn have enabled the efficient harvesting of the
solar energy. However few reports indicated that the doped metal ions may act as
recombination centers for the photo-induced charges, thereby suppressing the
photocatalytic efficiency. Thus, it is necessary to design the synthetic technique with
appropriate dopants by avoiding the formation of the so-called recombination centers
to get better photocatalytic efficiency.

Graphene can be coupled with perovskite titanates to enhance photocatalytic
activity due to its excellent transparency, superior electron conductivity, electron
mobility, high specific surface area, and high chemical stability. Graphene sheets act
as an electron transfer channel for reducing the recombination of the photoinduced
charges and leading to improved photoconversion efficiency of the photocatalytic
materials and also enlarging the photocatalytic reaction space.

In this view and based on the literature studies, the following objectives have
been proposed for the present work.

» To synthesize the perovskite structure compounds of general formula MTiO3

(where, M = Ba, Sr, Ca) and metal ion-doped MTiO3 by

hydrothermal/solvothermal method.
» To synthesize MTiOs-graphene composite by a facile solvothermal approach.

» To characterize the synthesized materials by diffraction, microscopic and

spectroscopic techniques.

» To study the photocatalytic activity by taking MB as a target pollutant under

visible light irradiation.

1.7 THESIS WORK
The present thesis reports the successful synthesis of seven different series of
photocatalysts using a solvothermal or hydrothermal approach. All the synthesized
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materials were thoroughly characterized for their elemental composition, structural,
morphological, and optical properties with the help of various characterization
techniques such as XRD, FESEM, TEM, HRTEM, Raman Spectroscopy, XPS, BET
Method, DRS, and PL Spectroscopy. Thereafter, the photocatalytic efficiencies of the
synthesized materials were evaluated by taking MB as a target pollutant under visible
light.

The contents presented in the thesis have been broadly categorized into nine
chapters with several sections in each chapter.

Chapter 1 gives a brief introduction to the basic concepts of the study carried
out. It also gives a brief outline of the relevant works in the literature which focus on
graphene, perovskite titanate, metal-doped perovskite titanate, graphene-based
composites, their synthetic methods, and photocatalytic applications along with the
scope and objectives of the present research work.

Chapter 2, Chapter 3 and Chapter 4 deals with the solvothermal synthesis of
Rh-doped SrTiO3 nanoparticles, V-doped SrTiOs nanoparticles and porous graphene-
SrTiOz nanocomposite, respectively and the study of their structure, morphology,
optical property, and photocatalytic activity.

Chapter 5 and Chapter 6 deals with the hydrothermal synthesis of Rh-doped
BaTiOz nanoparticles and solvothermal synthesis of porous graphene-BaTiO3
nanocomposite, respectively and the study of their structure, morphology, optical
property, and photocatalytic activity.

Chapter 7 and Chapter 8 deals with the solvothermal synthesis of V-doped
CaTiO3 nanoparticles and porous graphene-CaTiO3z nanocomposite, respectively and
the study of their structure, morphology, optical property, and photocatalytic activity.

Chapter 9 deals with the summary of the work presented in the thesis along
with important conclusions drawn from the study. The results of the research work
presented in the thesis are also compared with the reported literature. The scope for
further research has also been included in this chapter.

References used have been listed at the end.
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CHAPTER 2

SOLVOTHERMAL SYNTHESIS OF
RHODIUM-DOPED STRONTIUM
TITANATEFOR PHOTOCATALYTIC
APPLICATION






Chapter 2 presents and discusses the synthesis and photocatalytic activity of

Rh-doped SrTiOs by a solvothermal approach.

2.1 INTRODUCTION

Various elements such as Ag, Bi, Co, Cr, Fe, Ir, La, Mn, Nb, Pb, Pd, Pt, Rh,
Ru, Sh, and Zn have been utilized for Sr or/and Ti site doping and co-doping, while B,
N, F have been used for substitution at O site either alone or accompanied by metal
doping in Sr/Ti sites (Zhang et al. 2016, Irie et al. 2007, Lv et al. 2015, Yu et al. 2014,
Jiao et al. 2013, Tonda et al. 2014, Ouyang et al. 2012, Xie et al. 2008, Xue et al.
2017, Kawasaki et al. 2014, Zhou et al. 2011, Modak and Ghosh 2015, Modak and
Ghosh 2015, Zou et al. 2012). Among these, Rh-doped SrTiOsz has attracted
significant attention due to its absorption in the visible region (Modak and Ghosh
2015, Iwashina and Kudo 2011, Kawasaki et al. 2012, Furuhashi et al. 2013, Chen et
al. 2012, Kiss et al. 2017). When Rh is doped into SrTiOs both Rh3* and Rh** exist in
the lattice. Though Rh doping decreases the band gap of the material due to Rh®*
states acting as donor levels, it suffers from the drawback that acceptor states get
formed in the mid-gap region due to the presence of Rh** states. Doping Rh by
maintaining it in +3 state, by avoiding the formation of photocatalytically inactive +4
state has become a challenge in the synthesis of Rh doped SrTiOs,

In this chapter, for the first time, the synthesis of Rh-doped SrTiO3
nanoparticles by a facile one-pot solvothermal method by avoiding high-temperature
calcination is reported. The photocatalytic activity of Rh-doped SrTiO3 nanoparticles

is evaluated by taking MB as a target pollutant.

2.2 EXPERIMENTAL SECTION
2.2.1 Synthesis

All chemicals were of analytical grade and were used as procured (Sigma
Aldrich) without any purification. Rh-doped SrTiO3z with varying percentages of Rh
was synthesized as follows: 1.47 mL of titanium(IV) isopropoxide and rhodium (I11)
chloride were dissolved in 10 mL of 2-propanol which was labeled as solution A. An
appropriate amount of strontium nitrate was dissolved in 10 mL of 2 M KOH which
was labeled as solution B. Solution A was continuously stirred, as solution B was

added dropwise to it. The resulting mixture was transferred to an autoclave and heated
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in an oven at 200 °C for 4 hours. The obtained precipitate was first purified by
washing with 1 M acetic acid and water and then dried in an oven at 70 °C for 8
hours. The products finally obtained by taking 0.1, 0.5, 1.0, and 3.0 mole % of Rh
precursor were designated as 0.1 Rh, 0.5 Rh, 1.0 Rh, and 3.0 Rh respectively.
2.2.2 Characterization

The crystallographic structures of the as-synthesized catalysts were analyzed
using a powder X-ray diffractometer (Rigaku Miniflex 600) with monochromatic Cu-
Kq radiation (A = 0.154 nm) at a scan rate of 2° per minute in the range of 20° - 80°.
Kratos XSAMB800 spectrometer equipped with an Al K, source was used to record
XPS. The morphological features of the synthesized catalysts were analyzed using a
field emission scanning electron microscope (Carl Zeiss Ultra 55) and transmission
electron microscope (Fie Tecnai G2). DR spectra were taken using a UV-visible DR
spectrometer (DR SPECORD S600 Analytic Jena) and the PL spectra were obtained
using a HORIBA Jobin Yvon fluorescence spectrometer at room temperature.
2.2.3 Determination of Photocatalytic Activity

The photocatalytic studies were carried out using a reactor equipped with a
high-pressure 250 W Hg vapor lamp acting as a visible light source (A=410-700 nm).
In a 500 mL pyrex glass beaker, 100 mL of a solution containing 1 mg of MB and 50
mg of the photocatalyst was magnetically stirred for 30 minutes to achieve
adsorption-desorption equilibrium of the catalyst. Later, the visible light irradiated
solution was drawn out at regular intervals in a quantity of 5 mL and centrifuged. The
supernatant solution was subjected to DR analysis at 664 nm. Considering C, as the
initial concentration of the solution and C as the concentration at different intervals of
time, the percentage degradation of dye is given by equation 2.1.

Degradation % = [(C,-C)/Co] x 100 (2.1)

2.3 RESULTS AND DISCUSSION
2.3.1 XRD Analysis

The XRD patterns of the SrTiO3 and Rh-doped SrTiOsz (Figure 2.1 a) could be
indexed to the cubic phase of SrTiOs with JCPDS card number 01-089-4934. The
absence of impurity peaks indicates that Rh occupied the lattice sites of the host

structure. The similarity of the patterns of doped samples with that of pristine
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indicates that the overall crystal structure was not much affected by the doping in the
concentration range studied. It was observed that (110) peaks appearing in the 26
range of 32° - 32.5° of the doped samples (Figure 2.1 b) shifted towards higher 6
values which caused a decrease in the lattice parameter from 3.971 A to 3.941 A. This
could be a consequence of Rh substituting Sr as the ionic radius of Rh®" (0.067 nm) is
smaller than Sr?* (0.118 nm). Rh replacing Ti would have increased the lattice

constant as Ti** (0.061 nm) is smaller in size.
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Figure 2.1 (a) XRD patterns as a function of doping concentrations of Rh and (b)
diffraction peaks of (110) planes in the range of 26 = 31.5° - 33°.

2.3.2 FESEM, EDS and TEM Analysis

The FESEM image of the 1.0 Rh sample (Figure 2.2 a) revealed numerous
irregular spherical particles which are highly porous. Some broken spheres indicate
the hollow nature of the material (circled yellow). Efficient photocatalysis requires a
large contact area between the catalyst material and the reactant species, in addition to
visible light absorption. Spherical particle is known to provide high surface area and
in addition to it, the porous nature of the doped samples with low density offers large

interaction frequency and high-speed molecular transport. EDX spectrum indicated
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the presence of Sr, Ti, O, and Rh as elements (inset of 2.2 a). TEM image (Figure 2.2
b) reveals irregular spherical particles with their average size ranging from 70-150

nm.

108.73

129.90 nm

Figure 2.2 (a) FESEM image (EDX spectrum in the inset) and (b) TEM image of 1.0
Rh.

2.3.3 XPS Analysis

XPS was used to analyze the surface chemical composition of Rh-doped
samples. Figure 2.3 shows the full range XPS survey plot of the as-synthesized 1.0 Rh
sample. The deconvoluted spectra (Figure 2.4 a) show peaks with binding energies of
132.31 eV and 133.96 eV which can be attributed to Sr 3ds» and Sr 3ds; states,
respectively. The peaks with binding energies of 457.5 eV and 463.3 eV (Figure 2.4
b) can be indexed to Ti 2ps; and Ti 2py. states, respectively. These binding energy
values correspond to Ti with the oxidation state of +4 in the perovskite structure of
SrTiOz (Kiss et al. 2017). Figure 2.4 ¢ shows the high-resolution O 1s spectrum which
can be deconvoluted into two peaks of binding energies 528.83 eV and 530.75 eV
which can be allotted to oxygen in the oxide lattice (OL) and surface hydroxyl groups
(Oon) respectively. The peaks shown in Figure 2.4 d with binding energies of 308.5
eV and 313.1 eV can be indexed to Rh 3ds2 and Rh 3dsq states, respectively
corresponding to Rh with +3 oxidation states (Kiss et al. 2017). The absence of peaks
corresponding to Rh*" states indicate the successful incorporation of Rh into SrTiO3
as Rh** and not as Rh**.
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Figure 2.3 XPS survey spectrum of 1.0 Rh sample.
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Figure 2.4 High-resolution XPS plot of (a) Sr 3d, (b) Ti 2p, (c) O 1s and (d) Rh 3d of

1.0 Rh sample.

2.3.4 Optical Absorbance Analysis

The DR spectra were measured as a function of wavelength from 250 nm to

700 nm (Figure 2.5 a) which shows an increase in the intensity of absorption from 400
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to 500 nm range and thereafter a steady absorption with an increase in the
concentration of Rh in SrTiOs (Tonda et al. 2014, Kiss et al. 2017). Further, the
spectra did not show any presence of the characteristic absorption peak at 580 nm,
caused by Rh**, indicating the absence of this species in the sample (Kawasaki et al.
2012). Tauc relation was used to calculate the direct band gap of the samples using
equation 2.2 (Sadiq et al. 2018, Mohamed et al. 2018).

(ohv)? = K (hv-Ey) (2.2)

where o is the absorption coefficient, Eq is the band gap energy of the semiconductor,
K is a constant, and hv is the photon energy. The band gap energies of SrTiOs, 0.1 Rh,
0.5 Rh, 1.0 Rh and 3.0 Rh were found to be 3.24 eV, 3.01 eV, 2.55 eV, 2.42 eV and
2.0 eV, respectively (Figure 2.5 b). The absorption edge is seen to increase beyond
385 nm as the concentration of Rh is increased. The decrease in the band gap with the
redshift in the absorption peak points to the formation of donor levels in the doped
samples (Chen et al. 2012).

Figure 2.5 ¢ shows the comparison of the PL spectra of SrTiO3 and Rh-doped
samples. The decrease in the intensity of the doped sample is due to the lower rate of
recombination of electrons and holes due to the rapid rate of replenishment of
electrons to the vacant site by the valence band. However, the PL intensity was found
to increase beyond 1.0 Rh because dopants can become the recombination centers for
the photoinduced charges at higher concentrations which will diminish the

photocatalytic activity (Tian et al. 2009).
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Figure 2.5 (a) UV-visible DR spectra, (b) Tauc plots and (c) PL spectra of SrTiOs
and Rh doped SrTiO3 samples.

2.3.5 Photocatalytic Activity

MB was chosen as the target moiety for testing the photocatalytic efficiency of
Rh-doped samples. The percentage degradation of SrTiO3 0.1 Rh, 0.5 Rh, 1.0 Rh, and
3.0 Rh was found to be 20, 41.6, 65.2, 72.9, and 37.5, respectively (Figure 2.6 a). The
results indicate that with an increase in Rh content the photocatalytic efficiency
increases but beyond 1.0 Rh the photocatalytic activity decreases. This could be due
to the fact that though the band gap decreases with an increase in the concentration of
Rh, there is a possibility of the formation of recombination centers for photogenerated

charge carriers which is supported by the results of PL.

33



(a) 0.0108 (b)
1.0
0.8} b
&) . £
S o) SrTiOs £
0.1 Rh i
0.5 Rh i
04r 1.0 Rh
3.0 Rh
0.2 n L 1 1 1 L 1
0 20 40 60 80 100 120 SrTiO3 0.1Rh 0.5Rh 1.0Rh 3.0Rh

Time in minutes

Figure 2.6 (a) Photocatalytic degradation curves and (b) rate constants for the

photocatalytic degradation of MB by SrTiO3 and doped samples.

The above photocatalysis reaction follows the first-order rate equation as

given in equation 2.3 (Sadiq et al. 2018).
In(C/Co) = - kt (2.3)

where C, is the concentration of dye at time t=0, C is the concentration of the dye at
irradiation time ‘t” and k is the first-order rate constant, given by the slope of the
straight line. 1.0 Rh sample exhibited the highest rate constant of 0.0108 min
compared to SrTiOs, which showed a value of 0.0018 min? (Figure 2.6 b). The
catalyst showed only a slight decline in the activity even after 4 cycles indicating its

stability and reusability for practical applications (Figure 2.7).
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Figure 2.7 Cyclic stability of the synthesized 1.0 Rh.
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Trapping experiments were carried out to determine the active species
involved in photocatalytic degradation. The procedure followed was similar to the one
used for degradation measurements as above but with the addition of different radical
scavenging agents like benzoquinone (1 mM) as a superoxide anion radical (O27)
scavenger, potassium iodide (10 mM) as a hole (h*) scavenger and isopropyl alcohol
(10 mM) as a hydroxyl radical (OH') scavenger. From Figure 2.8, we see that
superoxide radical anions are not the major active species as the corresponding
scavenger benzoquinone did not reduce the photocatalytic activity much. Whereas the
addition of potassium iodide (hole scavenger) and isopropyl alcohol (OH" scavenger)
reduced the photocatalytic activity appreciably. As a result, holes followed by
hydroxyl radicals are considered to be the major active species for the effectual
degradation of dye.
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Figure 2.8 Effect of radical and hole scavengers on the photocatalytic degradation of
MB by 1.0 Rh.

2.3.6 Photocatalytic Reaction Mechanism

The Rh-doped SrTiOz exhibited higher photocatalytic activity as compared to
undoped SrTiOz due to the formation of donor levels by the Rh d orbitals which lie
slightly above the valence band maximum, thus reducing the band gap. When the 1.0
Rh was exposed with the energy of photon equal to or greater than its band gap, an
electron from the donor level is transferred to the CB and these electrons react with
oxygen to produce superoxide radicals. Meanwhile, the formed holes either directly

react with MB or with water molecules to produce hydroxyl radicals. These two
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radicals are said to be active species for the effectual degradation of MB to harmless

degradation products (Figure 2.9).
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Figure 2.9 The photocatalytic mechanism of Rh-doped SrTiO3 for the degradation of
MB under visible light irradiation.

The activation energy for the photocatalytic degradation of MB can be
calculated by using equation (2.4) (Kshirsagar and Khanna 2019, Jaihindh et al.
2019).

log k = -Ea/2.303RT (2.4)

where k is the rate constant of photocatalytic degradation, Ea is the energy of
activation, R is the gas constant (R=8.314 J/K) and T is the temperature in the kelvin
(K) scale taken as 300 K in the current study.

The other thermodynamic parameters such as, the free energy of activation
(AG"), enthalpy of activation (AH?), and entropy of activation (AS*) were computed
by employing the activation complex theory (ACT) and Eyring equation (Table 2.1).

Ink = In (KeT/h) - AH¥/RT + AS*/R (2.5)
AH*= E,—RT (2.6)
AG* = AH* - T AS* 2.7)
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where kg is the Boltzmann’s constant (1.3805x102% J/K) and h is the Planck’s
constant (6.6261x103* Js).

Table 2.1 Thermodynamic parameters of the SrTiOz and Rh doped SrTiOs samples

Sample Ea (kJ/mol) | AH* (kJ/mol) | AS* (kJ/mol) | AG* (kJ/mol)

SrTiO3 15.7 13.2 -0.25 89.3

0.1 Rh 13.5 11.0 -0.25 87.0

0.5Rh 11.8 9.3 -0.25 85.2

1.0 Rh 11.2 8.8 -0.25 84.7

3.0Rh 13.8 11.3 -0.25 87.3
Without catalyst 17.7 15.2 -0.25 91.2

From the values tabulated, it is observed that higher energy of activation is
required for the photodegradation of MB without catalyst whereas a relatively lower
energy of activation is needed in presence of SrTiOz and Rh doped SrTiO3 samples.
This ascertains that the catalyst alters the path of the reaction by lowering the
activation energy. 1.0 Rh sample exhibited the lowest activation energy as compared
to other samples. The endothermic and non-spontaneous nature of the reaction was

revealed by the positive enthalpy and free energy change.
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CHAPTER 3

SOLVOTHERMAL SYNTHESIS OF
VANADIUM-DOPED STRONTIUM
TITANATEFOR PHOTOCATALYTIC
APPLICATION



Chapter 3 presents and discusses the synthesis and photocatalytic activity of

V-doped SrTiOs by a solvothermal approach.

3.1 INTRODUCTION

Vanadium (V) doped in SrTiOs has been successfully studied for
photocatalytic water splitting application but has been hardly reported for
photocatalytic degradation of organic dyes (Modak and Ghosh 2018, Hoang et al.
2019). Vanadium is a transition element that has variable oxidation states. If
introduced with an aliovalent charge (say V** or V°*) from that of the atom which it is
substituting (say Ti*") then defect states will be introduced due to the formation of
oxygen vacancies which will act as recombination centers. Hence, there is a need to
develop a synthetic route such that the dopant atom will be isovalent with that of the
host atom which it is substituting. Herein, VV-doped SrTiO3 was synthesized by a one-
pot facile solvothermal approach by avoiding high-temperature calcination. The
photocatalytic activity of the pure and doped samples was evaluated by taking MB

dye under visible light.

3.2 EXPERIMENTAL SECTION
3.2.1 Synthesis

All the chemicals were purchased from Sigma-Aldrich and were used as
received. Titanium(lV) isopropoxide (1.47 mL) was dissolved in 10 mL of 2-
propanol. To this, a calculated amount of vanadyl acetylacetonate was added and
stirred for one hour to ensure complete dissolution. An appropriate amount of
strontium nitrate and 10 mL of 2 M KOH were added. The resultant mixture was
sealed in an autoclave and kept in a hot air oven maintained at 200 °C for 4 hours.
The as-obtained precipitates were washed thoroughly with acetic acid and water. The
washed products were dried in an oven at 70 °C for 8 hours. The products obtained by
using 0.5, 1.0, 1.5, and 2.0 mol % of the V precursor were labeled as 0.5V, 1.0V, 1.5
V, and 2.0 V respectively. The details of characterization tools employed and the
procedure for the determination of photocatalytic activity are discussed in the

previous chapter.
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3.3 RESULTS AND DISCUSSION
3.3.1 XRD Analysis

The obtained XRD patterns of SrTiOs and V-doped SrTiOs can be well-
matched with the standard perovskite phase of SrTiOz indexed in JCPDS card number
01-089-4934 (Figure 3.1). Successful incorporation of V in SrTiOs is revealed by the
absence of impurity peaks in the XRD patterns of VV-doped samples. The shift in the
20 values after V doping is negligible due to the similar radius of V** and Ti** ions. If

V is doped in the Sr site, then an appreciable shift would have been observed as Sr?*

ions are larger compared to V** ions.
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Figure 3.1 XRD patterns as a function of doping concentrations of V.
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3.3.2 TEM and EDS Analysis

The TEM image of SrTiOz indicated irregular slightly elongated particles and
that of the 1.0 V sample indicated well-formed nanocubes (Figure 3.2 a and Figure
3.2 b). The EDS analysis indicated the presence of Sr, Ti, O, and V as elements
(Figure 3.2 c¢). HRTEM analysis indicated uniform lattice fringes of about 2.78 A
which could be indexed to the (110) plane of SrTiOz (Figure 3.2 d).

Full Scale 9441 cts Cursor: 0.000

Figure 3.2 (a) TEM image of SrTiOs, (b) TEM image of 1.0 V, (¢) HRTEM image of
1.0 V and (d) EDS spectrum of 1.0 V.
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3.3.3 BET Surface Area Analysis

The BET surface area of the SrTiOs and 1.0 V were determined with the help
of nitrogen adsorption-desorption isotherms. The nitrogen adsorption-desorption
isotherms exhibited a type IV pattern with the hysteresis loops mimicking type H3 (in
the P/P, range of 0.4-1.0), indicating there may have been the development of minute
pores (Figure 3.3) (Sethi et al. 2020). The higher BET surface area of the 1.0 V (36.3
m2/g) in comparison to SrTiOs (26.45 m?/g), facilitated the efficient adsorption and
degradation of the pollutants by increasing the surface area and active site for
catalysis, respectively. The pore size distribution of the 1.0 V sample was determined
by BJH analysis. A broad pore size distribution can be seen in the inset of Figure 3.3,
which further indicates the presence of mesopores as well as macropores. The pore
volume of 1.0 V was found to be 0.1381 cm®g which is almost three times that of
SrTiOs (0.040 cm®/g), promoting effective transport of reactants and products during

the photocatalytic reaction.

120

0003 &
e

3
. s i
= 90-¢ l
2 § 0.002f o H
S I L /
pd > N\ )
hel /N
g 60 | 0001 b0 \o/eﬁo\ ) 39
) e 4
= ?
> % 2 50 75 100 °,°°
o 30+ Pore diameter (nm) o
> _ 195855)/
M ===
O 1 1 1 1 1
0 0.2 0.4 0.6 0.8 1
P/P,

Figure 3.3 Nitrogen adsorption-desorption isotherm and BJH pore size distribution

(inset) of 1.0 V.

3.3.4 XPS Analysis

XPS analysis indicated the presence of Sr, Ti, O, and V elements in the survey
spectrum of the 1.0 V sample (Figure 3.4). The peaks at binding energies 132.74 eV
and 134.4 eV correspond to Sr 3ds; and Sr 3das, states, respectively (Figure 3.5 a)
(Wu et al. 2017). The peaks at binding energies 457.9 eV and 463.67 eV could be

attributed to Ti 2ps2 and Ti 2py. states respectively indicating the oxidation state of Ti
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as +4 (Figure 3.5 b) (Wu et al. 2017). The binding energies at 529.7 eV and 531.3 eV
could be allotted to lattice oxygen (Or) and the surface hydroxyl groups (Oon),
respectively (Figure 3.5 c). The peaks at binding energies 515.2 eV and 523.2 eV
could be ascribed to V 2ps2 and V 2py states respectively implying the oxidation
state of V as +4 (Figure 3.5 d) (Macias et al. 2019). Since, V atoms were successfully
doped into the Ti sites of SrTiOs in the V** oxidation state, thus avoiding the
formation of oxygen vacancies that otherwise would have been created to maintain
the charge neutrality. The doping site of V in SrTiOs can also be determined
experimentally using the XPS technique. Here it can be noted that the peak positions
of Sr 3d increase by 0.34 eV as compared to pure SrTiOs whereas Ti 2p increase by
0.68 eV (Figure 3.6). This strongly suggests that the incorporated vanadium has more
effect on the Ti sites than the Sr sites, which can be considered as another evidence

for Ti site doping besides XRD analysis.
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Figure 3.4 XPS survey spectrum of 1.0 V sample.
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Figure 3.6 High-resolution XPS spectra (a) Sr 3d, (b) Ti 2p and (c) O 1s of pure
SrTiOa.

3.3.5 Optical Absorbance Analysis

The DR spectra showed a redshift in the absorption edge of V-doped SrTiO3

in comparison to pristine SrTiOz (Figure 3.7 a). This is attributed to the dopant level
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introduced by V. The absorption data was derived using the Kubelka-Munk equation
3.1 (Bhat and Shenoy 2019).

AJS = (1-R)2/2R (3.1)

where, R is the reflectance, A and S are the absorption and scattering coefficients. The
band gap was determined by A/S versus energy plot (Figure 3.7 b). The band gaps of
SrTiOz, 0.5V, 1.0V, 1.5V and 2.0 V were found to be 3.17 eV, 2.66 eV, 2.51 eV,
2.27 eV and 2.14 eV, respectively.
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Figure 3.7 (a) UV-visible DR spectra, (b) electronic absorption spectra and (c) PL
spectra of SrTiOs and V-doped SrTiOs samples.

The PL intensity of V-doped SrTiOz is found to be extremely low in
comparison to pristine SrTiOs indicating that VV-doped in 4+ oxidation state reduces
the formation of the recombination centers and hence increases the charge carrier
lifetime (Figure 3.7 c). 1.0 V shows the least PL intensity leading to the highest
photocatalytic activity in the degradation of MB as explained in the subsequent

section. Aliovalent doping leads to the introduction of oxygen vacancies to balance
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the charge. Since this synthetic technique introduces V in an isovalent state as
confirmed by XPS, the formation of oxygen vacancies is reduced thus reducing the
chances of photo-generated electron-hole recombination.
3.3.6 Photocatalytic Activity

The photocatalytic efficiency of the synthesized materials was evaluated for
the decomposition of MB dye solution under visible light (Figure 3.8 a). We observe
that the photocatalytic activity of V-doped SrTiOz samples is higher than the pristine
SrTiOz. This is attributed to the decrease in the band gap of the material with an
increase in the dopant concentration. Substitution of V in Ti site introduces
continuous energy level in CB facilitating the easy migration and separation of
photogenerated charge carriers. In addition to it, the 1.0 V sample shows a higher
surface area facilitating higher adsorption of MB dye leading to subsequent

degradation of adsorbed molecules.
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Figure 3.8 (a) Photocatalytic degradation curves and (b) rate constants for the

photocatalytic degradation of MB by SrTiOz and doped samples.

The kinetics of the photocatalytic degradation of MB by SrTiOs and V-doped
SrTiOz is in good agreement with the pseudo-first-order rate equation given by (2.3).
The rate constant of 1.0 V was found to be higher than all the other samples indicating
the high efficiency of the sample (Figure 3.8 b). The high stability of 1.0 V is further
confirmed from the cyclic stability test indicating the photo corrosion resistance of the

material (Figure 3.9).
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Figure 3.9 Cyclic stability of the synthesized 1.0 V.

From Figure 3.10, it can be seen that superoxide radical anions are not the
major active species as the corresponding scavenger benzoquinone did not deteriorate
the photocatalytic activity much. Whereas the addition of potassium iodide (hole
scavenger) and isopropyl alcohol (OH' scavenger) reduced the photocatalytic activity
significantly. As a result, holes followed by hydroxyl radicals are considered to be the

active species for the effectual degradation of dye.
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Figure 3.10 Effect of radical and hole scavengers on the photocatalytic degradation of
MB by 1.0 V.

The mechanism of degradation is follows: When V-doped SrTiOz is irradiated
with an energy equal to or greater than its band gap, electrons from the VB get excited
to the CB leaving the corresponding number of holes in VB. These electrons in CB
react with oxygen to produce superoxide radicals (O2~) and the holes in VB either

directly react with MB or surface adsorbed water to produce hydroxyl radicals (OH).
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The formed radicals are said to be active species for the effectual degradation of MB
to CO; and water (Figure 3.11).
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Figure 3.11 The photocatalytic mechanism for the degradation of MB by V-doped

SrTiOs under visible light irradiation.

The thermodynamic parameters such as activation energy (Ez), the free energy
of activation (AG*), enthalpy of activation (AH¥), and entropy of activation (AS¥)

were computed as described in Chapter 2.

Table 3.1 Thermodynamic parameters of SrTiOz and V doped SrTiOs samples.

Sample Ea (kJ/mol) |AH# (kd/mol) | AS* (kJ/mol) | AG* (kJ/mol)
SITiOs 14.3 11.8 -0.25 87.8
05V 13.3 10.8 -0.25 86.8
10V 10.9 8.4 -0.25 84.4
15V 11.9 9.4 -0.25 85.4
20V 124 9.9 -0.25 85.9
Without catalyst 17.7 15.2 -0.25 91.2

From the values tabulated (Table 3.1), it can be observed that higher energy of

activation is required for the photodegradation of MB without catalyst whereas a
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relatively lower energy of activation is needed in presence of SrTiOz and V-doped
SrTiOs. This ascertains that the catalyst alters the path of the reaction by lowering the
activation energy. 1.0 V sample exhibited the lowest activation energy as compared to
other samples. The endothermic and non-spontaneous nature of the reaction was

revealed by the positive enthalpy and free energy change.
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CHAPTER 4

SOLVOTHERMAL SYNTHESIS OF
POROUS GRAPHENE-STRONTIUM
TITANATE NANOCOMPOSITE FOR
PHOTOCATALYTIC APPLICATION



Chapter 4 presents and discusses the synthesis and photocatalytic activity of
porous graphene-SrTiOz nanocomposite by a solvothermal approach.

4.1 INTRODUCTION

Although doping has been implemented to tune the electronic structure and
reduce the band gap this leads to the surfacing of another drawback viz. the high rate
of recombination due to the introduction of defect states of the dopant atom
(Kawasaki et al. 2012, Kawasaki et al. 2014). Also, poor transport of carriers leads to
inefficient charge separation and hence reduced lifetime of photogenerated electron-
hole pairs. Therefore, to facilitate the rapid transport of charge carriers to the reaction
site blending SrTiOs with an efficient conducting material is essential.

Graphene, a 2D layer of sp? hybridized carbon atoms with a hexagonal motif
is known to possess favorable properties. Porous graphene (PG) on the other hand
which is formed by the removal of one sp? hybrid carbon atom is known to possess
outstanding properties (Sethi et al. 2019). Hence, SrTiO3-PG composite is expected to
exhibit high conductivity, adsorptivity, and enhanced photocatalytic activity.
Although the synthesis of SrTiOs/graphene composites for photocatalytic applications
has been previously reported, the synthesis of porous graphene-SrTiOz (PGST)
composite has not been reported (He et al. 2018, Ahmadi et al. 2019, Govindasamy et
al. 2019). Hence, the development of a facile synthetic technique for producing highly
efficient PGST composite for photocatalytic applications is highly anticipated. The
goal is to design the synthesis such that the composite possesses high surface area, has
an appropriate band gap for visible light absorption and the surface interaction
between SrTiOz and PG is high to facilitate easy charge carrier transfer along with the
reduced tendency for recombination of photogenerated electron-hole pair.

Herein, the PGST composite was prepared by a facile and reproducible one-
step solvothermal approach. The synthesized materials were thoroughly characterized
by XRD, Raman spectroscopy, XPS, FESEM, TEM, BET analysis, DR spectroscopy,
and PL spectroscopic techniques. The photocatalytic efficiency of PGST was assessed
by analyzing the degradation of MB dye solution.
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4.2 EXPERIMENTAL SECTION
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Figure 4.1 Schematic illustration of the synthesis of PGST composite.

4.2.1 Synthesis of PGST Composite

All chemicals were procured from Sigma Aldrich and were used without
further purification. GO, PG and SrTiOs were synthesized according to the previously
reported procedure (Sethi et al. 2019, Shenoy et al. 2018). ‘x PGST’ (x = 2.5, 5.0, 7.5,
and 10.0 wt % GO) was synthesized by a simple solvothermal approach (Figure 4.1).
A calculated amount of SrTiOs powder was added to the solution of GO dispersed in
a 1:1 water-ethylene glycol mixture and stirred for 3 hours to obtain a homogeneous
solution. The resultant mixture was sealed in an autoclave and then heated to 160 °C
for 16 hours. The obtained black precipitates were thoroughly washed with distilled
water and dried in an oven at 70 °C for 8 hours. The composite obtained by taking
2.5,5.0,7.5, and 10.0 wt % GO was labeled as 2.5 PGST, 5.0 PGST, 7.5 PGST, and
10 PGST, respectively.
4.2.2 Characterization

Raman spectra were recorded with the help of a He—Ne source operating at
532 nm (Renishaw Invia). The details of other characterization tools employed and

56



the procedure for the determination of photocatalytic activity are discussed in the

previous chapters.

4.3 RESULTS AND DISCUSSION
4.3.1 XRD Analysis

XRD technique was used for the crystallographic study of the as-synthesized
catalysts. The peak indexed XRD plot (Figure 4.2) of PGST samples matched well
with the cubic phase of SrTiOs (JCPDS card No. 01-089-4934). A small shift in the
20 value of (110) peak from 32.21° (SrTiOs) to 32.17° (7.5 PGST) indicates the
possible interaction between the components of the composite formed. Scherrer
equation was used to calculate the average crystal sizes using (110) peak. The
calculated values turned out to be 34.7 nm, 32.8 nm, 30.0 nm, 28.8 nm, and 26.1 nm
for SrTiO3, 2.5 PGST, 5.0 PGST, 7.5 PGST, and 10 PGST, respectively. Due to the
lower quantity of PG in the composite, peaks corresponding to it are absent. However,
its presence is confirmed from Raman spectra. Among the different composite
samples, 7.5 PGST showed the highest photocatalytic activity. Hence, for detailed

analysis, only a 7.5 PGST sample was considered.
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Figure 4.2 XRD patterns of SrTiOzand PGST samples.
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4.3.2 Raman Analysis

The Raman spectra of PG reveal a peak at 1347.5 cm™ (D band), which can be
assigned to the presence of sp® defects, and another peak at 1590.7 cm™ (G band),
which can be attributed to the in-plane vibration of sp? bonded carbon atoms (Figure
4.3) (Sethi et al. 2019). These peaks shift to 1348.8 cm™ and 1588.5 cm, respectively
in 7.5 PGST. It is seen that the intensity ratio of the D band to the G band (Ip/lg) in
the case of 7.5 PGST (0.94) is lower than that of PG (1.05). This is attributed to the
interaction of PG with SrTiOsz moiety which neutralizes the free defects present in the
PG (Sadig et al. 2016).

D band G band

7.5 PGST

PG

Intensity (a. u.)

1000 1200 1400 1600 1800 2000
Raman shift (cm™)

Figure 4.3 Raman spectra of PG and 7.5 PGST.

4.3.3 FESEM and TEM analysis

The morphological study of 7.5 PGST was carried out using FESEM and
TEM. Figure 4.4 a reveals SrTiOsz nanoparticles as spherical agglomerates while
Figure 4.4 b shows PG in the form of wrinkled sheets with porous nature. The TEM
image of 7.5 PGST shows SrTiOz nanoparticles being wrapped in PG sheets and the
entire composite having a loofah-like structure (Figure 4.4 c). The wrapping of
nanoparticles by PG increases the area of contact between the two components
facilitating better interaction for charge transfer in comparison to SrTiOs particles
being just distributed on the planar PG sheets (He et al. 2018). HRTEM analysis
indicated lattice fringes of about 2.78 A which could be attributed to the (110) plane
of SrTiO3 (Figure 4.4 d).
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0:27 nm-(110)~

Figure 4.4 FESEM image of (a) SrTiOz nanoparticles, (b) PG, (c) TEM image of 7.5
PGST and (d) HRTEM image of 7.5 PGST.

4.3.4 BET Surface Area Analysis

The nitrogen adsorption analysis was carried out to obtain information on the
specific surface area and porosity of PGST. The isotherm for 7.5 PGST was type 1V
with hysteresis loops of type H3, indicating the presence of slit-like pores (Figure 4.5)
(Sadiq et al. 2017). The BET-specific surface area of 7.5 PGST was found to be 65.35
m?g%, which is much greater than SrTiOs (26.45 m?g™). The large surface area of the
composite is due to the formation of contusions in the loofah-like structure. This in
turn allows more MB dye molecules to get adsorbed onto the surface of the catalyst
due to the n-7 interaction between the PG and MB dye molecule. The photogenerated
carrier migrates to the surface of the material to react with oxygen or water to form
active species. Adsorption of MB dye on the surface of the catalyst decreases the path
length to be traveled by the active species for the effective reaction and hence
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increases the photocatalytic activity. The BJH method was utilized to analyze the pore
size distribution of 7.5 PGST indicating the presence of mesopores with a pore
volume of 0.151 cm3gt (Figure 4.5 inset) while that of SrTiOs was 0.040 cm®g™.
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Figure 4.5 Nitrogen adsorption-desorption isotherm and BJH pore size distribution
(inset) of 7.5 PGST.

4.3.5 XPS Analysis

XPS survey spectrum of 7.5 PGST reveals the presence of Sr, Ti, O, and C
(Figure 4.6). The peaks at binding energies 132.5 eV and 134.3 eV are attributed to Sr
3ds2 and Sr 3da states, respectively (Figure 4.7 a) (Shenoy et al. 2018). While the
peak at 132.96 corresponds to Sr bonded to C. This suggests the chemical interaction
of SrTiOs with the PG in the composite which is favorable for the transport of
photogenerated electrons. One of the main reasons for the low efficiency of a
photocatalyst despite having a favorable band gap is the recombination of charge
carriers. The formation of Sr-C bonds facilitates the transfer of electrons generated in
SrTiOz to electron-accepting PG, thereby separating the electrons and holes and
reducing the recombination of the charges. Ti 2ps;; and Ti 2py. states appear as peaks
in Figure 4.7 b at binding energies of 458.13 eV and 463.93 eV, respectively (Shenoy
et al. 2018). The peak at 529.3 eV in Figure 4.7 c is due to the lattice oxygen (Or) and
at 531.2 eV is due to the surface hydroxyl groups (Oon) (Shenoy et al. 2018). Figure
4.7 d shows the high-resolution C 1s spectrum which is deconvoluted into two peaks
of binding energies 284.7 eV and 285.7 eV and is attributed to sp? carbon of PG and
C-H bond of sp® carbon atom at the edge of PG, respectively (Sethi et al. 2019).
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Figure 4.7 High-resolution XPS spectra (a) Sr 3d, (b) Ti 2p, (c) O 1s and (d) C 1s of

7.5

PGST.
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4.3.6 Optical Absorbance Analysis

The UV-visible absorbance plot of SrTiOz exhibited an absorption edge at 387
nm, due to the electronic transition from the O ‘p’ to the Ti ‘d’ states. The absorption
band edges of PGST exhibited a redshift from 405 nm to 431 nm (Figure 4.8 a).
SrTiOs exhibited a band gap of 3.21 eV while the band gap of the PGST samples
decreased gradually from 3.06 eV (405 nm), 3.03 eV (409 nm), 2.93 eV (424 nm) to
2.87 eV (431 nm) for 2.5 PGST, 5.0 PGST, 7.5 PGST, and 10 PGST, respectively.
This decrease in the band gap of PGST is attributed to the formation of C ‘p’ states
above the VB and Sr ‘s’ states below the CB.

The PL spectra of the as-synthesized SrTiOz and PGST were examined to get
more information on the recombination behavior of photoinduced charges (Figure 4.8
b). Compared with SrTiOgz, a severe decrease in the fluorescence intensity of PGST
samples can be observed. This decrease in the PL intensity of the PGST samples is
because of the lower recombination rate of photoinduced holes and electrons due to
efficient electron transfer from SrTiO3z by the PG through the Sr-C bond. Further
increasing the PG content above its optimal value resulted in the enhancement of
fluorescence intensity due to agglomeration of PG which again introduces

recombination centers.
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Figure 4.8 (a) UV-visible DR spectra and (b) PL spectra of SrTiOs and PGST.

4.3.7 Photocatalytic Activity

The percentage degradation of MB by SrTiO3z 2.5 PGST, 5.0 PGST, 7.5
PGST, and 10 PGST was found to be 45.7, 70.4, 80.8, 91.9, and 79.5, respectively
(Figure 4.9 a). The enhanced photocatalytic activity of 7.5 PGST can be attributed to
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the enhanced light absorption in the visible region, high surface area, high pore
volume, and low recombination rate of photoinduced charges. The large surface area
of the 7.5 PGST composite allows more MB dye molecules to get adsorbed onto the
surface of the catalyst and the higher pore volume leads to the rapid diffusion of
various inorganic products formed during the photocatalytic reaction (Kampouri et al.
2019). On the other hand, in the case of 10 PGST, the higher amount of PG content
hinders the absorption of light by SrTiOs nanoparticles which can cause decreased
generation of electron-hole pairs (Sadiq et al. 2016). The presence of excess PG can
also act as a recombination center for photoinduced electron-hole pairs as revealed by

PL results. Due to these reasons, the photocatalytic activity of 10 PGST was found to

be lower.
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Figure 4.9 (a) Photocatalytic degradation curves and (b) rate constants for the
photocatalytic degradation of MB by SrTiOs and PGST.

The above photocatalytic reaction follows the pseudo-first-order rate equation
2.3. It is found that the rate constant increases with an increase in PG content (Figure
4.9 b). 7.5 PGST exhibited a value of 0.0177 min, which is higher than the SrTiOs
(0.0043 min?). The drop in the photocatalytic activity of 7.5 PGST after five

consecutive cycles was minimal, pointing to its high stability (Figure 4.10).
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Figure 4.10 Cyclic stability of the synthesized 7.5 PGST.

Also, the addition of potassium iodide reduced the photocatalytic activity to
the maximum extent followed by isopropyl alcohol indicating that holes and hydroxyl
radicals are the major active species (Figure 4.11). Benzoquinone addition had the

least effect indicating O+ had a minor role in the degradation of MB.
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Figure 4.11 Effect of radical and hole scavengers on the photocatalytic degradation of
MB by 7.5 PGST.

Taking into consideration of these results, the mechanism of photocatalytic
degradation of MB by PGST can be explained as follows (Figure 4.12). When a
photon of suitable energy is irradiated on PGST, electron-hole pairs are generated in
SrTiOs. As PG is an electron acceptor, the electrons from the SrTiOsz transfer to it
through the Sr-C bond thereby reducing the rate of recombination of photoinduced
charges and boosting the photocatalytic activity. These electrons react with oxygen to

produce superoxide radicals and the holes either directly oxidize MB or react with
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surface adsorbed water to produce hydroxyl radicals. These generated active species
act as a strong oxidizer for the effectual degradation of the MB adsorbed on the PGST
to CO2z and H20.

Figure 4.12 Mechanism of photocatalytic degradation of MB by PGST.

The thermodynamic parameters such as, activation energy (Ea.), the free
energy of activation (AG"), enthalpy of activation (AH®), and entropy of activation

(AS*) were computed as described in Chapter 2.

Table 4.1 Thermodynamic parameters of the SrTiOzand PGST samples

Sample Ea (kJ/mol) | AH* (kJ/mol) | AS* (kJ/mol) | AG* (kd/mol)
SrTiO3 13.5 11.0 -0.25 87.0
2.5 PGST 12.3 9.8 -0.25 85.8
5.0 PGST 11.2 8.7 -0.25 84.7
7.5 PGST 10.0 7.5 -0.25 83.5
10 PGST 121 9.6 -0.25 85.6
Without catalyst 17.7 15.2 -0.25 91.2
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From the values tabulated (Table 4.1), we observe that higher energy of
activation is required for the photodegradation of MB without catalyst whereas
relatively lower energy of activation is needed in presence of SrTiOs and PGST
samples. This ascertains that the catalyst alters the path of the reaction by lowering
the activation energy. 7.5 PGST sample exhibited the lowest activation energy as
compared to other samples. The endothermic and non-spontaneous nature of the

reaction was revealed by the positive enthalpy and free energy change.
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CHAPTER 5

HYDROTHERMAL SYNTHESIS OF
RHODIUM-DOPED BARIUM TITANATE
FOR PHOTOCATALYTIC APPLICATION






Chapter 5 presents and discusses the synthesis and photocatalytic activity of
Rh-doped BaTiOs3 by a solvothermal approach.

5.1 INTRODUCTION

BaTiOs is a versatile material with a highly tunable crystal and electronic
structure with the potential of being a multifunctional material (Ali et al. 2020, Xu et
al. 2019). So far, the piezoelectric effect of BaTiOs has been used to enhance the
separation of photo-generated charge carriers while it is also combined with some
other plasmonic nanomaterials of Ag or Au to further meet the challenge of
absorption of the visible light radiation (Xu et al. 2019, Liu et al. 2020, Liu et al.
2020). Besides this, compositing with carbon-based materials have also been adopted
to enhance the photocatalytic efficiency via promoting charge carrier separation
(Mengting et al. 2019, Wang et al. 2015, Xian et al. 2015, Demircivi et al. 2020).

Various dopants such as Ce, Cr, Fe, In, Mn, Mo, Ni, N, Rh, W, and Zn have
been used to reduce the band gap of BaTiOz and bring its absorption from UV to the
visible region of the solar spectrum and thus improving its photocatalytic efficiency
(Zhong et al. 2019, Zou et al. 2012, Nageri and Kumar 2018, Senthilkumar et al.
2019, Amaechi et al. 2021, Amaechi et al. 2019, Xie et al. 2019, Cao et al. 2014,
Demircivi and Simsek 2019). Doped BaTiOs has largely been used for the
photocatalytic production of hydrogen rather than the degradation of dyes (Zhong et
al. 2019, Zou et al. 2012, Xie et al. 2019, Huang et al. 2019). Doping is well known to
largely affect the electronic structure and hence properties associated with it
depending on the site which it occupies (Shenoy and Bhat 2020, Shenoy and Bhat
2017). Therefore, in addition to being stable, nontoxic, and having an appropriate
band gap, the recombination rate should be low with increase in the lifetime of charge
carriers for a material to be an ideal photocatalyst (Mohamed et al. 2018).

Rh is an ideal dopant in SrTiO3 for photocatalytic degradation of MB and
found that site occupancy plays a major role in the performance of the material
(Shenoy et al. 2018). Although Rh has already been doped in BaTiOs its efficiency as
a photocatalyst is tested only for hydrogen generation (Maeda 2014, Nishioka and
Maeda 2015). Herein, Rh-doped BaTiOs was synthesized by a simple hydrothermal

technique. It should be noted here that except for this series all other series presented
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in this thesis were synthesized by the solvothermal approach. Since the solvothermal
approach did not yield satisfactory results under the prevailing synthetic conditions,
hence hydrothermal approach was utilized. Since Rh is expensive, the final material
was made considerably economic by trying to achieve higher efficiency for a low
concentration as 0.5 Rh (mol%). 96 % degradation exhibited in 120 min and high
cyclic stability revealed high efficiency of the material as a photocatalyst in
comparison to 65.2 % exhibited by 0.5 Rh doped in SrTiOs (Shenoy et al. 2018).

5.2 EXPERIMENTAL SECTION
5.2.1 Synthesis

All the chemicals were purchased from Sigma-Aldrich and were used as
received without further purification. 0.35 g of titanium (IV) oxide, anatase (325
Mesh Powder) was added into 30 mL of 5 M KOH solution. To this, the calculated
amount of rhodium (I11) chloride and barium hydroxide (octahydrate) were added and
stirred for one hour. The resultant mixture was sealed in an autoclave and kept in a
hot air oven maintained at 180 °C for 20 hours. The as-obtained precipitates were
washed thoroughly with acetic acid and water. The washed products were dried in an
oven at 70 °C for 8 hours. The products obtained by using 0.1, 0.3, 0.5, 0.7, and 0.9
mol % of the Rh precursor were labeled as 0.1 Rh, 0.3 Rh, 0.5 Rh, 0.7 Rh, and 0.9 Rh,
respectively. The details of other characterization tools employed and the procedure
for the determination of photocatalytic activity are discussed in the previous chapters.

5.3 RESULTS AND DISCUSSION
5.3.1 XRD Analysis

The XRD pattern of the synthesized samples matched well with the cubic
phase of BaTiOs (JCPDS card no. 00-031-0174) indicating that both doped and
undoped samples had the same crystal structure (Figure 5.1 a). Successful
incorporation of Rh in BaTiOz is revealed by the absence of impurity peaks in the
XRD patterns of Rh-doped samples. The ionic radius of Rh3*, Ba** and Ti*" is 0.067
nm, 0.161 nm, and 0.061 nm, respectively which means that Rh should preferably be
doped in the Ti site. Substitution in the Ti site would have caused a slight increase in
the lattice parameter which was not the case here. The synthetic approach adopted

here directs the Rh towards the Ba site which leads to a reduction in the lattice
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parameter to 4.02 A. This manifests as the shifting of peaks towards higher 6 values

in the doped samples with respect to the undoped BaTiO3z (Figure 5.1 b).
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Figure 5.1 (a) XRD patterns of BaTiOz and Rh doped BaTiOz with varying
concentrations of Rh and (b) diffraction peaks of (110) planes in the range of 26 = 31°
- 32°.

5.3.2 EDS and TEM Analysis

The morphology of the samples was studied using TEM. It can be seen that
undoped BaTiOs has a cuboctahedral shape while doping it with Rh makes it cubic in
structure (Figures 5.2 a and 5.2 b). The 110 planes can be clearly observed in the
HRTEM image of 0.5 Rh with a spacing of 0.28 nm (Figure 5.2 c). The single
crystalline nature of the synthesized 0.5 Rh indicates the success of the employed
synthetic technique. The elemental composition studied using EDX reveals Ba, Ti, O,

and Rh as elements present confirming the results from XPS (Figure 5.2 d).
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Figure 5.2 (a) TEM image of BaTiOz, (b) TEM image of 0.5 Rh, (¢) HRTEM of 0.5
Rh (inset shows SAED pattern of 0.5 Rh) and (d) EDX spectrum of 0.5 Rh.

5.3.3 BET Surface Area Analysis

Since the surface area of the sample plays a huge role in the catalysis process,
The surface area of both doped and undoped BaTiOs was studied. In the nitrogen
adsorption-desorption isotherms of BaTiOsz and 0.5 Rh, a pattern of type IV with
hysteresis loops being type H3 indicated the presence of slit-like pores (Figures 5.3 a
and 5.3 b) (Sethi et al. 2020). The BET surface area was found to be 7 m?/g for 0.5 Rh
which is higher as compared to pure BaTiOs (4.5 m?/g). This higher surface area of
0.5 Rh will be highly beneficial for the effective adsorption and degradation of the
pollutants. A broad BJH pore size distribution in the range of 2-100 nm indicated the
presence of mesopores and macropores (inset of Figures 5.3 a and 5.3 b). The pore

volume of 0.5 Rh was found to be 0.0419 cm®/g which is almost twice that of the
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pristine (0.0229 cm?®/g), which helps in the efficient photo-absorption and diffusion of

molecules during the photocatalytic reaction.
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Figure 5.3 BET surface area analysis of (a) BaTiOs (inset shows pore size

distribution) and (b) 0.5 Rh (inset shows pore size distribution).

5.3.4 XPS Analysis
XPS survey spectrum indicated the presence of Ba, Ti, O, and Rh species in

the sample (Figure 5.4). It can be seen that Ba 3d has two spin states Ba 3ds,, and Ba
3ds2 which appear at binding energies of 778.74 eV and 794.03 eV, respectively as
peaks (Figure 5.5 a). The binding energy separation of 15.29 eV between the two spin
states of Ba confirmed the oxidation state of Ba in BaTiO3 as +2 (Sadiq et al. 2018).
The high-resolution spectrum of Ti indicates it is in +4 oxidation state as peaks
emerge at binding energies of 458.42 eV (for Ti 2p3;2) and 464.19 eV (for Ti 2p1n),
respectively (Figure 5.5 b). Further, the peaks at binding energies 529.61 eV and
531.45 eV can be attributed to the lattice oxygen (Or) and surface hydroxyl groups
(Oon), respectively (Figure 5.5 c) (Sethi et al. 2020, Amaechi et al. 2019). The
deconvoluted peaks of Rh at binding energies 310.10 eV and 314.58 eV can be
allotted to the Rh 3ds, and Rh 3ds2 spin states, respectively (Figure 5.5 d). These
binding energy values indicated the successful incorporation of Rh** ions into the

lattice of the BaTiOsz and not Rh*" (Maeda 2014, Shenoy et al. 2018).
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Figure 5.4 XPS survey spectrum of 0.5 Rh sample.
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Figure 5.5 High-resolution XPS plot of (a) Ba 3d, (b) Ti 2p, (c) O 1s and (d) Rh 3d.
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5.3.5 Optical Absorbance Analysis

In the DR spectra of pristine BaTiOz an absorption edge at around 400 nm can
be seen due to the electronic transitions from the O 'p' orbitals to the Ti 'd" orbitals
(Figure 5.6 a). Whereas, the absorption edges of Rh-doped samples are red-shifted to
the visible region (400-550 nm) due to the decrease in the band gap. These
wavelengths can be attributed to the electronic transitions from the donor level formed
by the Rh3* species to the conduction band of BaTiOs. The characteristic absorption
peak at 580 nm, caused by Rh*", was absent indicating that Rh was doped in +3
oxidation state further confirming the results from XPS (Shenoy et al. 2018, Kawasaki
et al. 2012).

The direct band gap of the samples was calculated using Tauc relation using
equation 2.2. The band gap energies of BaTiOs, 0.1 Rh, 0.3 Rh, 0.5 Rh and 0.7 Rh
estimated from the respective absorption edge values were found to be 3.04 eV, 2.37
eV, 2.34 eV, 2.26 eV and 2.17 eV, respectively.

From the PL spectra of BaTiO3z and Rh doped BaTiOs, there is a noticeable
drop in the fluorescence intensity can be seen for the doped samples as compared to
pristine which indicates the lower opportunity for the recombination of photoinduced
charges in the case of doped samples (Figure 5.6 b). The electrons are rapidly
replenished to the vacant site by the VB which prevents their recombination with
holes generated. Thus, more photoinduced holes and electrons can participate in the
photocatalytic reactions. It can be noted that the PL intensity decreases till 0.5 Rh and
beyond this concentration the PL intensity increases which can be attributed to the

formation of recombination centers.
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Figure 5.6 (a) DR and (b) PL spectra of BaTiOz and Rh doped BaTiOs samples.
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5.3.6 Photocatalytic Activity

The photocatalytic efficiency of the synthesized materials was evaluated for
the decomposition of MB dye under irradiation of visible light. Figure 5.7 a shows the
photocatalytic degradation curves of MB in presence of BaTiOs and Rh-doped
BaTiO3 samples. The percentage degradation of BaTiOs, 0.1 Rh, 0.3 Rh, 0.5 Rh, and
0.7 Rh was found to be 45, 55, 69, 96, and 73 respectively. The photocatalytic activity
of Rh-doped samples was found to be higher than the pristine which could be
attributed to the formation of Rh** donor levels above the VB which efficiently
decreased the band gap enabling the harvesting of the visible light. 0.5 Rh exhibited
the highest photocatalytic activity beyond which the activity decreased. This is due to
the formation of recombination centers as revealed by the PL studies above. To
further confirm this fact, 0.9 Rh sample was also synthesized and tested its
photocatalytic activity and 0.9 Rh showed the least activity of 57% with a rate

constant of 0.0068 min™.
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Figure 5.7 (a) Photocatalytic degradation curves and (b) rate constants of the BaTiO3
and Rh-doped BaTiO:s.

The kinetics of the photocatalytic degradation of MB by BaTiOz and Rh-
doped BaTiOs samples is well in agreement with the pseudo-first-order rate equation
given by equation (2.3). The rate constant of 0.5 Rh was found to be higher than all
the synthesized samples (Figure 5.7 b). Further, the 0.5 Rh showed only a marginal
drop in the photocatalytic efficiency even after five consecutive cycles, suggesting its
high stability and reusability towards photocatalytic degradation reactions (Figure
5.8).
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Figure 5.8 Cyclic stability of the synthesized 0.5 Rh.

From the Figure 5.9, it can be seen that superoxide radical anions are not the
major active species as the corresponding scavenger benzoquinone did not deteriorate
the photocatalytic activity to a larger extent. Whereas, the addition of potassium
iodide and isopropyl alcohol reduced the photocatalytic activity significantly. As a
result, holes followed by hydroxyl radicals are considered to be the active species for

the effectual degradation of dye.
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Figure 5.9 Effect of radical and hole scavengers on the photocatalytic degradation of
MB by 0.5 Rh.

Based on the above study a mechanism for the photocatalytic degradation of
MB dye as follows: When 0.5 Rh gets irradiated with energy greater than or equal to
its bandgap, the electron from the donor levels formed by Rh3" species is transferred
to the CB. Later, these electrons react with oxygen to produce superoxide anion
radicals. The formed holes either directly react with MB to produce degradation
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products or react with surface hydroxyl groups to produce hydroxyl radicals. The
formed superoxide and hydroxyl radicals react with dye molecules to produce

harmless degradation products (Figure 5.10).
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Figure 5.10 The photocatalytic mechanism of Rh-doped BaTiOs for the degradation
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of MB under visible light irradiation.

The thermodynamic parameters such as, activation energy (Ea.), the free
energy of activation (AG"), enthalpy of activation (AH®), and entropy of activation

(AS*) were computed as described in Chapter 2.

Table 5.1 Thermodynamic parameters of BaTiOsz and Rh doped BaTiOs samples

Sample Ea (kJ/mol) |AH* (kJ/mol) | AS* (kJ/mol) | AG* (kJ/mol)

BaTiOs 13.2 10.7 -0.25 86.6

0.1 Rh 12,5 10.0 -0.25 85.9

0.3Rh 11.6 9.1 -0.25 85.0

0.5Rh 9.3 6.8 -0.25 82.7

0.7 Rh 11.3 8.8 -0.25 84.7

0.9 Rh 12.4 9.9 -0.25 85.8
Without catalyst 17.7 15.2 -0.25 91.2
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From the values tabulated (Table 5.1), it can be observed that higher energy of
activation is required for the photodegradation of MB without catalyst whereas
relatively lower energy of activation is needed in the presence of BaTiOs and Rh
doped samples. This shows that the catalyst alters the path of the reaction by lowering
the activation energy barrier. 0.5 Rh sample exhibited the lowest activation energy as
compared to other samples. The endothermic and non-spontaneous nature of the

reaction was revealed by the positive enthalpy and free energy change.
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CHAPTER 6

SOLVOTHERMAL SYNTHESIS OF
POROUS GRAPHENE-BARIUM
TITANATE NANOCOMPOSITE FOR
PHOTOCATALYTIC APPLICATION






Chapter 6 presents and discusses the synthesis and photocatalytic activity of

porous graphene-BaTiOs nanocomposite using a solvothermal approach.

6.1 INTRODUCTION

BaTiOz is a prominent semiconductor photocatalyst with distinguished
ferroelectric, piezoelectric, and dielectric properties. As we know that its
photocatalytic activity is restricted to the UV region of the solar spectrum, it is
composited with electron-accepting materials like graphene to reduce the band gap
and to enhance the lifetime of charge carriers.

A new form of graphene called PG is known to possess promising properties
(Sethi et al. 2019). Thus, compositing BaTiOs with PG is expected to possess
excellent photocatalytic efficiency. Even though the synthesis of BaTiOas/graphene
composites for photocatalytic applications have previously been reported, there have
been no reports devoted to the synthesis of porous graphene-BaTiOs (PGBT)
composite (Wang et al. 2015, Zhao et al. 2018, Mengting et al. 2019). PGST
nanocomposite for photocatalytic degradation of MB was discussed in chapter 4 and
the enhanced activity (~92 % in 120 minutes) was attributed to the high surface area,
reduced band gap, and suppressed recombination rate of photoinduced charge carriers.
Hence, the same approach was applied for its barium analogue.

Herein, PGBT composite was synthesized by a facile one-pot and reproducible
solvothermal approach. The synthesized catalysts were systematically characterized
by diffraction, microscopic and spectroscopic techniques to get more insight into the
crystal structure, morphology, chemical environment, and optical properties. The
photocatalytic efficiency of the synthesized PGBT composite was evaluated for the
degradation of MB dye solution under visible light.

6.2 EXPERIMENTAL SECTION
6.2.1 Synthesis of PGBT Composite

All chemicals were procured from Sigma-Aldrich and were used as received
without further purification. GO, PG and BaTiOs were synthesized according to the
method discussed previously (Bhat et al. 2020, Sethi et al. 2019). ‘x PGBT’ (x = 2.5,
5.0, 7.5, 10.0, and 12.5 wt % GO) was synthesized by a simple one-pot solvothermal

approach. A calculated amount of BaTiOs powder was added to the solution of GO
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sonicated in a 1:1 water-ethylene glycol mixture and stirred for 3 hours to obtain a
brownish-white suspension. The resultant mixture was sealed in an autoclave which
was maintained at 160 °C for 16 hours. The obtained black precipitates were
thoroughly washed with distilled water and dried in an oven at 70 °C for 8 hours. The
composite obtained by taking 2.5, 5.0, 7.5, 10.0 and 12.5 wt % GO was designated as
2.5 PGBT, 5.0 PGBT, 7.5 PGBT, 10 PGBT and 12.5 PGBT, respectively. The details
of other characterization tools employed and the procedure for the determination of
photocatalytic activity are discussed in the previous chapters.

6.3 RESULTS AND DISCUSSION
6.3.1 XRD Analysis

XRD analysis was carried out in order to get more insight into the crystal
structure and phase purity of the synthesized samples. All the diffraction peaks of
PGBT samples shown in Figure 6.1 could be ascribed to the cubic phase of BaTiOs
(JCPDS card No. 00-031-0174). A deviation in the 20 value of (110) peak from
31.35° (BaTiOg3) to 31.47° (7.5 PGBT) suggests a strong interaction between the
BaTiOz and the PG sheets in the composite. Scherrer equation was employed to
calculate the average crystal sizes using (110) crystal planes and the values were
found to be 45.2 nm, 35.36 nm, 33.1 nm, 32.2 nm, 29.34 nm, and 28.24 nm for
BaTiOgz, 2.5 PGBT, 5.0 PGBT, 7.5 PGBT, 10 PGBT, and 12.5 PGBT, respectively.
No characteristic peaks for PG are present in the PGBT samples due to their low
content and relatively low diffraction intensity. However, its presence can be

confirmed from Raman and XPS analysis.

84



12.5 PGBT

(110)

i (100)
atn
(200)

210)
@11)
(220)
(300)
310)
G11)

10 PGBT

ujl«__k T S N

7.5 PGBT

L—-L_/L_..A._..A._.._L_A__/\_A

5.0 PGBT

LJ._JL_,_.A.____A_.__M

2.5 PGBT

L——LJL‘\.._.A ) W W

BaTiO,

40 20 (degree) 60 80

L

Intensity (a. u.)

[

Figure 6.1 XRD patterns of BaTiOzand PGBT composites.

6.3.2 Raman Analysis

The Raman spectrum of PG displays a peak at 1346.1 cm™(D band), which
could be ascribed to the k-point phonons of Aig symmetry of the sp® defects, and
another peak at 1595.1 cm™ (G band), which could be attributed to the Ezq graphite
mode of the sp? bonded carbon atoms (Figure 6.2) (Sethi et al. 2019, Sadiq et al.
2017, Li et al. 2021). However, in the 7.5 PGBT, these peaks shift to 1347.5 cm™ and
1596.5 cm™, due to the chemical interaction between BaTiOs; and PG. The intensity
ratio of the D band to the G band (Io/lg) is a measure of the degree of defects. It can
be observed that Ip/lg in the case of 7.5 PGBT (0.91) is lower than that of PG (1.07)
indicating strong adherence and interaction of BaTiOs nanoparticles on PG sheets
(Sadiq et al. 2016, Sethi et al. 2020, Sethi et al. 2021).
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Figure 6.2 Raman spectra of PG and 7.5 PGBT.

6.3.3 TEM Analysis

TEM analysis was used to investigate the morphology of PG, BaTiOs, and 7.5
PGBT samples. BaTiOz nanoparticles had roughly cuboctahedral shape tending
towards spherical shape while PG revealed wrinkled nature with several pores (Figure
6.3 a and Figure 6.3 b). The TEM image of 7.5 PGBT revealed BaTiOs nanoparticles
partially wrapped in PG facilitating easier migration and conduction of charge carriers
(Figure 6.3 c). HRTEM of 7.5 PGBT showed the lattice fringes 0.28 nm apart
corresponding to the (110) plane of BaTiOz (Figure 6.3 d).
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Figure 6.3 (a) TEM image of BaTiOs, (b) TEM image of PG, (c) TEM image of 7.5
PGBT and (d) HRTEM image of 7.5 PGBT.

6.3.4 BET Surface Area Analysis

Figure 6.4 showed the nitrogen adsorption-desorption isotherm of the 7.5
PGBT sample. The isotherm exhibited a type IV characteristic with a hysteresis loop
resembling type H3, indicating the presence of slit-like pores (Sethi et al. 2020). The
BET-specific surface area of 7.5 PGBT was found to be 36 m?g*, which is eight times
greater than the bare BaTiOs (4.5 m?g?). This enhanced surface area of the composite
could be attributed to the presence of PG which provides more active sites for the
efficient adsorption of MB dye molecules through n-r stacking. It also holds them in
close proximity to the BaTiO3z nanoparticles, as a result, the path length traveled by
the active species reduces and hence boosts the photocatalytic activity. The BJH pore

size distribution of 7.5 PGBT indicated the presence of mesopores and macropores
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with a pore volume of 0.14 cm3g* (Figure 6.4 inset) which is almost six times higher
than that of BaTiOs (0.022 cm?gt). Higher pore volume helps in the rapid diffusion of

various reactants and products formed during the photocatalytic reaction.
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Figure 6.4 Nitrogen adsorption-desorption isotherm of 7.5 PGBT. The inset shows

BJH pore size distribution.

6.3.5 XPS Analysis
XPS survey spectrum of 7.5 PGBT confirmed the presence of Ba, Ti, O, and C

elements (Figure 6.5). High-resolution XPS along with the binding energy values of
various elements present in 7.5 PGBT confirmed the presence of Ba in +2 state, and
Ti in +4 state (Figure 6.6 and Table 6.1) (Bhat et al. 2020, Verhoeven and Van
Doveren 1982, Zhou et al. 2021, Sethi et al. 2020, Sobahi and Amin 2021, Kappadan
et al. 2020). The existence of chemical interaction between BaTiOs and PG is
suggested by the formation of Ba-C bonds. The presence of the Ba-C bond helps in
the efficient transport of carriers and better photocatalytic efficiency due to reduced

recombination rate (Alamelu and Ali 2020, Boukhvalov et al. 2020).
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Figure 6.6 High-resolution XPS plot of (a) Ba 3d, (b) Ti 2p, (c) O 1s and (d) C 1s of

7.5

PGBT.
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Table 6.1 XPS binding energy values of 7.5 PGBT.

Element | Binding energy Assignment

(eV)

Ba 3d 779.2 Ba 3ds.2
794.6 Ba 3da

Ti 2p 458.6 Ti 2p3r
464.3 Ti 2p1e

O1s 529.9 Lattice oxygen (Ovr)
531.6 Surface hydroxyl groups

(Oon)

C1s 283.6 Ba-C
284.6 C=C
285.9 C-0

6.3.6 Optical Absorbance Analysis

The effect of PG on the band gap energy of BaTiOsz is studied by DRS
analysis. From the DR spectra, it can be seen that the absorption edges of PGBT were
red-shifted as compared to pristine BaTiOs (Figure 6.7 a). The band gap energies of
the synthesized composites were derived from the Kubelka-Munk equation 3.1
(Shenoy and Bhat 2017). The band gap energies determined by plotting A/S versus
energy of BaTiOs, 2.5 PGBT, 5.0 PGBT, 7.5 PGBT, 10 PGBT and 12.5 PGBT were
found to be 3.12 eV, 2.93 eV, 2.89 eV, 2.85 eV, 2.81 eV and 2.79 eV, respectively
(Figure 6.7 b).

PL analysis was utilized to investigate the extent of the separation of charge
carriers. The probability of involvement of the charge carriers in the photocatalytic

reaction is decided by the lifetime of charge carriers before their recombination. The
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lower recombination rate of photoinduced charge carriers and the efficient electron
migration from BaTiOs to PG through the Ba-C bond is observed as a reduction in the
fluorescence intensity (Figure 6.7 c¢). This indicates a greater probability of the charge
carriers being involved in the photocatalytic reaction. However, beyond 7.5 PGBT,
the enhancement in the fluorescence intensity can be observed which could be
attributed to the superfluous PG which can act as a kind of recombination center
(Song et al. 2018).
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Figure 6.7 (a) UV-visible DR spectra, (b) electronic absorption spectra and (c) PL
spectra of BaTiOz and PGBT.

6.3.7 Photocatalytic Activity

The percentage degradation of MB by BaTiOs, 2.5 PGBT, 5.0 PGBT, 7.5
PGBT, 10 PGBT and 12.5 PGBT was found to be 34.7, 77.9, 85.1, 98.6, 87.6 and
62.9, respectively (Figure 6.8 a). The outstanding photocatalytic performance of 7.5
PGBT can be attributed to the shifting of absorption edge to the longer wavelength
region of the solar spectrum allowing greater absorption of visible light, high specific

surface area providing more active sites, and remarkable electrical transport property
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of PG which lengthened the lifetime of photoinduced charge carriers. However,
beyond 7.5 PGBT, the photocatalytic efficiency was found to be low due to hindrance
in the absorption of light by BaTiOs due to excess PG and increase in recombination
rate as confirmed by PL results.
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Figure 6.8 (a) Photocatalytic degradation curves and (b) rate constants for the
photocatalytic degradation of MB by the synthesized BaTiO3z and PGBT composites.

The above photocatalytic degradation reaction follows the pseudo-first-order
rate equation 2.3. The rate constant of 7.5 PGBT was found to be 0.0531 min, which
is nearly 10 times higher than that of pristine (0.0055 min) (Figure 6.8 b). The slight
decline in the photocatalytic activity of 7.5 PGBT after seven consecutive cycles
suggests its high stability (Figure 6.9).
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Figure 6.9 Cyclic stability of the synthesized 7.5 PGBT.
Further, the radical trapping experiments indicated that the holes and hydroxyl

radicals are the major active species, as the addition of scavenging agents decreased
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the photocatalytic rate, whereas superoxide anion radicals are the minor active species

for the photocatalytic degradation of MB (Figure 6.10).
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Figure 6.10 Effect of radical and hole scavengers on the photocatalytic degradation of

MB by 7.5 PGBT.

The photocatalytic reaction is thought of to proceed as follows: when 7.5
PGBT absorbs a photon, an electron from the VB gets excited to the CB of BaTiOs
leaving behind the positive hole in the VB. PG being an electron-accepting and
transporting channel, the electrons from the BaTiOs nanoparticles transfer to the PG
sheets through the Ba-C bonds, thereby significantly suppressing the recombination of
photoinduced charge carriers and augment the photocatalytic activity (Figure 6.11).
These electrons react with oxygen to produce superoxide anion radicals and the holes
either directly oxidize MB or react with hydroxyl groups adsorbed on the surface to
produce hydroxyl radicals. These generated active species react with MB molecules to

produce CO2 and H2O.
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Figure 6.11 Mechanism of photocatalytic degradation of MB by PGBT.

The thermodynamic parameters such as, activation energy (Ea.), the free
energy of activation (AG"), enthalpy of activation (AH"), and entropy of activation

(AS*) were computed as described in Chapter 2.

Table 6.2 Thermodynamic parameters of BaTiOzand PGBT samples

Sample Ea (kJ/mol) |AH? (kJ/mol) | AS* (kJ/mol) | AG* (kJ/mol)
BaTiOs 12.97 10.48 -0.25 86.44
2.5PGBT 9.91 7.41 -0.25 83.37
5.0 PGBT 9.35 6.86 -0.25 82.82
7.5PGBT 7.32 4.82 -0.25 80.78
10 PGBT 9.09 6.60 -0.25 82.56
12.5 PGBT 11.03 8.53 -0.25 84.49
Without catalyst 17.7 15.2 -0.25 91.2
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From Table 6.2, it can be seen that the activation energy (Ez) is higher for the
photocatalytic degradation of MB without catalyst, whereas the energy of activation
decreased in the presence of BaTiOs and PGBT samples. This confirms that the
catalyst provides an alternate path for the reaction with a lower activation energy
barrier. 7.5 PGBT sample exhibited the lowest activation energy as compared to other
samples. The endothermic and non-spontaneous nature of the reaction was confirmed

by the positive enthalpy change (AH¥) and free energy change (AG*) values.
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CHAPTER 7

SOLVOTHERMAL SYNTHESIS OF
VANADIUM-DOPED CALCIUM
TITANATEFOR PHOTOCATALYTIC
APPLICATION



Chapter 7 presents and discusses the synthesis and photocatalytic activity of
V-doped CaTiOz cuboids by a solvothermal approach.

7.1 INTRODUCTION

The band gap energy of CaTiOz is about 3.2 eV, as a result, its photocatalytic
activity is restricted to the UV portion of the solar spectrum only and hence various
strategies like doping, construction of heterostructures, and coupling with pi-
conjugated structures have been utilized to reduce the band gap (Yan et al. 2020,
Chen et al. 2020). Dopants are known to introduce bulk defects which can also act as
recombination centers of photoinduced charges thus diminishing the photocatalytic
efficiency of the material. Hence, it is imperative to find dopants that can efficiently
harvest solar energy and also can suppress the recombination of photo-induced charge
carriers. Various dopants such as Ag, Cr, Cu, Er, Eu, Fe, La, N, Na, and Zr have been
utilized to improve the photocatalytic efficiency of CaTiOz (Chen et al. 2020, Zhang
et al. 2012, Wang et al. 2018, Zhang et al. 2010, Lozano-Sanchez et al. 2015, Park
2019, Yang et al. 2014, Wang et al. 2018, Huang et al. 2016). In addition to this, co-
doping has been utilized to passivate the unoccupied impurity states induced by
mono-doped systems and thus suppress the recombination rate of photoinduced
charges (Chen et al. 2020, Zhang et al. 2012, Wang et al. 2018).

Vanadium is a promising dopant in SrTiOz for photocatalytic degradation of
MB (Bantawal et al. 2020). It is known that vanadium is a transition element that can
exhibit multiple oxidation states. Hence, substitutional doping requires it to be
introduced with an isovalent charge to avoid the formation of the so-called in-gap
states acting as recombination centers due to the formation of oxygen vacancies.
Hence, there is a dire need to develop a novel and eco-friendly synthetic technique
which can avoid the formation of defect states.

Herein, for the first time, V-doped CaTiOs was synthesized by a facile one-pot
solvothermal approach by avoiding high-temperature calcination. The photocatalytic

activity of the material was tested using MB dye as a model pollutant.
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7.2 EXPERIMENTAL SECTION
7.2.1 Synthesis

All the chemicals were purchased from Sigma-Aldrich and were used as
received. Titanium(IV) isopropoxide (1.47 mL) was dissolved in 10 mL of 2-
propanol. To this, a calculated amount of vanadyl acetylacetonate was added and
stirred for one hour. An appropriate amount of calcium nitrate tetrahydrate and 15 mL
of 2 M KOH were added. The resultant mixture was sealed in an autoclave and kept
in a hot air oven maintained at 180 °C for 24 hours. The resultant precipitates were
washed thoroughly with acetic acid and water. The washed products were dried in an
oven at 70 °C for 8 hours. The products obtained by using 0.25, 0.5, 1.0, 1.5 and 2.0
mol % of the V precursor were labelled as 0.25 V, 0.5V, 1.0 V, 1.5 V and 2.0 V
respectively. The details of other characterization tools employed and the procedure

for the determination of photocatalytic activity are discussed in the previous chapters.

7.3 RESULTS AND DISCUSSION
7.3.1 XRD Analysis

The XRD diffraction profiles of CaTiO3z and V-doped CaTiOs can be well-
matched with the orthorhombic phase of CaTiOz with JCPDS card number 42-0423
(Figure 7.1). There is no characteristic peak of vanadium oxide in the XRD profiles of
V-doped CaTiOg, indicating the successful incorporation of V into the host lattice of
CaTiOaz. The shift in the 20 values after V doping is negligible due to the similar
radius of V** and Ti*" ions. If V is doped in the Ca site, then an appreciable shift
would have been observed as Ca?* ions are larger compared to V** ions. The average
crystallite sizes of the synthesized samples were calculated with the help of the
Scherrer equation by using the diffraction angle and FWHM values of the (121)
crystal plane. The crystallite sizes were found to be 36.46 nm, 37.45 nm, 44.73 nm,
45.47 nm, 46.23 nm, and 47.83 nm for CaTiOs, 0.25 V, 0.5V, 1.0V, 1.5V, and 2.0
V, respectively. The increase in the crystallite sizes with an increase in doping points
towards the increased crystallinity due to favored directional growth with an increase
in the concentration of the V dopant (Liu et al. 2009, Wu and Chen 2004).
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Figure 7.1 XRD patterns as a function of the doping concentration of V.

7.3.2 FESEM and TEM analysis

The morphology of the doped CaTiO3z was studied with the help of FESEM
and TEM analysis. From the FESEM image, It can be seen that V-doped CaTiOz has
cuboidal morphology (Figure 7.2 a). This fact is further supported by TEM analysis
(Figure 7.2 b). V doping showed no change in the morphology of CaTiOs. HRTEM
analysis of 1.0 V revealed lattice fringes with 0.27 nm spacing, which could be
indexed to the (121) plane of CaTiOs (Figure 7.2 c). The selected area electron
diffraction (SAED) pattern indicated the single-crystalline nature of the material
(Figure 7.2 d).
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Figure 7.2 (a) FESEM image, (b) TEM image, (c) HRTEM image and (d) SAED
pattern of 1.0 V.

7.3.3 BET Surface Area Analysis

The textural properties of the undoped CaTiOsz and 1.0 V were investigated by
BET analysis. The nitrogen adsorption-desorption isotherms indicated a type IV
pattern with the hysteresis loops resembling type H3 (P/Po, > 0.4), revealing the
presence of slit-like pores (Figures 7.3 a and b) (Ren et al. 2020). The BET surface
area of 1.0 V was found to be 21.78 m?g which is higher in comparison to CaTiOs
(15.88 m?gt), which enables the efficient adsorption and degradation of the pollutants
by enhancing the surface-active sites. The BJH pore size distributions of the pure
CaTiOsz and 1.0 V samples presented a narrow distribution ranging from 3 to 6.6 nm
indicating the presence of mesopores (insets of Figures 7.3 a and b). The pore volume
of 1.0 V was found to be 0.0270 cm3g* which is slightly higher than that of CaTiOs3
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(0.0240 cm3g™), facilitating effective diffusion of molecules during the photocatalytic

reaction.
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Figure 7.3 Nitrogen adsorption-desorption isotherms and BJH pore size distribution
(inset) of (a) CaTiOz and (b) 1.0 V.

7.3.4 XPS Analysis

The XPS survey spectrum of CaTiOs indicated the presence of Ca, Ti, O, and
V elements (Figure 7.4). The double peaks at the binding energies of 346.7 eV and
350.3 eV could be attributed to Ca 2ps» and Ca 2p12 spin states of Ca?*, respectively
in 1.0 V (Figure 7.5 a) (Jiang et al. 2020). The peaks at the binding energies of 458.8
eV and 464.6 eV could be ascribed to Ti 2ps;2 and Ti 2py2 states, respectively. These
binding energy values confirmed the existence of the +4 oxidation state for Ti in the
1.0 V sample (Figure 7.5 b) (Bhat et al. 2020). The binding energies of 530.2 eV and
531.7 eV could be attributed to O% in the lattice (OL) and the hydroxyl groups
adsorbed on the surface (Oon), respectively in 1.0 V (Figure 7.5 c) (Cai et al. 2020).
The double peaks at the binding energies of 515.9 eV and 523.3 eV could be ascribed
to V 2p3» and V 2py states, respectively, indicating the oxidation state of V as +4
(Figure 7.5 d) and the successful incorporation of V in CaTiOs (Top et al. 2018,
Vattikuti et al. 2018, Li et al. 2020). The maintenance of charge neutrality in the
crystal thus avoids the formation of defect states and hence prevents recombination of
charge carriers and enhances the carrier lifetime. The doping site of V in CaTiO3 can
also be determined experimentally using the XPS technique. The V doping resulted in
the shifting of the XPS peak of Ca 2p from 346.2 eV for CaTiOs to 346.7 eV for 1.0
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V whereas, the XPS peak of Ti 2p from 458.1 eV for CaTiO3 to 458.8 eV for 1.0 V.
This strongly suggests that the incorporated V has more effect on the Ti site than the

Ca site, which can be considered as the evidence for Ti site substitution (Figure 7.6).
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Figure 7.4 XPS survey spectrum of 1.0 V sample.
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Figure 7.5 High resolution XPS spectrum of (a) Ca 2p, (b) Ti 2p, (¢) O 1s and (d) V
2pof 1.0 V.
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Figure 7.6 High resolution XPS spectrum of (a) Ca 2p, (b) Ti 2p and (c) O 1s of
CaTiOsa.

7.3.5 Optical Absorbance Analysis

As shown in Figure 7.7 a, the absorption edge of V-doped CaTiO3z was red-
shifted as compared to pristine CaTiOz. This could be attributed to the insertion of the
tog level of the V 3d orbital within the band gap. The absorption data were derived
using the Kubelka-Munk equation 3.1 (Shenoy and Bhat 2017). The band gap
energies of CaTiO3, 0.25V, 0.5V, 1.0V, 1.5V and 2.0 V were found to be 3.28 eV,
241 eV, 2.33 eV, 2.23 eV, 2.12 eV and 2.03 eV, respectively (Figure 7.7 b).

PL analysis was carried out in order to get more insight into defect chemistry
and charge recombination behavior of the synthesized materials. As shown in Figure
7.7 c, the V-doped CaTiOs sample exhibited inferior fluorescence intensity in
comparison to pristine CaTiOs which could be attributed to the incorporation of V in
the isovalent state, thus suppressing the formation of the recombination centers.
Among the different samples, 1.0 V showed the least PL intensity and as a result, it is

expected to show the highest photocatalytic activity.
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Figure 7.7 (a) UV-visible DR spectra, (b) electronic absorption spectra and (c) PL
spectra of CaTiOs and V-doped CaTiOsz samples.

7.3.6 Photocatalytic Activity

The photocatalytic activity of the synthesized catalysts was evaluated for the
degradation of MB dye solution under visible light. Figure 7.8 a shows the
photocatalytic degradation of MB as a function of irradiation time in the presence of
CaTiOs and V-doped CaTiOs samples. The photocatalytic activity of V-doped
CaTiOs samples was found to be higher than that of CaTiOs which could be attributed
to the introduction of additional energy levels just beneath the CB effectively
decreasing the band gap and reduction in the recombination of the photoinduced
charges due to efficient charge separation. Among the various V-doped samples, 1.0
V exhibited the highest photocatalytic activity, beyond which the photocatalytic
activity decreases. This reduction in photocatalytic activity can be attributed to the

formation of recombination centers as confirmed by PL analysis. In addition to this,
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the 1.0 V sample exhibited a higher surface area which enables the efficient

adsorption and degradation of the pollutants during the photocatalytic reaction.
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Figure 7.8 (a) The photocatalytic degradation curves and (b) the rate constants of the
photocatalytic degradation of MB by the synthesized CaTiOz and V-doped CaTiOs.

The degradation kinetics of MB by CaTiOsz and V-doped CaTiOz is well fitted
with the pseudo-first-order rate equation given by equation 2.3 (Sadiqg et al. 2017).
The rate constant of 1.0 V was found to be higher than that of all the other samples
indicating the higher efficiency of the material (Figure 7.8 b). Further, 1.0 V exhibited
high stability towards the photocatalytic degradation reactions as 1.0 V just showed a

slight decline in the photocatalytic activity even after seven consecutive cycles

(Figure 7.9).
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Figure 7.9 Cycling stability of the synthesized 1.0 V.
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From Figure 7.10, it can be seen that, superoxide anion radicals are not the
major active species as the corresponding scavenger benzoquinone did not deteriorate
the photocatalytic activity much. This is also confirmed by the band edge positions as
a decrease in the band gap with V doping brings the potential of the CB lower than
the potential for the generation of superoxide anion radicals. Further, the addition of
potassium iodide (hole scavenger) and isopropyl alcohol (OH' scavenger) reduced the
photocatalytic activity significantly. As a result, holes followed by hydroxyl radicals
are considered to be the active species for the effective degradation of the dye.
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Figure 7.10 Effect of radical and hole scavengers on the photocatalytic degradation of
MB by 1.0 V.

The mechanism of photocatalytic degradation of MB can be stated as follows:
when V-doped CaTiOs is irradiated with an energy equal to or greater than its band
gap, electrons from the VB get excited to the energy levels created by V just beneath
the CB edge generating the corresponding number of holes in the VB. These electrons
react with oxygen to produce superoxide radicals (O2). The holes in the VB either
directly react with MB or react with surface hydroxyl groups to produce hydroxyl
radicals (OH’). The formed radicals are said to be active species for the effective

degradation of MB to carbon dioxide and water (Figure 7.11).
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The thermodynamic parameters such as, activation energy (E.), the free

OH

energy of activation (AG), enthalpy of activation (AH®), and entropy of activation

(AS*) were computed as described in Chapter 2.

Table 7.1 Thermodynamic parameters of CaTiOzand V doped CaTiO3z samples

Sample Ea (kJ/mol) |AH* (kJ/mol) | AS* (kJ/mol) | AG* (kJ/mol)
CaTiOs 13.9 115 -0.25 87.4
0.25V 12.0 9.5 -0.25 85.5
05V 10.0 7.5 -0.25 83.5
1.0V 94 6.9 -0.25 82.8
15V 10.0 8.3 -0.25 84.3
20V 10.8 8.9 -0.25 84.9
Without catalyst 17.7 15.2 -0.25 91.2
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From the values tabulated (Table 7.1), it can be seen that higher energy of
activation is required for the photodegradation of MB without the catalyst, whereas
relatively lower energy of activation is needed in the presence of CaTiOs and V-
doped CaTiOs catalysts. This confirms that the catalyst alters the path of the reaction
by lowering the activation energy barrier. The 1.0 V sample exhibited the lowest
activation energy as compared to other samples. The endothermic and non-
spontaneous nature of the reaction was indicated by the positive enthalpy and free

energy change.
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CHAPTER 8

SOLVOTHERMAL SYNTHESIS OF
POROUS GRAPHENE-CALCIUM
TITANATE NANOCOMPOSITE FOR
PHOTOCATALYTIC APPLICATION






Chapter 8 presents and discusses the synthesis and photocatalytic activity of
porous graphene-CaTiO3z nanocomposite by a solvothermal approach.

8.1 INTRODUCTION

It is well known that compositing with 2D materials and doping with metallic
or non-metallic ions are the most promising strategies employed to improve the
photocatalytic efficiency of CaTiOs (Kumar et al. 2017, Chen et al. 2020). Doping is
known to be an effective technique for the extension of visible light response of wide
band gap photocatalyst but on the other side known to introduce undesirable in-gap
states which function as recombination centers, thus limiting the photocatalytic
efficiency of the material. In addition, weak carrier transport results in a suppressed
lifetime of photogenerated charges. As a result, coupling CaTiOs with efficient
conducting support is necessary to enable the rapid delivery of charge carriers to the
reaction site.

A new form of graphene called PG is known to possess promising properties
(Sethi et al. 2019). Hence, it is interesting to enhance the photocatalytic activity of
CaTiO3 by compositing with PG. Keeping all these points in view it was found that
there have been no reports devoted to the synthesis and photocatalytic activity of
porous graphene-CaTiOs (PGCT) composite. In Chapter 5 and Chapter 7, the
photocatalytic performances of PGST and PGBT composites were discussed and were
found to be highly promising. Motivated by these results, the photocatalytic property
of PGCT composite is investigated.

Herein, PGCT composite was synthesized by a facile solvothermal approach.
The synthesized materials were carefully analyzed by various advanced
characterization techniques to obtain more information on the purity, crystal structure,
morphology, elemental oxidation states, and optical properties. MB dye solution was
considered as a model pollutant for the determination of the photocatalytic activity of
the synthesized composite materials.

8.2 EXPERIMENTAL SECTION
8.2.1 Synthesis
All the chemicals were purchased from Sigma-Aldrich and were used as

received. GO and PG were synthesized according to the reported method (Sethi et al.
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2019). ‘x PGC’ (x = 2.5, 5.0, 7.5, 10.0, and 12.5 wt % GO) was synthesized by a
simple solvothermal approach as follows: A calculated amount of CaTiOs powder
was added to the solution of GO sonicated in 1:1 water-ethylene glycol mixture and
stirred for 3 hours to obtain a brownish white suspension. The resultant suspension
was sealed in an autoclave and kept at 160 °C for 16 hours. The obtained black
precipitates were thoroughly washed with distilled water and dried in an oven at 70
°C for 8 hours. The composite obtained by taking 2.5, 5.0, 7.5, 10.0, and 12.5 wt %
GO was represented as 2.5 PGCT, 5.0 PGCT, 7.5 PGCT, 10 PGCT, and 12.5 PGCT,
respectively. The details of other characterization tools employed and the procedure

for the determination of photocatalytic activity are discussed in the previous chapters.

8.3 RESULTS AND DISCUSSION
8.3.1 XRD Analysis

The XRD patterns of the pure CaTiOs and the PGCT composites with varying
concentrations of PG could be indexed to the orthorhombic phase of CaTiOsz with
JCPDS card number 42-0423 (Figure 8.1). A small shift in the diffraction angle of
(121) plane from 32.83° (CaTiO3) to 32.89° (7.5 PGCT) indicates a plausible
interaction between the CaTiOsz and the PG sheets in the composite. Notably, no
typical diffraction peaks for PG are present in the composite materials which might be
due to the trace amount of PG with the low atomic number which cannot be detected
by the diffractometer. The average crystal sizes of the synthesized samples were
calculated by using the values of diffraction angles and FWHM of (121) plane with
the help of the Scherrer equation and the values were found to be 36.5 nm, 29.7 nm,
29.4 nm, 29.0 nm, 28.9 nm and 28.1 nm for CaTiOs, 2.5 PGCT, 5.0 PGCT, 7.5
PGCT, 10 PGCT, and 12.5 PGCT, respectively.

114



12.5 PGCT
S 5,
C a R
=) o ~ =y
_— A N\ A
g P
b -—'—J‘—N’\AA—A‘ 7.5 PGCT
7
[ =} _A AN =
2 5.0 PGCT
E ——A——‘-——_AW,\U
J L—~ AN A
A A N A
I CaTiO3
A L JL A
20 80

40 60
20 (degree)
Figure 8.1 XRD patterns of CaTiOzand PGCT samples.

8.3.2 Raman Analysis

Raman analysis was carried out to confirm the presence of PG in the
composite sample. PG reveals a peak at 1347.2 cm™ (D band), which could be
assigned to the breathing mode of Aig symmetry of the phonons near the k-point, and
another peak at 1596.2 cm™ (G band), which could be ascribed to the in-plane
vibration of carbon atoms in sp? hybridized states (Figure 8.2) (Sethi et al. 2019).
Notably, in the case of the 7.5 PGCT sample, these peaks shift to 1350.2 cm™ and
1593.2 cm, which can be due to the possible chemical interaction between the
CaTiOsz and the PG sheets. The degree of defects was derived from the intensity ratio
of the D band to the G band (Io/lc) (Wang et al. 2020). The Ip/lc value in the case of
7.5 PGCT (0.91) is lower than that of PG (1.07) which can be due to the successful
incorporation of CaTiOs cuboids on PG sheets (Sadiq et al. 2016, Sethi et al. 2021).
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Figure 8.2 Raman spectra of PG and 7.5 PGCT.

8.3.3 FESEM and TEM Analysis

The morphology of PG, CaTiOs, and 7.5 PGCT samples was investigated
using electron microscopy. CaTiOs particles exhibited a cuboidal shape while PG
revealed wrinkled nature with many pores (Figure 8.3 a and Figure 8.3 b). The TEM
image of 7.5 PGCT indicated CaTiO3z cuboids partially wrapped in PG expediting
smooth migration and conduction of charge carriers (Figure 8.3 ¢). SAED pattern of

7.5 PGCT revealed the single-crystalline nature of the sample (Figure 8.3 d).
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Figure 8.3 (a) TEM image of CaTiOs, (b) FESEM image of PG, (c) TEM image of
7.5 PGCT, and (d) SAED pattern of 7.5 PGCT.

8.3.4 BET Surface Area Analysis

Nitrogen adsorption-desorption isotherm of the 7.5 PGCT sample is shown in
Figure 8.4. The isotherm can be classified as type 1V with hysteresis loop H3 which is
a characteristic of mesoporous materials (Sethi et al. 2020). The BET-specific surface
area of 7.5 PGCT was found to be 31.9 m?g?, which is higher than the pure CaTiOs
(15.88 m2g™). This larger surface area of the composite could be ascribed to the
presence of PG which has an extremely high surface area. The pore size distribution
of the 7.5 PGCT was analyzed by BJH analysis and is shown in the inset of Figure
8.4. It can be seen that the pore size is mainly concentrated in the range of 2-50 nm
which indicates the presence of mesopores with a pore volume of 0.0891 cm3g?
which is higher than that of pure CaTiOs (0.0240 cm3g). Higher surface area and
pore volume increase the photocatalytic activity due to enhanced adsorption of dye
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molecules and rapid transport of various reactants and products formed during the

photocatalytic reaction.
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Figure 8.4 Nitrogen adsorption-desorption isotherm and BJH pore size distribution
(inset) of 7.5 PGCT.

8.3.5 XPS Analysis

XPS survey spectrum of 7.5 PGCT indicated the presence of Ca, Ti, O, and C
elements (Figure 8.5). The binding energy values of various elements in the high-
resolution XPS spectra of 7.5 PGCT indicated the presence of Ca in +2 state, Ti in +4
state (Figure 8.6 and Table 8.1) (Sethi et al. 2021, Yan et al. 2020, Nishikiori et al.
2019, Shi et al. 2018, Jiang et al. 2019, Sun et al. 2019). The formation of these Ti-O-
C bonds elucidated the existence of chemical interaction between CaTiOz and PG
which helps in the effective transport of carriers and thus promotes photocatalytic
activity (Boukhvalov et al. 2020, He et al. 2018).
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Table 8.1 XPS binding energy values of 7.5 PGCT

Element | Binding energy Assignment
(eV)
Ca2p 347.3 Ca 2psp
350.9 Ca 2p1»
Ti 2p 459.2 Ti 2p3r2
464.9 Ti 2p1e
O1s 530.5 Lattice oxygen (Ovr)
533.1 Surface hydroxyl groups
(Oow)
531.6 Ti-O-C
Cls 284.7 C=C
286.7 C-OH
289.1 0O-C=0
o
= &
G =
£
"
200 400 600 800 1000

Binding energy (eV)

Figure 8.5 XPS survey spectrum of 7.5 PGCT sample.
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Figure 8.6 High resolution XPS plot of (a) Ca 2p, (b) Ti 2p, (c) O 1s and (d) C 1s of
7.5 PGCT.

8.3.6 Optical Absorbance Analysis

The optical absorption properties of the synthesized materials were
investigated by DRS analysis. From the DR spectra, it can be seen that the absorption
edges of PGCT were shifted to the longer wavelength side as compared to bare
CaTiOs (Figure 8.7 a). The energy band gap of the synthesized catalysts was obtained
from the Kubelka-Munk equation (3.1) (Shenoy and Bhat 2017). The band gap
energies were determined by plotting A/S versus energy and the values were turned
out to be 3.2 eV, 3.12 eV, 2.94 eV, 2.77 eV, 2.60 eV, and 2.51 eV for CaTiOs, 2.5

PGCT, 5.0 PGCT, 7.5 PGCT, 10 PGCT, and 12.5 PGCT respectively (Figure 8.7 b).
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PL analysis has been widely used to investigate the lifetime of photoinduced
charge carriers. From the PL spectra, a significant reduction in the fluorescence
intensity of composite materials as compared to bare CaTiOs was observed which can
be attributed to the efficient electron transport from CaTiOs to PG through the Ti-O-C
bond thus enhancing the lifetime of photogenerated charge carriers (Figure 8.7 c).
However, beyond 7.5 PGCT, the fluorescence intensity was found to be enhanced
which could be attributed to the excessive graphene which can act as recombination
centers (Liu et al. 2019).
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Figure 8.7 (a) UV-visible DR spectra, (b) electronic absorption spectra and (c) PL
spectra of CaTiOz and PGCT.

8.3.7 Photocatalytic Activity

The percentage of MB removal by the CaTiOs, 2.5 PGCT, 5.0 PGCT, 7.5
PGCT, 10 PGCT, and 12.5 PGCT was found to be 14.0, 74.0, 88.0, 98.1, 90.0, and
80.0, respectively (Figure 8.8 a). The outstanding photocatalytic efficiency of 7.5
PGCT can be ascribed to the improved optical absorption ability in the visible region
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of the solar spectrum, large surface area which provides more surface-active sites for
the efficient adsorption of MB, and effective interfacial charge transfer through the
Ti-O-C bond. However, at higher concentrations of PG (i.e., beyond 7.5 PGCT), the
photocatalytic efficiency was found to be low due to the light-shielding effect caused

by PG and also the formation of recombination centers as confirmed from the above

PL results.
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Figure 8.8 (a) Photocatalytic degradation curves and (b) rate constants for the

photocatalytic degradation of MB by the synthesized CaTiO3z and PGCT.

To derive the kinetic information, the above photocatalytic degradation results
were better fitted with a pseudo-first-order rate equation 2.3. Apparently, the rate
constant of 7.5 PGCT was found to be 0.0972 min, which is far higher than that of
pristine (0.0037 min) (Figure 8.8 b). The slight deterioration in the photocatalytic
activity of 7.5 PGCT after seven successive cycles pointing its high stability (Figure
8.9).
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Figure 8.9 Cyclic stability of the synthesized 7.5 PGCT.

Further, the radical scavenging experiments indicated holes and hydroxyl
radicals were the main reactive species as the addition of corresponding scavenging
agents efficiently suppressed the photocatalytic rate, whereas superoxide anion

radicals are the minor reactive species for the photocatalytic degradation of MB

(Figure 8.10).
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Figure 8.10 Effect of radical and hole scavengers on the photocatalytic degradation of
MB by 7.5 PGCT.

Under visible light irradiation, an electron from the VB gets excited to the CB
of CaTiOs resulting in the formation of a hole in the VB. The electrons from the CB
of CaTiOz transfer to the PG sheets through the Ti-O-C bonds owing to the excellent
electronic conductivity of PG thereby lengthening the lifetime of photoinduced charge
carriers and enhancing the photocatalytic activity (Figure 8.11). These electrons react

with oxygen to produce superoxide anion radicals and the holes either directly oxidize
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MB or react with surface hydroxyl groups to produce hydroxyl radicals. These

radicals react with MB dye molecules to produce CO and H20.

CO,, H,0
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Figure 8.11 Mechanism of photocatalytic degradation of MB by PGCT.

The thermodynamic parameters such as, activation energy (E.), the free
energy of activation (AG"), enthalpy of activation (AH®), and entropy of activation
(AS*) were computed as described in Chapter 2. From Table 8.2, it can be seen that
the Ea is higher for the photocatalytic degradation of MB without catalyst, whereas
the energy of activation decreased in the presence of CaTiOs and PGCT samples. This
confirms that the catalyst provides an alternate path for the reaction with lower
activation energy. 7.5 PGCT sample exhibited the lowest activation energy as
compared to other samples. The endothermic and non-spontaneous nature of the
reaction was confirmed by the positive enthalpy change (AH*) and free energy change
(AG") values.
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Table 8.2 Thermodynamic parameters of CaTiOzand PGCT samples

Sample Ea (kJ/mol) |AH* (kJ/mol) | AS* (kJ/mol) | AG* (kJ/mol)
CaTiOs 13.97 11.47 -0.25 87.44
2.5 PGCT 8.44 5.94 -0.25 81.9
5.0 PGCT 7.35 4.86 -0.25 80.82
7.5 PGCT 5.81 3.32 -0.25 79.28
10 PGCT 7.15 4.66 -0.25 80.62
12.5 PGCT 7.98 5.48 -0.25 81.44
Without catalyst 16.6 14.1 -0.25 90.0
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CHAPTER 9

SUMMARY AND CONCLUSIONS






Chapter 9 outlines the summary of the work presented in the thesis along with
the important conclusions drawn from the study. Also, the scope for further research

has been included.

9.1 SUMMARY

The thesis reports the successful synthesis of seven different series of
photocatalysts using the solvothermal or hydrothermal approach. All the synthesized
materials were thoroughly characterized for their elemental composition, structural,
morphological, and optical properties with the help of various characterization
techniques such as XRD, FESEM, TEM, HRTEM, Raman spectroscopy, XPS, BET
method, DRS, and PL spectroscopy. Thereafter, the photocatalytic efficiencies of the
synthesized materials were evaluated by taking MB as a target pollutant under visible
light.

A summary of the overall work presented in the thesis is outlined in the

following section.

Chapter 1 gives a brief introduction to the basic concepts of the study carried
out. It also gives a brief outline of the relevant works in the literature which focus on
graphene, perovskite titanate, metal-doped perovskite titanate, graphene-based
composites, their synthetic methods, and photocatalytic applications along with the

scope and objectives of the present research work.

Chapter 2 deals with the solvothermal synthesis of Rh-doped SrTiOs for
photocatalytic application. The characterization results indicated the successful
incorporation of Rh3" into the Sr site with the reduction in band gap due to the
formation of donor levels as well as the reduction in the rate of recombination of
photoinduced charges. The 1.0 Rh sample was found to be highly active for the
photocatalytic degradation of MB dye (72.9 % in 120 minutes). The 1.0 Rh exhibited

sufficient photocatalytic stability even after 4 cycles for practical applications.

Chapter 3 deals with the solvothermal synthesis of V-doped SrTiO3z for
photocatalytic application. The characterization results indicated the successful
doping of V** into Ti sites of SrTiOs and reduction in the band gap due to the

formation of dopant levels just beneath the CB extending its absorption to the visible
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region of the electromagnetic spectrum. The isovalent doping prevented the formation
of recombination centers along with the increased surface area of the nanocubes. The
high photocatalytic activity for MB degradation (83 % in 120 minutes) and stability of
V-doped SrTiOz (1.0 V) even after 5 cycles indicated the suitability of the material for

environmental remediation applications.

Chapter 4 deals with the solvothermal synthesis of PGST nanocomposite for
photocatalytic application. The characterization results indicated the loofah-like
structures which increased the surface area facilitating a higher rate of adsorption of
MB dye. DRS analysis indicated a reduction in the band gap of SrTiOz on integration
with PG due to the formation of C states within the band gap of SrTiOgz, extending the
absorption to the visible region of the solar spectrum. The increased rate of charge
transfer due to the formation of the Sr-C bond enhanced the charge separation and
reduced the recombination rate. The composite (7.5 PGST) exhibited enhanced
photocatalytic activity (~92 % in 120 minutes) and cyclic stability even after 5 cycles.
The high performance of the PGST was attributed to the tuned electronic structure,
morphology, and chemical bonding, which makes it a potential candidate for

photocatalytic environmental remediation.

Chapter 5 deals with the hydrothermal synthesis of Rh-doped BaTiOz for
photocatalytic application. The results indicated the successful incorporation of Rh3*
into the Ba site with the suppression in band gap due to the formation of donor levels
as well as the reduction in the rate of recombination of photogenerated charge
carriers. The 0.5 Rh sample was found to be highly active for the photocatalytic
degradation of MB dye (96 % in 120 minutes). The 0.5 Rh exhibited sufficient

photocatalytic stability even after 5 cycles for water treatment applications.

Chapter 6 deals with the solvothermal synthesis of PGBT nanocomposite for
photocatalytic application. The composite (7.5 PGBT) exhibited excellent
photocatalytic activity (98.6 % in 80 minutes) and cyclic stability even after seven
consecutive cycles. The outstanding performance of the PGBT composite was
attributed to the intimate contact between BaTiOz and PG through the Ba-C bond and
high surface area. DRS analysis indicated a decrease in the band gap which extends
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the absorption to the visible region enhancing the photocatalytic performance. The
formation of the Ba-C bond was found to be highly advantageous for the efficient
transport of photogenerated charge carriers, thereby suppressing the recombination of

charge carriers.

Chapter 7 deals with the solvothermal synthesis of V-doped CaTiOs for
photocatalytic application. The present synthetic strategy incorporated V#* ions into
Ti sites of CaTiOsz with high surface area as confirmed by XRD, XPS, and BET
results. DRS analysis showed that the band gap of the doped samples decreased due to
the formation of additional energy levels just beneath the CB. The PL results
indicated the efficient charge separation due to the isovalent doping. The superior
photocatalytic activity (94.2 % in 120 minutes) and high stability of V-doped CaTiOs
(1.0 V) even after seven consecutive cycles for MB degradation indicated that the
material can be a promising catalyst for photocatalytic water treatment.

Chapter 8 deals with the solvothermal synthesis of PGCT nanocomposite for
photocatalytic application. The composite (7.5 PGCT) showed excellent
photocatalytic efficiency (98.1 % in 40 minutes) for the degradation of MB dye
solution under visible light and excellent cyclic stability (7 cycles). The enhanced
activity of the PGCT composite was attributed to the strong binding between CaTiO3
and PG via the Ti-O-C bond, large surface area, efficient visible light-harvesting

capacity, and suppressed charge recombination.

Chapter 9 deals with the summary of the work presented in the thesis along
with important conclusions drawn from the study. The results of the research work
presented in the thesis are also compared with the reported literature. The scope for

further research has also been included in this chapter.

9.2 CONCLUSIONS
The overall conclusions drawn from the present research work are listed
below:
» Metal ion-doped perovskite alkaline earth titanates can be prepared by a
simple solvothermal/hydrothermal approach.
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» Graphene-perovskite alkaline earth titanate-based nanocomposites can be

prepared by a simple solvothermal approach.

» The synthesized materials can be used as efficient catalysts for the

photodegradation of dyes.

» The synthesized materials exhibited enhanced photocatalytic activity due to
enhanced visible light absorption and reduced charge recombination.

» The synthesized materials are highly stable and reusable.
The summarized results of the present research work are given in Table 9.1.

Further, the results obtained in this work have also been compared with
reported literature (Table 9.2).
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Table 9.1 Summarized results of present work

Catalysts

Rh-doped
SrTiOs3

Rh-doped
BaTiOs

V-doped
SrTiOs3

V-doped
CaTiOs

PGST

composite

PGBT

composite

PGCT

composite

Photocatalytic activity towards MB under visible light irradiation

MB: 100 mL (10 mg/L), Catalyst: 50 mg, Visible light source: High-pressure 250 W Hg vapor lamp (410-700 nm)

Efficiency 72.9 %, 96 %, 83 %, 94.2 %, 91.9 %, 98.6 %, 98.1 %,
and time
required 120 min 120 min 120 min 120 min 120 min 80 min 40 min
Reusabilit 4 cycles (72.9 | 5cycles (96.0 | 5cycles (83.0 | 7 cycles (94.2 | 5cycles (91.9 | 7 cycles (98.6 | 7 cycles (98.1
eusabili
Y % to 71.1 %) % t0 92.6 %) % to 80.2 %) %1t091.3%) | %t090.1%) | %to95.6 %) | % to 94.8 %)




reported catalysts

Table 9.2 Comparison of the photocatalytic degradation process parameters of

Photocatalysts Light source Degradation Reference
extent and
time
Porous carbon Visible light source MB Cui etal.
quantum dots — (250 W metal halide ] 2022
_ 94 %, 210 min
SrTiOs/graphene lamp)
Eu(l1) doped Visible (using a MB Jang et al.
SrTiO3 halogen lamp) light 2021
- 90-95 %, 600
irradiation .
min
RGO/SrTiOs3 UV-Visible irradiation MB Venkatesh et
nanocomposite (500 W halogen lamp) ) al. 2021
91 %, 150 min
Bi-doped SrTiO3 Natural sunlight MB Garcia et al.
2021
100 %, 150
min
Carbon doped Xenon lamp (500 W) MB Chang and
SrTiOs ) Hu 2020
95 %, 180 min
BaTiO3/ZnO UV light source MB Kappadan et
heterostructure ] al. 2020
(250 W) 93.6 %, 60 min
Na* co-doped UV light source (35 W MB Chen et al.
CaTiOs:Eu® Hg lamp with a 2020
96.62 %, 300
powder wavelength of 253.7 ]
min
nm)
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https://www.sciencedirect.com/topics/chemistry/halogen

BaTiOs@graphene
oxide composite

UV-visible light

source (Xe lamp)

MB

95 %, 180 min

Mengting et
al. 2019

SrTiO3/g-C3N4 Visible light MB Konstas et al.
composite irradiation using LED ) 2018
0.0071 min'*
flood lamps
SrTiOs-TiN Solar simulator MB Kang et al.
nanocomposite . 2018
(300 W Xe lamp) 72 %, 150 min
Nitrogen-doped Visible light source MB Kumar et al.
CaTiO3s coupled ] 2017
. 95 %, 180 min
with RGO
Rh-doped SrTiOs Visible light source MB Present work
72.9 %, 120
min
Rh-doped BaTiOs | Visible light source MB Present work

96 %, 120 min

V-doped SrTiO3

Visible light source

MB

83 %, 120 min

Present work

V-doped CaTiO3

Visible light source

MB

94.2 %, 120

min

Present work

PGST composite

Visible light source

MB

91.9 %, 120

min

Present work
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PGBT composite Visible light source MB Present work

98.6 %, 80 min

PGCT composite Visible light source MB Present work

98.1 %, 40 min

9.3 SCOPE FOR FUTURE WORK
As a continuation of the investigations carried out in the present thesis, there is

scope for further studies. The following section highlights future research work.

> In this thesis, MB was chosen as a model pollutant to study the photocatalytic
activities of the prepared catalysts. This paves the way for the study of
photocatalytic activity by taking other dyes.

» The various intermediates involved in photodegradation can be studied with
the help of techniques like HPLC and LC/MS.

» V-doped BaTiOs3 can be synthesized by a high-temperature solid-state reaction

method and its photocatalytic activity can be evaluated.

» Rh-doped CaTiOs can be synthesized by a high-temperature solid-state

reaction method and its photocatalytic activity can be evaluated.

» The synthesized materials can be used to study photocatalytic water splitting.
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