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General Introduction and Literature Survey

1.1 General Introduction:

The most urgent issue facing humanity in the 21% century is increasing global
environmental pollution. During the last few decades, the development of various
industries and technologies has given rise to water pollution because of the heavy
discharge of industrial pollutants into the water resources. Thus, natural water resources
such as lakes, rivers and seas have drastically enhanced water pollution, which is now
the second most crucial issue next to air pollution. Textile dyes, paint, paper
manufacturing, cosmetics, food and oil production are significant resources for water
contamination [1]. The hazardous effects of pollution not only affect the environment
but also human health and animals as well. Hence, there is a strong need to develop
environmentally friendly and harmless technologies to overcome the global issue of
water pollution.

Compared with other industries, the textile industry uses plenty of water for different
purposes such as cooling, processing, cleaning and rinsing [2]. Traditionally, the
coloring of fabrics was achieved with natural dyes obtained from vegetables, flowers
and fruits [3]. However, chemical dyes are nowadays preferred due to their low cost and
fast processing [4]. From the survey, it is seen that textile industries alone use around
3600 types of chemical dyes. Also, about ten thousand commercially available dyes are
produced yearly, and more than 15% of dye effluents are disposed directly in water
resources. Most industries are located near natural water resources. Thus, natural water
resources are highly polluted by these industries. According to the view of the World
Bank, nearly 20% of the total industrial water contamination is caused by the textile
industries alone [5].

1.1.1 Dyes:

Dye is a chemical compound applied to the fabric or any other colored object. All
aromatic compounds generally absorb electromagnetic radiation, but few can absorb
visible light and exhibit specific colors. Every dye has the delocalized electron system
named chromophore group (-NOz, -N=N-, -C=0, -C=N- and C=C-) responsible for the
dye color [6]. The color of the chromophore is intensified by its electron donor or
acceptor substituents. The total energy of the electron system is influenced by these
auxo-chromes (-NHs, -COOH, -SOsH and -OH groups). The interaction of polar auxo-
chromes with an oppositely charged group of specific compounds binds the dye

molecules with that compound [7].
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1.1.2 Classification of Dyes:

Dyes are categorized into different types based on the chromophore present in the
molecules. Every dye has unique features like structure, chemical composition, nature
of the nuclear structure, and bonding properties. Generally, dyes are classified into two
main types: natural and synthetic [8]. Natural dyes are extracted from plants and animals
like roots, berries, bark, leaves, wood, fungi, lichens and sea snails. Also, they are often
negatively charged, which means the colored part of the dye molecule is in the anionic
state. However, the synthetic dyes are developed from the organic or inorganic chemical
compounds. Further, synthetic dyes are classified into two main types, namely (a) non-
azo dyes and (b) azo dyes. Acid dyes, basic dyes, reactive dyes, dispersive dyes, sulfur
dyes and vat dyes are the types of azo dyes [9]. The schematic representing the different

types of dyes is shown in Fig. 1.1.

Dyes used in Textile
Industry
Natural Synthetic
dyes dyes
Extracted Extracted Non-Azo Azo dyes
from plants from animals dyes
Acid Basic Reactive Disperse Sulfur Vat
! | U I
Chloro- Vinyl- . Heterocyclic
triazine dye sulphone dye Mixed dye halogen dye

Fig. 1.1: Classification of dyes.
1.1.3 Methylene Blue (MB):

MB is a synthetic dye with the chemical formula C16H1sCINsS appearing in the
shades of blue. MB is an organic chloride salt used as a dye and medication. The
absorption spectra of MB lie within the visible range of the solar spectrum with an
absorption wavelength of 664 nm, as represented in Fig. 1.2 [10]. It is soluble in glacial
acetic acid, water, ethanol, chloroform and glycerol. It is a neuroprotective agent, tracer,
acid-base indicator, histology dye, fluorochrome, etc. It is a thiazine dye that has
cardioprotective and antioxidant effects. It is also used as an antimalarial and

antidepressant.
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Although MB is used in medication, it has certain side effects, such as vomiting,
high blood pressure, headache, serotonin syndrome, shortness of breath, red blood cell
breakdown, confusion, etc.

WL LR UL RN LR R LR BB I

Absorbance (a. u)

400 500 600 700 800
Wavelength (nm)

Fig. 1.2: MB dye absorbance spectrum.
1.1.4 Rhodamine B (Rh-B):

Rh-B is a highly stable organic synthetic dye with the chemical formula
C28H31CIN2O3, appearing in shades of red and violet. It is water soluble and frequently
used as a tracer dye in the water to detect the flow, transport rate and direction. Rh-B
acts as the active medium in continuous and pulsed wave dye LASER. The absorption
spectra of Rh-B lie within the visible range of the solar spectrum with an absorption
wavelength of 552 nm, as represented in Fig. 1.3 [11]. Rh-B is soluble in water and
acidic solution with solubility of ~50 g L™ and ~400 g L%, respectively. As temperature
increases, the fluorescence intensity of Rh-B will decrease. Rh-B is widely used in
leather, paint, paper, printing industries, dyeing in textiles, etc.

Rh-B is one of the highly toxic dyes. Its toxicity comprises chronic effects
(carcinogen), mutagenic effects (genotoxicity), teratogenic effects (fetotoxicity), aquatic
toxicity, respiratory tract irritation, skin irritation, eye impairment, acute effects on target
organs (liver spleen), digestive system discomfort, poor reproductive, and lethal effects

in animals. It is harmful when swallowed, inhaled, or ingested.
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Fig. 1.3: Rh-B dye absorbance spectrum.
1.2 Methods of Dye Removal:

Frequently, the textile industries store dye effluents as industrial waste, and
without proper treatment, these products are directly released into water resources.
These consequences of water pollution are harmful to the environment and living
organisms [12-15]. The dye waste present in the water can block the photosynthesis
process occurring under the water. Also, the development of a visible dye layer on the
surface of water blocks the penetration of sunlight, which is essential for aquatic living
organisms [16]. Furthermore, dye waste harms soil productivity if it comes in contact
with forests or agricultural fields. In rural areas, rivers are the primary resources for
agricultural production; hence, the contaminated water has hazardous effects on
agricultural fields. When dye-polluted water comes into contact with the human body,
hazards like skin irritation, burning of the eyes, or even permanent eye injuries may be
caused. Also, difficulty in breathing occurs due to reduced inhalation caused by
chemically treated dye wastewater. Occasionally, consumption of dyes can cause
sweating, confusion, mouthburn, nausea, and vomiting [17-19]. Hence, extracting dye
effluents from the wastewater is crucial to protecting the ecosystem from dye
contamination.

During the past few decades, people have not been concerned about selecting
dyes based on their composition and environmental hazards. During that time, there were
no discharge limits for industrial dye waste. However, in 1980, people started to think
about the dangerous effects of dye waste discharge in water sources on human health
and began to pay attention to removing dye contamination. In the first stage, dye
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wastewater was treated with various physical methods such as sedimentation and total
dissolved solids (TDS). Afterwards, for the removal of dyeing wastewater, filters and
aerobic biodegradation processes were employed [20].

Usually, the wastewater treatment includes pre-treatment, in which industrial
wastewater is pre-treated before discharge using a neutralization process. Following this,
primary treatment is used to treat wastewater, where suspended solids are eliminated
using chemical or physical separation techniques. The secondary treatment comprises
the biological process in which bacteria stabilize the waste compounds. The third
process in wastewater treatment is physical-chemical treatment, including ion exchange,
chemical oxidation, membrane separation, stripping and adsorption [20].

In this section, some of the methods for wastewater removal are briefly
explained.

1.2.1 Sedimentation:

Sedimentation is a primary process for wastewater treatment that involves
settling suspended particles using sedimentation basins, clarifiers and chemical
flocculants. It is widely used for treating domestic and industrial wastewater [20].

1.2.2 Filtration:

Dye removal is typically achieved through filtration processes such as
microfiltration, ultrafiltration and reverse osmosis. However, microfiltration is
unsuitable for wastewater treatment due to its larger pore size [21]. Also, this method
requires high working pressure with more energy consumption, a short lifetime, and a
high membrane cost. On the other hand, reverse osmosis is the most effective
decolourizing method for desalting wastewater, as it breaks down the salts rather than
non-ionized weak bases and acids [20].

1.2.3 Chemical treatment:

The coagulation or flocculating process is treated as an effective technique for
degrading industrial dyes. In this process, the dye effluents are mixed with aluminium
(Al) or calcium (Ca) ions, resulting in flocculation. The overall cost of this process
depends upon the cost of chemicals; hence, it may be expensive in some cases. However,
this method is ineffective for azo, reactive, acid and highly soluble dyes due to its pH
dependency and restriction imposed by sludge production [22].
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1.2.4 Oxidation process:

During the oxidation process, contaminated water is reacted with different
oxidizing agents. The two primary types of this technique are chemical oxidation and
ultraviolet (UV) assisted oxidation. In the second case, dye effluents are treated with
chlorine, hydrogen peroxide, Fenton’s reagent and ozone. This method is fast and has
fewer requirements; hence, it is mainly used for dye removal. The oxidizing agents in
this method accomplish complete dye degradation, provided that pH and catalyst are the
two key factors that play a vital role in the oxidation process [23].

1.2.5 Advanced oxidation process:

There is a strong need to develop an effective and eco-friendly system that
overcomes the drawbacks of conventional water-treatment methods to remove hard-to-
treat pollutants. Consequently, the advanced oxidation process is developed to overcome
the demerits of conventional systems. This method can completely degrade many dye
effluents, organic pollutants, heavy metals and microbial substances. In many instances,
the complete degradation of effluents in a single oxidation process is insufficient; in
those cases, more oxidation processes are preferred. This process comprises many
oxidation techniques, including Fenton’s reagent oxidation process, UV photolysis and
sonolysis. These methods are highly effective for degrading dyes at ambient pressure
and normal temperature. The advanced oxidation process frequently results in the
oxidation of organic compounds to CO2. Numerous sophisticated oxidation techniques
are currently in use, including chemical oxidation procedures that use ozone, combined
ozone, peroxide and UV light [20-24].

1.2.6 Photocatalysis:

In recent years, light-assisted photocatalysis has attracted enormous research
interest as it is a very efficient technique for degrading harmful and non-biodegradable
pollutants from the environment. Photocatalysis is one of the environmentally friendly
techniques utilized to degrade contaminants present in wastewater using a proper
photocatalyst. During photocatalytic reactions, when a photocatalyst is exposed to solar
irradiation, effluent degradation occurs via reactive oxidizing species production. Solar-
assisted photocatalysis can be used to degrade non-biodegradable and hazardous
substances; hence, it is treated as a very effective technique for removing hazardous
effluents from contaminated wastewater [25]. Photocatalysis is one of the

environmentally friendly processes for complete effluent degradation by converting
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hazardous chemicals into water, CO2, and mineral acids under the exposure of light
irradiation. The photocatalytic degradation method has significant advantages, including
cost-effectiveness, eco-friendly nature, reusability, sustainability, and no risk of
producing secondary pollutants.

1.3 Photocatalysts for Photocatalytic Dye Degradation:

Photocatalysis is a green process because it uses natural sunlight to decompose
toxic and hazardous organic water pollutants. Heterogeneous photocatalysis comprises
the acceleration of a photoreaction in the presence of a semiconductor photocatalyst
[26]. Heterogeneous semiconductor photocatalysis has been extensively studied, and it
is a cost-effective and promising approach for the decomposition of a large number of
organic pollutants by harvesting solar energy. Compared with other renewable energy
sources, solar energy is one of the clean and sustainable sources that can replace fossil
fuels and provide energy when needed [27]. During the past few years, the research
interest has been focused on developing various photocatalyst materials due to their
suitable band structure, composition, and optical properties beneficial for solar-assisted
photocatalysis.

1.3.1 Bismuth vanadate (BiVOa4):

Photocatalyst materials with narrow band gaps are desirable to enhance
photocatalytic activity. Among the metal oxides, wide band gap semiconducting oxides
such as zinc oxide (ZnO), niobium oxide (Nb20Os) and titanium dioxide (TiOz) have been
extensively studied as photocatalysts due to their high chemical stability and non-
toxicity. Still, their performance is restricted due to the wide band gap (absorbs only UV
radiations; <4% of solar spectrum). Consequently, many efforts were made on narrow
band gap semiconductors like metal chalcogenides, (oxy)nitride/oxysulfide, doped
metal oxides, etc [28]. However, most of these narrow band gap semiconductor
photocatalysts do not possess enough photoactivity because they suffer from high
recombination rates of excitons, low electrical conductivity, low surface area, non-
porous morphology and limited photostability. Among them, the narrow band gap (2.4
eV) BiVOs is one of the highly studied photocatalysts due to its high photostability, non-
toxicity, low photo-corrosion, well-suited band structure, high optical absorption
coefficient (10*-10° cm™ at 350-520 nm) and favorable flat band potential (<200mV)

positive to hydrogen evolution reaction [29].
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BiVVO4 naturally occurs in an orthorhombic structure with mineral pucherite
form. Monoclinic scheelite structure (m-BiVOs), tetragonal scheelite (ts-BiVOa)
structure, and tetragonal zircon type structure (tz-BiVOa) are three crystalline phases of
BiVOa. Among these three crystal structures, the absorption edge of the tetragonal phase
lies in the UV region, whereas the absorption edge of the m-BiVOs with a band gap
energy of 2.4 eV lies within the visible region of the solar spectrum [30]. The common
thing in all three crystal structures of BiVOg is that eight oxygen atoms are co-ordinally
bonded to each bismuth ion, and four oxygen atoms in a tetrahedral site are co-ordinally
bonded to each vanadium ion. The zircon and scheelite crystal structures differ in such
a way that the bismuth ion is bound to six VOs ions in a zircon-type structure, whereas
each bismuth ion is bound to eight VO, tetrahedral units in a scheelite structure. Crystal
structures of monoclinic scheelite and tetragonal scheelite BiVOs are not similar
because, as compared to BiVO4 tetragonal phase, local environments of vanadium and
bismuth ions are distorted in monoclinic phase [31,32]. A schematic representation of

three crystal structures of BiVOs is displayed in Fig. 1.4.
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Fig. 1.4: Schematic representation of crystal structures of BiVO4 drawn from Vesta
Software: (A) tetragonal zircon, (B) monoclinic scheelite and (C) tetragonal scheelite.

Interconversion between three crystalline phases of BiVOs is possible by tuning
the synthesis temperature. Low-temperature synthesis methods produce the tz-BiVO4
phase. At a higher temperature of 670-770 K (397-497°C), the m-BiVO4 phase is
produced from the tz-BiVVO4 phase, whereas the phase transition between m-BiVVO4 and
ts-BiVO4 achieves reversibly at a temperature of 528 K (255°C) [31]. Among all other
crystal structures of BiVOa, superior performance for all photo-functional applications
is obtained for m-BiVO4 owing to its excellent visible light absorption.

8
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1.3.2 2D Layered Metal Oxide Nanosheets (MONSs):

Numerous low-dimensional nanostructured semiconductive materials are
developed and investigated as photocatalysts. Current research interest has been focused
on developing two-dimensional (2D) nanostructured inorganic solids due to their
superior functionalities. “Inorganic nanosheets” (INs) refer to inorganic plate-like
particles with lateral sizes hundreds to thousands of times greater than their thickness,
typically at the nanometer scale. Nanosheets (NSs) are particles with a thickness ranging
from 1 nm to sub-nm. Monolayered INs can be obtained through the exfoliation of
inorganic layered crystals. The INs are atomically thin monolayers with few nanometres
of thickness. Even though a monolayer of these inorganic crystals is the ideal realization
of NSs, pristine layered crystals with one or more layers are practically considered as
NSs. Since the parent layered inorganic crystals from which NSs are produced have a
wide variety of structural frameworks and chemical compositions, the corresponding
INs also have a wide variety of structural and chemical diversity [33]. Fig. 1.5 depicts a
few typical monolayer INs of MnO., lepidocrocite-type layered titanate (TiO2), MoS,
layered double hydroxide (LDH) and graphene NSs.
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Fig. 1.5: Schematic structural representation of (a) lepidocrocite-type titanate NS, (b)
MnO:2 NS, (c) LDH NS, (d) MoS: NS and (e) graphene NS [34].
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Properties of NSs and NSs-Based Hybrids:
Anisotropic morphology and flexibility:

The characteristics of the exfoliated 2D INs change with diverse crystallographic
directions due to their 2D morphological features. Additionally, these 2D INs display a
scrolling behavior along a specific crystallographic axis to reduce surface stresses and
energy.

Exceptionally thin thickness:

Exfoliated 2D INs revealed monolayer morphology having an extremely thin
thickness in the 0.5-2.0 nm range [35]. As a result, most of the component ions are
exposed on the surface of INs, which is crucial for their hybridization with other guest
species. This results in significant electronic coupling with the hybridized species. The
effective electronic coupling and chemical interaction of 2D NSs with hybridized
species enhance the several functionalities of 2D NSs for numerous applications.
Photoinduced surface properties:

Interestingly, INs exhibit photoinduced superhydrophilicity, which is highly
desired for photocatalytic self-cleaning and antifogging coatings. With the phenomena
mentioned above, exploring the mechanism and origin of the photogenerated
superhydrophilicity of the NS surface is possible.

Compositional flexibility:

The exfoliated INs can be prepared with various crystal shapes and chemical
compositions based on the composition and structure of the parent host layered crystals
used in the exfoliation protocol [36]. Thus, INs with a variety of chemical compositions
can be possible.

Surface charge:

Most layered inorganic solids have charge-compensating ionic species in their
intergallary spacings, producing INs having an inherent surface charge. The excellent
processability of INs is facilitated by their inherent surface charge, which minimizes
self-agglomeration and results in very stable colloidal suspension. When such INs are
used to develop nanohybrid materials, the chemical interaction between the surface-
charged INs and oppositely charged guest species leads to a well-ordered nanohybrid

structure.
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Expanded surface area:

INs have expanded surface area because of their unusual 2D anisotropic surface
morphology. Most of the constituent ions are present on the surface, which significantly
increases the potential for functionalizing INs by anchoring various functional groups
[37]. Because of the highly anisotropic 2D morphology of the exfoliated NSs, different
functional groups can be attached to the 2D INs with improved surface area.

By soft-chemically exfoliating the pristine layered materials, sub-nanometre-
thick 2D NSs of layered metal oxides can be produced. Many exfoliated wide band gap
layered MONSs can be used as photocatalysts for water splitting and the photodegradation
of organic pollutant molecules [38]. These wide band gap 2D MONSs can be useful for
coupling with narrow band gap semiconductors. Compared to other materials, MONs
act as fundamental building blocks for the fabrication of nanohybrid photocatalysts with
characteristic physicochemical features due to their improved surface area and thin
thickness.

The 2D titanate NSs (NS-titanate) and hexaniobate NSs (NS-hexaniobate)
derived by the exfoliation of their respective pristine layered crystals are excellent due
to the exceptionally high anisotropy in their crystal structure and morphology (NS-
titanate and NS-hexaniobate imply the exfoliated NSs derived from the bulk cesium
titanate (Cso.7Tirs2500.17504) and potassium hexaniobate (KsNbsO17) crystals by the
reported protocol of exfoliation) [35-38]. NS-titanate and NS-hexaniobate are selected
due to their highly anisotropic 2D morphology, suitable band positions for reducing
hydroxyl ions and oxidation of H20, and high chemical stability.

1.3.3 Nanohybrids based on BiVO4 and 2D Layered MONs:

Due to the wide band gap energy, low photostability and inappropriate electronic
band positions for the reduction of protons and the oxidation of oxide ions, most
inorganic photocatalysts are unsuitable for visible-light-driven photocatalysis. To
increase the photocatalytic activity, attempts are being made to hybridize two different
types of photocatalysts to overcome the limitations of these materials. Thus, the
approach of developing nanostructures and electronic coupling between semiconducting
materials is explored [34].

Several coupled semiconductors are explored as a photocatalyst. Most of them
used nanocrystalline TiO; as a wide-bandgap semiconductor and metal chalcogenides

as a narrow-bandgap material. Still, the coupled semiconductor photocatalyst system
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suffers from limited efficiency and stability. To enhance photoactivity and overcome the
above problems, an intimate electronic coupling between photocatalyst materials is
necessary. Considering highly anisotropic 2D morphology, suitable band positions and
high chemical stability of NS-titanate and NS-hexaniobate, these NSs can be used as
effective building blocks for developing nanohybrid photocatalyst materials. In these
nanostructures, all the ions in the sub-nanometre-thick 2D NSs are exposed to its surface
and can significantly alter electronic interactions between hybridized guest species. In
this context, nanohybrids made up of BiVOs with suitable band positions and NS-
titanate or NS-hexaniobate can provide 1) enhanced photocatalytic activity as a result of
strong electronic coupling between the hybridized species, 2) expanded surface area
caused by the development of a mesoporous house of cards type structure and 3) tunable

chemical composition to accomplish desire photo-physicochemical characteristics.
1.4 Mechanism of Photocatalytic Dye Degradation:

The two reaction mechanisms are involved in the photodegradation or bleaching

of the toxic dyes [39,40]. These mechanisms are briefly discussed below.

1.4.1 Direct mechanism for dye degradation:

Dye+ ‘ Oxidation ’ Dye

Products
2H

+
0, (20, ~=»2HO0—H,0,—>20H)

Light Dye* _C_B_ _
Irradiation = HOMO == e eee
——_— Ut'q-'-'i
LUMO == -
VB

Fig. 1.6: Schematic of direct dye degradation mechanism.

This dye degradation mechanism occurs when the dye can absorb some visible
light. In this type, when the dye absorbs visible light (A>400 nm), dye excitation occurs
from the ground state (Dye) to the excited triplet state (Dye*). Further, the (Dye*)
species gets transformed into semi-oxidized cation (Dye") radicals due to the injection

of electrons into the conduction band (CB) of the semiconductor. Finally, as shown in
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Fig. 1.6, superoxide (O2*") and hydroxyl (OH") radicals can form by the reaction of
trapped electrons and dissolved oxygen in the system.

Dye + hv — Dye* (1.1)
Dye* + semiconductor —» Dye™ + semiconductor™ 1.2)
1.4.2 Indirect mechanism for dye degradation:

An indirect dye degradation mechanism can occur via four steps, as shown in
Fig. 1.7.

(A) Photoexcitation: The photons get absorbed when a semiconductor photocatalyst is
exposed to electromagnetic radiation with photon energy equal to or greater than its band
gap. As a result, valence band (VB) electrons get excited to their CB by forming
photoexcited electrons in CB and holes in VB. An electron-hole pair is formed when the

excitation process leaves a hole in the VB, indicated by the following equation,
semiconductor + hv — semiconductor [e” (CB) + h*(VB)] (1.3)

(B) Water lonization: Photogenerated holes at the VB reacted with water by creating
hydroxyl (OH*) radicals.

H,0(ads) + h*(VB) -» OH*(ads) + H* (ads) (1.4)

The OH* radicals produced on the irradiated semiconductor surface are powerful
oxidizing agents that attack organic molecules non-selectively to mineralize them to an

extent.

(C) Oxygen ionosorption: On the other hand, photoexcited electrons get absorbed by

oxygen and anionic superoxide radicals (O>*) are produced.
0, + e (CB) - 05"(ads) (1.5)

These superoxide ions maintain electron neutrality by preventing the recombination of

electrons and holes.

(D) Superoxide Protonation: The created superoxide O>* undergoes protonation to
make hydroperoxyl radicals (HOO¥*), followed by the formation of H.O> that further

dissociates to become an extremely reactive OH* radicals.

05*(ads) + H* - HOO*(ads) (1.6)
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2H00*(ads) - H,0,(ads) + 0, (1.7)
H,0,(ads) » 20H"*(ads) (1.8)
Dye + OH* —» CO, + H,0 (dye intermediates) (1.9
Dye + h*(VB) - oxidation products (1.10)
Dye + e~ (CB) — reduction products (1.11)
0 [202'*ﬂ:2H00'—>H202—"20H-]
Reduction Dye
Products ) CB
N e eee
N
Light‘ = Dye . Oxidation
Irradiation ‘ Products
N h* hi h*h*
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Fig. 1.7: Schematic of indirect dye degradation mechanism.

During the past few decades, various semiconducting materials have been
employed as photocatalysts for visible light photocatalysis. Many of them suffer from
low photocatalytic performance due to the wide band gap energy. Their light absorption
behavior is restricted to the UV region of the total solar spectrum, which accounts for
only 4% of the total solar spectrum. Among many nanocrystalline oxides,
nanostructured TiO, and potassium hexaniobate have been considered as stable
materials for photocatalysis. Bulk TiO2 and Nb2Os-based composite materials are
investigated for photocatalytic applications. However, their optimum performance is
restricted by the difficulty in controlling crystallite size and limited electronic coupling
due to the large crystallites. Thus, the coupling strategy of wide band gap semiconductor
photocatalysts with other narrow band gap semiconductors is recommended to
overcome the above issues. Also, such a strategy can collect the photogenerated
holes/electrons or to channelize them [34]. Considering the issues mentioned above,
there is a strong need to design and develop novel types of NS-titanate and NS-

hexaniobate-based hybrids, which can lead to the formation of a highly porous house-
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of-cards-type stacking structure and a controlled alteration of the electronic structure
that enables an optimization of the physicochemical characteristics and applicability of
NSs based hybrid in solar assisted photocatalysis with high stability and efficiency.

1.4.3 Photocatalytic degradation of MB and Rh-B:

In the present work, the narrow band gap BiVO; is hybridized with the wide
band gap NS-titanate and NS-hexaniobate. Coupling of BiVO4 with NS-titanate and NS-
hexaniobate can lead to visible light active photocatalysts with enlarged surface area and
improved photoactivity by strong electronic coupling between the hybridizing species.
Also, the chemically stable NS-titanate and NS-hexaniobate hybridized with BiVO4 led
to the overall increase in the chemical stability of the nanohybrid photocatalyst. The
plausible dye degradation mechanism is proposed in Fig. 1.8.
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Fig. 1.8: Plausible dye degradation mechanism for (a) BiVO4 hybridized with NS-
titanate for degradation of MB, Rh-B and (b) BiVO4 hybridized with NS-hexaniobate
for degradation of MB, Rh-B.

15



General Introduction and Literature Survey

1.5 Review of Literature:
1.5.1 Literature survey of BiVOa4 for photocatalytic dye degradation:

Nanocrystalline metal oxide attracts great attention in the field of photocatalytic
dye degradation as well as photocatalytic and photoelectrochemical (PEC) water
splitting due to their nanosized surface morphology, tunable band structure, large surface
area, well-defined crystal structure and high photostability. Among different
semiconducting metal oxides used in photocatalysis, BiVOs is the most widely used
photocatalyst due to its low band gap energy (2.4 eV), superior photostability and
resistance to photo-corrosion [41]. Therefore, BiVOs is the vividly exploited
photocatalyst for the photodegradation of various dyes.

In one instance, the wet solution method was employed to prepare porous BiVO4
hollow spheres and applied for the photocatalytic degradation of methyl orange (MO) in
visible light illumination [42]. The formation of BiVVO4 hollow spheres with narrow band
gaps increases visible light absorbance, resulting in enhanced degradation efficiency.
BiVO4 hollow spheres showed improved MO degradation performance of 95.3% after
180 min of light exposure. Ultrasonic assisted strategy was followed to synthesize
BiVO4 crystals (Sono BiVOgs), and its photodegradation activity for MO degradation
was tested under visible light illumination [43]. The Sono BiVOs displayed 99% MO
degradation after 180 min.

Moreover, the BiVOs thin films deposited by the solution combustion method
were examined for photocatalytic Rh-B degradation [44]. The photocatalytic
characteristics of BiVOs thin films were evaluated by varying the calcination
temperature. The optimized BiVOg thin film displays 86.67% Rh-B degradation in 50
min. Further, the hydrothermal process was employed for synthesizing BiVOa
nanoparticles and their photocatalytic activity for degradation of MB was examined
[45]. The photocatalytic activity of BiVO4 nanoparticles was tested with the effect of
the amount of catalyst loading, the effect of dye concentration and the effect of pH. The
optimized BiVOs thin film showed a superior MB photodegradation performance of
91.9% after 90 min of light exposure.

Similarly, the hydrothermal method was employed to synthesize BiVO4 powder
photocatalysts and used for the photodegradation of MB, MO, Rh-B and crystal violet
(CV) dyes [46-51]. Among the four dyes, BiVOs powder photocatalyst showed an

excellent photodegradation performance of 99% for MB degradation in 90 min of light
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exposure [47]. BiVOs photocatalysts prepared via microwave-assisted route and
precipitation method were used for the photocatalytic degradation of Rh-B and MB dyes
[52-54]. BiVO4 displays a maximum Rh-B and MB degradation performance of 94 and

92.25% in visible-light illumination.

On the other hand, BiVO;4 thin films deposited by electrophoretic deposition
(EPD) were utilized for the visible-light-driven photodegradation of MO, MB and
phenol [55]. Among the three dyes, BiVO4 exhibited an excellent photodegradation
performance of 97% for MB degradation. BiVOs4 photocatalysts synthesized by
hydrothermal, solvothermal and Rf-sputtering techniques were employed for the
photodegradation of Rh-B, MB and rhodamine 6G (Rh-6G) dyes [56-58]. BiVOa
displays improved photocatalytic activity with degradation rates of 60, 81 and 95% for
Rh-B, MB and Rh-6G, respectively. The spray pyrolysis method was adopted to
synthesize BiVOys thin films, and the obtained thin films were used to photodegrade Rh-
B and MO dyes [59-61]. The optimized BiVOs thin film displayed improved Rh-B
photodegradation of 96% under visible light illumination [60]. Furthermore, BiVO4
samples synthesized via solvothermal and urea hydrolysis methods were applied for the
photodegradation of MB and Rh-B dyes, respectively [62,63]. BiVO4 shows superior
degradation performance of 91 and 55.1% for MB and Rh-B degradation, respectively.
The literature survey of photodegradation performance for BiVOas photocatalysts is

summarized in Table 1.1.

Table 1.1: Brief literature review of BiVOs photocatalysts for visible-light-driven

photodegradation of dyes.

Sr. | Photocatalyst | Method of | Target | A Percentage Ref.

no. synthesis dye (nm) | degradation

1 | BiVOs Wet-solution MO 500 95.3%; 180 min | 42

2 | BiVOs Ultrasonic- MO 465 99%; 180 min 43
assisted

3 | BiVO4 Solution Rh-B 553 86.67%; 50 min | 44
combustion

4 | BiVOs Hydrothermal MB 664 91.9%; 90 min 45

5 | BiVOs Hydrothermal MB 664 88.86%; 60 min | 46

6 | BiVOs Hydrothermal MB 664 99%; 90 min 47
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7 BiVO4 Hydrothermal MO - 94%; 60 min 48
8 | BiVOs Hydrothermal Rh-B, |553, |64.81%; 210 min |49
CcVv 583 96.23%; 120 min
9 | BiVOs Microwave- Rh-B 553 95%; 200 min 50
hydrothermal
10 | BiVOq Hydrothermal Ccv 590 98.21%; 120 min | 51
11 | BiVOq Microwave- Rh-B 554 90.8%; 180 min | 52
assisted
12 | BiVOq Precipitation Rh-B 553 94%; 220 min 53
13 | BiVOq Precipitation MB 664 92.25%; 120 min | 54
14 | BiVOs EPD MO, - 39.8%, 63.7%, | 55
Phenol, 97%
MB
15 | BiVOq Hydrothermal Rh-B 554 60%; 240 min 56
16 | BiVOq Solvothermal MB 664 81%; 120 min 57
17 | BiVOs Rf-sputtering Rh6G | 527 95%; 240 min 58
18 | BiVOq Spray pyrolysis | Rh-B, |- 86%, 93% 59
MO
19 | BiVOq Spray pyrolysis | Rh-B 552 96%; 180 min 60
20 | BiVOs Spray pyrolysis | Rh-B 553 95%; 180 min 61
21 | BiVOs Solvothermal MB 668 91%; 60 min 62
22 | BiVOs Urea hydrolysis | Rh-B 553 55.1%; 75 min 63

1.5.2 Literature survey of TiO2 and NbsO17-based nanohybrids for photocatalytic
dye degradation:

Despite extensive research, the majority of inorganic photocatalysts ever
designed are ineffective for visible-light-driven photocatalysis. To overcome the
limitations of these materials, attempts have been made to couple two different types of
photocatalysts. Additionally, an alternate method for boosting the photocatalytic activity
of semiconductive materials is the development of nanostructures. As photocatalysts,
numerous low-dimensional nanostructured semiconducting materials are being
developed and investigated. The 2D nanostructured inorganic solids are being studied
due to their nanostructured morphology. The number of exfoliated layered MONSs can
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be used as photocatalysts for the photodegradation of organic pollutant molecules. The
hybridization of 2D NS-titanate and NS-hexaniobate with BiVO4 can enhance the
photocatalytic dye degradation activity.

In one instance, BiVO4/TiO2 composite thin films were synthesized by coating
BiVO, layers on the surface of TiO> thin films deposited by successive ionic layer
adsorption and reaction (SILAR) method. The photoactivity of BiVO4/TiO2 composite
thin films for degradation of Rh-6G was tested [39]. The BiVO4/TiO2 composite films
showed enhanced photocatalytic performance compared with pristine TiO2 and BiVO4
thin films. Further, the BiVO4/TiO> composite thin films were deposited by sol-gel
followed by the doctor blade method and the obtained films were used for visible-light-
induced MB degradation [64]. Enhanced MB degradation obtained for composite thin
films can attributed to improved charge transfer Kkinetics. Solvothermal and
hydrothermal methods were used to synthesize BiVO4/TiO, composites, and their
photocatalytic activity for photodegradation of Rh-B and MB dyes was checked [65,66].
The BiVO4/TiO2 composites show improved photocatalytic degradation of 92 and
92.7% for Rh-B and MB, respectively. The hybrid photocatalysts composed of reduced
graphene oxide (rGO), BiVOs and TiO2 were developed by wet-chemical method and
applied for photocatalytic degradation of MB [67]. The optimized rGO-TiO2/BiVOs

photocatalyst showed complete degradation of MB after 120 min of light exposure.

Similarly, BiVO4/TiO2 composite thin film photocatalysts were synthesized by
hydrothermal and sol-gel methods and their photoactivity for photocatalytic degradation
of Rh-B, 4-nonylphenol, acid blue (AB-113) was examined [68-70]. Among the three
pollutants, the BiVO4/TiO2 composite thin film displays complete degradation of Rh-B
in 80 min of light exposure [68]. Likewise, TiO2/BiVO4 composite photocatalysts
synthesized via hydrothermal and wet-impregnation methods displayed almost complete
degradation of Rh-B and MB after 18 and 150 min of light exposure, respectively
[71,72]. Hydrothermally deposited BiVO4/TiO2 composite thin films were used for
photocatalytic degradation of MB [73]. The optimized thin film showed superior
photocatalytic performance (99%) for MB degradation in 60 min of light exposure.
BiVO4/TiO2 composite photocatalysts were synthesized by combining metal-organic
decomposition (MOD) and sol-gel methods and obtained thin films were used for the
photodegradation Rh-B [74]. The optimized BiVO4/TiO2 composite displays superior

photocatalytic activity with a rate constant (k) of 0.0073 min™.
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Moreover, the BiVO4/TiO2 hybrids were developed by sol-gel and electrostatic
self-assembly methods, and their photoactivity for degradation of MO and Rh-B dyes
was tested [75,76]. The BiVO4/TiO> hybrids show improved photocatalytic performance
of 99.78 and 93% for MO and Rh-B degradation, respectively. The wet-chemical
method was used to synthesize TiO2/BiVO4 composite photocatalysts and applied for
photodegradation of Rh-B [77]. The TiO./BiVOs composite photocatalyst displays
enhanced Rh-B degradation performance of 69% in 105 min of light exposure. The
BiVOs-TiO2-BiVO;4 three-layer composite thin film photocatalyst was synthesized via
the facile sol-gel method [78]. It showed superior photocatalytic activity for MB (95%)
and Rh-B (91%) degradation under 180 and 300 min of light exposure, respectively.
Further, the TiO2/BiVOg4 thin film photocatalysts were epitaxially deposited on yttrium-
stabilized zirconia substrates by pulsed laser deposition (PLD) method and obtained thin
films were used for photocatalytic degradation of Rh-B [79]. The optimized TiO2/BiVO4
photocatalyst shows improved photocatalytic activity with a k value of 0.0015 min™,
The photocatalytic degradation performance of composite photocatalysts composed of
BiVO4 and TiO2 is summarized in Table 1.2.

Furthermore, the Ag@AgBr intercalated KsNbsO17 composite was deposited by
the ion exchange route and utilized for the photodegradation of Rh-B in visible light
illumination [80]. Almost 96% of Rh-B was degraded under visible light exposure. The
photocatalyst composed of CdS loaded on KiNbeO17 was synthesized by the
microemulsion method [81]. The CdS-loaded K4NbsO17 showed enhanced visible-light-
driven photocatalysis for the decomposition of Rh-B with 90% degradation after 120
min. The PbS-sensitized K4NbsO17 nanocomposite was deposited using microemulsion
and applied for photocatalytic degradation of Rh-B [82]. The PbS-sensitized KsNbsO17
nanocomposite with 25% of PbS showed 71% of Rh-B degradation after 120 min under

visible light illumination.

Table 1.2: Brief literature review of TiO2 and NbeO17-based nanohybrids for visible-
light-induced photodegradation of dyes.

Sr. | Photocatalyst and method of | Target A Percentage Ref.
no. | synthesis dye (nm) | degradation or K
1 BiVO4/TiO; by SILAR Rh-6G | 525 | 0.004 min' 39
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2 BiVO4/TiO, by  sol-gel | MB 664.5 | 1.568 ht 64
followed by doctor blade

3 BiVO4/TiO2 by solvothermal | Rh-B 554 92%; 240 min 65

4 BiVO4/TiO2 by hydrothermal | MB 664 92.7%; 30 min 66

5 rGO-TiO2/BiVOs by wet- | MB - 100%; 120 min 67
impregnation

6 BiVO4/TiO2 by hydrothermal | Rh-B - 100%; 80 min 68

7 BiVO./TiO by hydrothermal | 4-nonyl | - 1.19ht 69

phenol

8 BiVO4/TiO: by sol-gel AB-113 | 568 82%; 120 min 70

9 TiO2/BiVO4 by hydrothermal | Rh-B 553 99%; 18 min 71

10 | TiO2/BiVOs by wet- | MB - 100%; 150 min 72
impregnation

11 | BiVO4/TiO; by hydrothermal | MB 665 99%; 60 min 73

12 | BiVO4/TiO2 by MOD, sol-gel | Rh-B 554 | 0.0073 min! 74

13 | BiVO4/TiO; by sol-gel MO - 99.78%; 140 min | 75

14 | BiVO4/TiO; by self-assembly | Rh-B - 93%; 150 min 76

15 | TiO2/BiVO4 by wet-chemical | Rh-B 554 69%:; 105 min 77

16 | BiVO4-TiO2-BiVO4 by sol-gel | MB, 664, |95%; 180 min, | 78

Rh-B 553 91%; 300 min

17 | TiO2/BiVO4 by PLD Rh-B 554 0.0015 min*t 79

18 | Ag@AgBr-K:NbsO17 by ion | Rh-B 554 | 96% 80
exchange

19 | CdS@K4NDbsO17 by | Rh-B 554 90%; 120 min 81
microemulsion

20 | PbS@K4NbeO17 by | Rh-B 554 71%; 120 min 82
microemulsion

The above literature survey clearly indicated that BiVVOs demonstrated enhanced
photocatalytic activity when coupled with wide-bandgap semiconductors. TiO> is a
highly suitable wide-bandgap semiconductor for coupling with BiVOs. Along with

TiO2, KsNbeOs7 is another wide-bandgap semiconductor for coupling with various
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narrow-bandgap semiconductor photocatalysts like CdS and PbS. However, the efficient
photocatalyst based on BiVO4 has not been realized in practical application. It is also
clear that the nanocrystalline hybridization strategy is highly desirable to achieve the
intimate electronic coupling between the semiconductor photocatalysts. The NS-titanate
and NS-hexaniobate evoke high research interest as a fundamental component of the
hybrid photocatalysts due to their high anisotropy, extremely thin thickness, high surface

area, electrostatic surface charge and high mechanical flexibility.
1.6 Orientation and Purpose of Thesis:

Water pollution has severely threatened the global environment and living
organisms. One of the major reasons behind water pollution is contamination caused by
industrial organic dyes. These dyes can affect aquatic life and lead to serious harm to
people and animals through infection of the liver, central nervous system, reproductive
system, brain and kidney. Therefore, an efficient and eco-friendly process for dye
effluent degradation is essential. Among numerous wastewater treatment methods,
heterogeneous photocatalysis has emerged as one of the most promising technologies

for wastewater purification.

The process of acceleration of photoreaction in the presence of a semiconductor
photocatalyst is known as heterogeneous photocatalysis. Despite extensive
investigation, most inorganic photocatalysts are unsuited for visible-light-induced
photocatalysis due to their wide band gap energy, least photostability and inappropriate
band positions for proton reduction and water oxidation. Lots of efforts were put forward
on narrow band gap semiconductors like metal chalcogenides, (oxy)nitride/oxysulfide,
doped metal oxides, etc. Still, these semiconductor photocatalysts suffer from high
recombination rates and limited photostability. Thus, attempts were made to hybridize
two different types of photocatalysts to overcome the limitations of these materials. A
hybridization strategy of coupling narrow-band gap photocatalysts with wide-bandgap
materials is necessary to overcome the aforementioned issues and enhance
photocatalytic performance. Still, the coupled semiconductor photocatalyst systems

suffer from limited efficiency and stability.

MONSs are an excellent choice for fabricating nanohybrid photocatalysts with
distinctive physicochemical features due to their enlarged surface area and thin

thickness. The 2D NS-titanate and NS-hexaniobate produced by the exfoliation protocol
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from their respective parent crystals are distinct due to their surface topography and
exceptionally high anisotropy. Therefore, these materials can be useful for coupling with
narrow band gap BiVOas. Specifically, NS-titanate and NS-hexaniobate are selected due
to their highly anisotropic 2D morphology, suitable band positions for reducing
hydroxide ions and oxidation of H2O, and high chemical stability. On the other hand,
BiVO; is selected due to its narrow band gap, high photostability, low photo corrosion,

and low environmental toxicity.

In this context, NS-titanate and NS-hexaniobate hybridized with BiVO4 are proposed
for photocatalytic dye degradation. The chemical bath deposition (CBD) and SILAR
methods are the best choices for coating BiVO4 on NS-titanate and NS-hexaniobate.
Until now, no previous work exists on NS-titanate and NS-hexaniobate hybridized with
BiVO4 for photocatalytic application. The present work to hybridize BiVO4 with NS-
titanate and NS-hexaniobate can lead to 1) improved photoactivity as a result of strong
electronic coupling between the hybridized species, 2) enlarged surface area caused by
the development of a mesoporous house of cards type structure and 3) tunable chemical

composition to achieve desired physicochemical features.

Thus, the present work focuses on the chemically synthesized nanohybrids of BiVO4
with 2D NS-titanate and NS-hexaniobate for photocatalytic dye degradation. The NS-
titanate-BiVO4 and NS-hexaniobate-BiVO4 nanohybridthin films are synthesized by the
coating of BiVO4 on NS-titanate and NS-hexaniobate, respectively. Initially, NS-titanate
and NS-hexaniobate thin films are deposited on conducting substrates via the EPD
method. Over electrophoretically deposited NS-titanate and NS-hexaniobate thin films,
the narrow band gap BiVOs is deposited by both CBD and SILAR methods.

Various physicochemical characterization techniques are applied to investigate the
different properties of synthesized nanohybrid thin films. The crystal structure (phase
identification) of the pristine BiVO4, NS-titanate, NS-hexaniobate and their nanohybrid
thin films is analyzed using the X-ray diffraction (XRD) technique. The optical
properties of pristine and nanohybrid material thin films are investigated with
Ultraviolet-visible diffuse reflectance spectroscopy (UV-vis DRS). The chemical
bonding nature of the present nanohybrid thin films is examined with Fourier-transform
infrared (FTIR) spectroscopy and Micro-Raman spectroscopy analysis. The surface

morphologies of pristine BiVOa, NS-titanate/NS-hexaniobate and respective nanohybrid
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thin films are scrutinized with Field emission scanning electron microscopy (FESEM).
The elemental composition and distribution of the elements present in nanohybrid thin
films are examined with energy-dispersive X-ray spectroscopy (EDS) and elemental
mapping analysis. The chemical oxidation states of the elements present on the surface
of BiVOs and its nanohybrid thin films are probed with the X-ray photoelectron
spectroscopy (XPS) technique.

The photoactivity of the pristine NS-titanate, NS-hexaniobate, BiVOs thin films and
all nanohybrid thin films for photodegradation of dyes is evaluated with UV-vis
absorption spectroscopy analysis. MB and Rh-B are used as target dyes for the
decomposition. The photocatalytic performance of synthesized pristine and nanohybrid

thin films is measured with a percentage degradation study using the formula,

dye degradation (%) = S=C » 100 (1.12)

Co

where Co denotes the initial absorption and C; denotes the absorption at time t.

A pseudo-first-order kinetic model is used to explore dye degradation dynamics
further. The following equation describes a pseudo-first-order reaction:
qe = (1—e™ ) (1.13)
where ki and t are rate constant and time, ge denotes adsorption at equilibrium and g is
adsorption at time t.

Furthermore, a recyclability study is conducted to check the industrial usefulness
of nanohybrid thin films.
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Theoretical Background of Synthesis Methods and Characterization Techniques

2.1 Introduction:

The most critical challenge in the 21% century is to battle against ever-increasing
environmental pollution. Dyes, pesticides, surfactants, antibiotics, chloro-organics, etc.,
are major effluents responsible for water pollution. Heterogeneous semiconductor
photocatalysis has been extensively studied for the degradation of organic molecules. It
is a cost-effective and promising approach for degrading many organic pollutants by
harvesting solar energy [1]. Even after extensive research, most inorganic photocatalysts
are unsuitable for visible-light-driven photocatalysis due to their wide band gap energy,
low photostability and inappropriate band positions for proton reduction and water
oxidation. Various types of nanostructure photocatalysts have been developed to
overcome the limitations of these materials. Moreover, attempts are made to develop
hybrid photocatalysts to reduce electron-hole recombination via strong electronic
coupling between hybridized species [2].

Though many low-dimensional nanostructured semiconducting materials are
being developed as photocatalysts, 2D nanostructured inorganic solids attract special
research attention due to their excellent features. These wide band gap 2D MONSs can
be useful for coupling with narrow band gap semiconductors. MONSs are the most suited
alternatives for developing nanohybrid photocatalysts with distinctive physicochemical
features owing to their enlarged surface area and thin thickness [3]. Various narrow band
gap semiconductors were coated on MONSs using hydrothermal, solvothermal,
ultrasonication, CBD, SILAR methods. The proposed work to hybridize BiVO4 with
NS-titanate and NS-hexaniobate will lead to 1) improved photocatalytic activity payable
to the effective electronic coupling between the hybridized species, 2) enlarged surface
area by the formation of highly porous house-of-card type structure and 3) tunable

chemical composition to achieve desire photo-physicochemical properties.

The theoretical background of several synthesis methods used to synthesize
pristine BiVO4, MONs (NS-titanate and NS-hexaniobate) and nanohybrids of BiVO4
with MONs (NS-titanate-BiVOs and NS-hexaniobate-BiVO4) is described in this
chapter. It also includes the theoretical background of numerous characterization
techniques (structural, compositional, morphological, optical, etc.) used to investigate
the physicochemical characteristics of nanohybrid thin films.
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2.2 Thin film deposition methods:

A layer of material having a thickness of several nanometers to a few
micrometers is referred to as a thin film. Deposition of thin film is nothing but the
process of thin film formation over any desired surface. The synthesis process
significantly influences the properties of thin films; hence, choosing the proper
deposition method can tune their different physicochemical properties [4]. The
schematic classifying several thin film deposition methods is represented in Fig. 2.1.
Depending upon the synthesis approach, thin film depositions are broadly classified into
chemical and physical methods [5]. The chemical deposition methods are again
classified into gas-phase and liquid-phase methods [6]. In liquid-phase chemical
methods, the thin films are coated on the desired substrates from the chemical solutions.
The liquid phase chemical methods include CBD, electrodeposition, EPD, spray
pyrolysis, SILAR, hydrothermal, sol-gel process, spin coating, reflux, dip coating, etc.
On the other hand, vacuum evaporation and sputtering are the two main types of physical
deposition methods. The solution phase chemical methods have various advantages over
physical methods, such as the simplicity of deposition, cost-effectiveness and suitability
for large-area coating over various substrates [5,6]. Hence, chemical methods are mostly

preferred to synthesize nanostructured materials for versatile applications.

[ Thin film deposition methods }
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Fig. 2.1: Schematic classifying several thin film deposition methods [7].
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2.2.1 CBD method:

All the chemical synthesis methods utilize the thermodynamic equilibrium and
kinetic approaches for thin film deposition. Among the several chemical deposition
techniques available, CBD is one of the most significant methods for depositing
semiconductor thin films on various substrates. CBD is based on the principle of the
thermodynamic approach in which film formation takes place via supersaturation,
nucleation and succeeding growth processes. In CBD, the nanostructured material from
a chemical solution is coated on the surface of the desired substrate. CBD describes
depositions from solutions (often aqueous) where the deposit is chemically produced
and deposited in the same bath [8].

Among many methods for thin film deposition, CBD has the potential for low-
cost fabrication. CBD is an easy and convenient method for coating large-area thin films
on various substrates, even at room temperature. There is no vacuum requirement at any
deposition stage. It enables pinhole-free deposition with superior grain structure and
better crystallite orientation. The stoichiometry of deposits can be precisely controlled
because ions are the fundamental building blocks rather than atoms. Hazardous or
pyrolyzed gases or organometallic solvents are not released during CBD [9].

(a) CBD: Basic principle:

The thin film deposition via the CBD method depends on the principle of
controlled precipitation of the required material over the surface of the desired substrate.
Generally, the deposition of thin films via CBD follows the formation of solid phase
from a solution, which involves two steps: nucleation and particle growth [10,11]. In
CBD, supersaturation or precipitate formation occurs when the ionic product (IP)
exceeds the solubility product (SP) [10]. When merely solvable salt (AB) is added to the
solvent, it results in a saturated solution with ions (A* and B") and an undissolved solid

(AB). The expression for the equilibrium among the solid phase and the ions in the

solution is,
ABsy > AT+ B~ (2.1)
By the law of mass action to the equilibrium state,

_ CiCs

T Cag(S) (22)

Where Ca* is the concentration of A* ions, Cg" is the concentration of B ions and Cag

is the concentration of AB compound in solution.
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The concentration of the pure solid phase is a constant, which is denoted as Cag (S) =

constant = K’ then,

_ CaCg
K == (2.3)
KK' = CiC3 (2.4)

In this equation, both K and K’ are constants, and the product of KK’ is constant,
represented by Ks. Therefore, the above equation becomes,

K, =C}C3 (2.5)
where Ks and Ca*Cg™ represent SP and IP, respectively. When IP of the compound is the
same as the SP of ions in solution, saturation occurs. For precipitation to occur, IP should
exceed SP (IP/SP =S > 1), and the solution becomes supersaturated, which results in the
creation of nuclei both on the substrate surface (heterogeneous) and in the solution
(homogeneous) [9].

During the CBD experiment, a substrate is immersed in a chemical bath
containing cations and anions. When the supersaturated state is reached, a heterogeneous
reaction occurs, and these ions form nuclei on the surface substrate. Without
supersaturation, thin film deposition by the CBD method is impossible.

(b) CBD: Preparative parameters:

The well-adherent and uniform thin film formation relies on the rate of chemical
reactions. In CBD, the deposition rate and film thickness depend upon the degree of
supersaturation and the number of nucleation centers produced. The growth Kinetics
mainly depend on the number of ions, their movement, nucleation and growth processes.
The impact of different preparative parameters on the growth mechanism of CBD is
explained below:

» Precursor solution pH:

The supersaturation condition affects both the deposition rate and the reaction
rate. The metal ion complex gets more stable as the pH of the solution rises.
Alternatively, the concentration of metal ions reduces with increased pH, leading to a
sluggish reaction rate and, hence, a slower film formation rate.

» Complexing agent:

The role of the complexing agent is to avoid bulk precipitation of the material by

decreasing the concentration of free metal ions by complex formation. As the

concentration of the complexing agent increases, the free metal ion concentration
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reduces. Subsequently, reaction rate and bulk precipitation decrease, which affects the
particle size of the deposited material.
» Temperature:

The rate of dissociation of the complex depends on the bath temperature. Higher
temperatures cause the dissociation of the complex to occur more quickly, which speeds
up deposition. The terminal film thickness depends on the degree of supersaturation and
bath temperature. At higher temperatures, the thermal dissociation rate of complexes is
higher, hence achieving higher film thickness. It also affects other properties, such as
less adherence due to powdery film formation.

> Nature of substrate:

The nature of the substrate significantly influences film adhesion and reaction
kinetics. The availability of plenty of nucleation centers on the substrate surface is
crucial for the initial nucleation and subsequent growth of the film. Film growth is also
significantly influenced by substrate lattice parameters. Single crystal film formation
can be formed when the substrate lattice and the deposition material have similar lattices.
2.2.2 SILAR method:

Film formation in CBD depends on the principle of supersaturation. Film
formation in CBD occurs when the IP is larger than the SP, resulting in unnecessary bulk
precipitation and material wastage due to homogeneous precipitation. To address this
drawback, CBD is modified to the SILAR method. In the SILAR method, thin films are
produced by dipping the substrate in cationic and anionic precursors placed apart,
followed by rinsing with double-distilled water (DDW). The rate of homogeneous bulk
precipitation is controlled in SILAR due to the adsorption and the reaction of the ions
from the solutions and consecutive rinsing. Hence, the key factor in the SILAR method
is the adsorption of ions on the substrate surface. In the SILAR method, pre-adsorbed
cations react with newly adsorbed anions to produce films [12].

Among the liquid-phase chemical deposition methods, SILAR is one of the
renowned low-temperature processes for coating semiconductor thin films on various
substrates. SILAR is a facile, energy-saving, inexpensive chemical method for coating
uniform and well-adherent large-area thin films. Doping elements in different
proportions is possible with SILAR by adding it to a precursor solution. The rate of
deposition and film thickness can be precisely controlled over an extensive span by fine
tuning of preparative parameters [12].
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(a) SILAR: Basic principle:

Deposition of the thin film via the SILAR method relies on the reaction of the
preadsorbed cations on the substrate surface with freshly adsorbed anions from the
solutions followed by consecutive rinsing in DDW after each immersion. The
consecutive reaction steps lead to film formation on the substrate surface [13]. Notably,
the issue of bulk precipitation is avoided with the rinsing step; thus, there is a
heterogeneous reaction between the solvated ions in the solution and the solid phase.
The SILAR method aims to deposit thin films of water-insoluble compounds of the
KpAa type through a heterogeneous chemical reaction at the interface of the solid
solution between adsorbed cations, pKa" and anions, aK, , as represented in the
following reaction,

(pKS, + axby) + ('Y + adP™) > KyAa, L +qXy + b'Y], (2.6)
with ap =bq =b'q’

where K: cation (Co%*, Mn?*, Ni?*, etc.), p: number of cations, a: numerical value of
charge on cation, X: ion in cationic precursors with a negative charge (X = NOs%, CI,
S04, etc.), q: number of *X’ in cationic precursors and b: numerical value of charges
on ‘X’. Also, b: number of ‘Y’ in the anionic solutions, q': numerical value of charge on
“Y”, Y: ion which is attached to chalcogen ion, A: anion (OH", O, Te, S and Se) and a:
number of anions.

In detail, the film formation in SILAR takes place by following four steps: a)
adsorption, b) 1% rinsing, c) reaction and d) 2" rinsing [13]. In the experimental setup,
1% and 3 beakers consist of cationic and anionic precursors, respectively, whereas 2"
and 4™ beakers contain DDW for rinsing. During the deposition process, the substrate is
consecutively immersed in each beaker, starting from 1% beaker.

a) Adsorption:

The first step of the SILAR method is the adsorption of cations. Cations are
adsorbed on the substrate surface when it is immersed in cationic solution, resulting in
the creation of a Helmholtz electric double layer. The inner (positively charged) layer is
made up of cations, and the outer (negatively charged) layer of this layer comprises their
counter ions.

b) 1% rinsing:
Rinsing prevents homogenous precipitation caused by an instantaneous

interaction between previously adsorbed cations and incoming anions. This process
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removes excess and loosely bound cations from the diffusion layer, creating a saturated
electrical double layer.
¢) Reaction:

Here, the system is exposed to the anions from the anionic solution. Pre-adsorbed
cations react with freshly adsorbed anions, forming a solid compound on the substrate
surface.

d) 2" rinsing:

Finally, the excessive and unreacted species and any reaction by-products are
entirely removed from the substrate at 2" rinsing. In this stage, a monolayer of the
desired material gets deposited on the substrate surface.

A single SILAR deposition cycle is completed by successively following these
four steps. The film thickness is controlled by varying deposition cycles. The superiority
of deposited film depends on the time required for adsorption, reaction and rinsing.

(b) SILAR: Preparative parameters:

In the SILAR method, the growth rate of the deposited thin film is based on
precursor solution concentration, pH values, adsorption, reaction, rinsing times,
complexing agent, etc. The effect of various preparative parameters on the film growth
is explained as follows:

» Precursor solution concentration:

The surface density of adsorbed ions relies highly on the precursor solution
concentration. Hence, thicker films can be obtained for concentrated precursor solutions,
whereas the film thickness is decreased for lower concentrations of precursors.

» Complexing agent:

A complexing agent controls the concentration of free metal ions in the precursor
solution. During chemical reactions, complex compound formation decreases the growth
rate of the film. Hence, a complexing agent is mainly utilized to control the growth
kinetics of deposited films.

» Temperature:

The rate of complex dissociation is influenced by solution temperature. The rate
of complex dissociation is greater at higher temperatures, which increases the free metal
ion concentration in the solution, leading to an increased deposition rate.

» Adsorption time and reaction time:
The adsorption and the reaction times significantly influence material deposition

on a substrate surface. The precise control over adsorption and reaction times exhibited

36



Theoretical Background of Synthesis Methods and Characterization Techniques

reliable chemical reaction and consistent growth, offering uniform thin film deposition
on the surface of the desired substrate [14].
» Rinsing time:

The homogeneous precipitation during the deposition is controlled with precise
control of rinsing time. Also, rinsing enables the removal of loosely bound and unreacted
species from the surface of a substrate.

2.2.3 EPD method:

EPD is a method where charged particles in a stable colloidal suspension are
moved through the solvent due to an electric field and deposited on an oppositely
charged conductive substrate, forming the layer of material to be deposited. In EPD cells,
the deposition of charged particles in a stable colloidal suspension takes place on a
conductive substrate, which acts as either a cathode or anode. The EPD can be classified
into two types, depending on which electrode deposition can occur. When the deposition
of positively charged particles occurs on the surface of the cathode, the process is called
cathodic EPD. On the other hand, anodic EPD is the process in which the deposition of
negatively charged particles occurs on the surface of a positive electrode (anode)
[15,16].
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Fig. 2.2: Steps involved in EPD film formation: (a) dispersion, (b) electrochemical

charging, (c) electrophoresis and (d) deposition [16].
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The EPD cell consists of a working electrode (substrate on which material to be
deposited), a counter electrode, colloidal suspension and AC or DC power supply. The
EPD is viewed as a two-step process in which particles first migrate to the substrate by
applying an electric field. Subsequently, after complex electrochemical reactions and
aggregation, the film is deposited on the substrate surface [15,16]. Fig. 2.2 shows the
schematic representation of the steps involved in EPD film formation. The steps
involved in EPD film formation are (a) dispersion of colloidal particles in solvent
suspension, (b) electrochemical equilibrium between highly dispersed colloidal particles
and solvent, resulting in electrochemical charging of colloidal particles, (c) attraction of
charged particles in the solvent suspension to the surface of the oppositely charged
electrode (substrate) and (d) deposition of charged particles on the surface of a substrate
in the form of deposited film [16,17].

Factors affecting EPD:

» Effect of applied electric field:

Ideally, the rate of deposition in EPD increases with an increase in the applied
electric field. The much lower electric field is not capable of triggering the
electrophoresis. On the contrary, applying a high electrical field affects the quality of
the deposits. The high electric field can cause turbulence in the suspension, affecting the
quality of the deposited film. Conclusionally, the best quality of deposits is obtained at
a moderate applied electric field [16,17].

» Effect of deposition time:

In EPD, the deposition rate initially increases with an increase in deposition time.
Afterwards, it lowers with the increase in deposition time until the deposited film is thick

enough and the deposition rate reaches a plateau at high deposition times [16].
» Conductivity of substrate:

In EPD, the quality of the deposited film is highly dependent on the conductivity
of the substrate. Low substrate conductivity resulted in nonuniformity and slow

deposition of the deposited film [17].

2.3 Synthesis of 2D MON:Ss:
The synthesis method strongly influences different physicochemical
characteristics and functionalities of 2D INs. 2D INs can be mainly prepared by two
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methods: 1) bottom-up and 2) top-down [18]. In the bottom-up approach, the synthesis
of 2D materials is achieved by chemical interactions between respective precursors. On
the other hand, in a top-down approach, the 2D INs can be obtained from their pristine
bulk materials using an exfoliation process.

2.3.1 Bottom-up approach:

In a bottom-up approach, 2D INs can be synthesized by chemical growth
processes like chemical vapor deposition (CVD), wet chemical methods, and atomic and
molecular condensation. The 2D INs synthesized by the bottom-up approach possess the
advantages of large-scale production with cost-effectiveness. Also, these INs are utilized
in biological and chemical sectors for different applications. Various organic surfactants
are primarily used to synthesize 2D INs in the bottom-up approach. Thus, the removal
of such organic surfactants is necessary for their application. Though ample reports are
available on the 2D INs synthesized by the bottom-up approach, this approach can only
produce multi-layered INs [19,20].

2.3.2 Top-down approach:

2D INs can be obtained by a top-down approach via physical or chemical
methods. The physical top-down exfoliation procedure produces monolayer INs against
Vander-Waals forces holding the stacked layers of bulk parent layered crystals together.
The top-down approach is convenient in various applications owing to its high
production yield [19-21].

The highly crystalline pristine host layered materials can be produced using
solid-state calcination at extremely high temperatures.

(a) Scotch tape method:

In this method, monolayers of 2D INs can be obtained simply by applying
external force through scotch tape. When the external force is applied through scotch
tape, the single layers of bulk pristine layered materials can be peeled off from the host
layered crystals [22]. This method does not require any chemicals or surfactants for
synthesis; hence, it can produce phase-pure and high-quality INs. The schematic
representation of the production of 2D INs via the scotch tape method is depicted in Fig.
2.3.
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Fig. 2.3: Diagram showing production of 2D INs via scotch tape method [23].
(b) Ultrasonic exfoliation process:

Monolayers or a few layers of 2D INs can be easily obtained via the ultrasonic
exfoliation process, as shown in Fig. 2.4. Compared to mechanical exfoliation, this
method has a higher yield of NSs production. For the production of exfoliated 2D INs,
the highly crystalline particles of layered compounds are dispersed in appropriate
solvents, and ultrasonication is used to achieve exfoliation. In this process, exfoliation
yield is highly dependent on the nature of the solvent used, as solvent plays a very

significant role in exfoliation [24,25].
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Fig. 2.4: Schematic representation of ultrasonication process.
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(c) Intercalative exfoliation process:

Intercalation-exfoliation processes are typically chosen to produce 2D INs of
multilayer compounds. The primary prerequisite for synthesizing 2D INs is highly
crystalline layered inorganic crystals. These crystals are often made using crystal growth
and solid-state reaction processes. Protonation, ion exchange and subsequent aqueous
sonication processes are typically used to produce exfoliated INs [26]. The synthesis of
exfoliated INs involves the following methods.

Intercalation:

Firstly, the layered compounds are often made by calcining a mixture of
precursor material and alkali metal salts in the solid form at higher temperatures. This
results in incorporating alkali metal ions into the inter-layer space of layered compounds.
Protonation:

Alkali metal ions have an ion exchangeable character. The alkali metal ions in
the interlayer gap of layered materials can be substituted by protons when they react
with the acidic solution. This protonation procedure leads to a protonated layered
compound.
lon-exchange:

In protonated layered materials, sufficient electrostatic interaction exists between
the host layers and the charge-balancing species. The interaction between the host and
guest is decreased when the interlayer distance increases by intercalating bulky guest
species like organic solvent molecules that substitute the interlayer protons.

Successive aqueous sonication or exfoliation:

lon-exchanged layered materials by organic ions exposed to the exfoliation
assisted by successive aqueous sonication, resulting in the exfoliation of layered
inorganic crystals to produce INs. The intercalated bulky ions increase the inter-gallery
space of the layered crystal with the aid of external forces such as mechanical agitation
or ultrasonication. This expansion causes a decrease in the electrostatic interaction
between the guest ions and host layers, which results in the separation of the entity into
individual NSs [27]. The schematic model of intercalative exfoliation of cesium titanate

is displayed in Fig. 2.5.
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Fig. 2.5: Schematic depiction of the intercalative exfoliation process of cesium titanate.
2.4 Synthetic approaches for nanohybrids based on 2D NSs:

The various nanohybrid materials can be developed using exfoliated INs as the
basic building blocks. Polycations, polyanions, inorganic nanoparticles (NPs), bioactive
compounds, organic and inorganic ions and other guest species can be used to develop
2D INs-based nanohybrids [28]. The electrostatic interaction between exfoliated 2D NSs
and hybridized species is a significant factor in producing hybrid materials. As a result,
the interaction of NSs with various guest species is the fundamental building block of
synthetic processes for hybrid materials. The 2D INs have a specific surface charge and
can be hybridized with other species with an opposite surface charge. Negative surface
charges on layered metal oxide and layered metal chalcogenides NSs cause them to be
coupled with cationic species, whereas positive surface charges on LDH NSs cause them
to be coupled with anionic species [29]. The schematic model of synthesis procedures

and representative NSs-based hybrid structures is displayed in Fig. 2.6.
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Fig. 2.6: Schematic model of synthesis procedures and representative NSs-based hybrid
structures [30].
2.4.1 lon exchange/intercalation:

Intercalation is one of the traditional synthesis methods for hetero-layered
nanohybrids without exfoliating host inorganic crystals. During the intercalation
process, the chosen guest species exchanges charge-balancing ions in the interlayer
spacings of the layered host crystal. Because of the chemical interaction between the
host crystal and guest species, the guest species are intercalated into the inter-lamellar
spacing of the layered crystal. The intercalation method is supported by ion exchange,
hydrogen bonding, neutralization, and electrochemical faradic reactions [31]. Since the
intercalation process is diffusion-controlled, the host layer charge density, the guest
species size, and their arrangement are the determining factors for the resulting
intercalated nanohybrids. Ultrasonication, microwave radiation assistance, elevated
temperature, pressure, and other external stimuli are frequently helpful in accelerating
the intercalation hybridization process.

2.4.2 Exfoliation-reassembling:

Although the intercalation process is typically employed to produce hetero-
layered nanohybrids, this method has potential drawbacks, including the need for highly
transferable guest species and uncontrolled intercalated chemical composition. The

exfoliation-reassembling strategy offers a versatile method for restacking oppositely
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charged INs and charge-balancing guest species from their initially separated colloidal
states [32]. The exfoliation-restacking method can accurately control the chemical
composition and restacking pattern of INs-based nanohybrids. This facility enables the
synthesis of innovative INs-based nanohybrids with high control over pore structure and
surface morphology. The exfoliation-reassembling approach develops various crystal
forms, including pillared, core-shell, interstratified and hollow materials [33].

2.4.3 Anchored assembly:

Since 2D INs produced from their highly crystalline bulk crystals can serve as
2D micromats for the direct growth of NPs or the adsorption of various functional guest
species. Exfoliated 2D INs can offer nucleation and anchoring sites for the growth of
functional NPs. Functional guest NPs can anchored on the 2D INs directly or through
adsorption. Homogenous adsorption and controlled growth of guest NPs on the 2D INs
surface are the key factors to consider when producing IN-based anchored assemblies
[34]. Nanohybrid electrodes based on INs can be developed by anchoring in which
uniform and homogeneous growth of guest materials is achieved without self-
aggregation of NSs.

2.4.4 Layer-by-layer film deposition:

Layer-by-layer deposition is one of the most efficient and sophisticated methods
for synthesizing INs-based thin films. The electrostatic surface charge on NSs is the
foundation for the layer-by-layer deposition. This method is beneficial for explicit
control over film thickness and the specific stacking sequence required for the growth
of INs-based hybrids on a nanometer scale. In this method, the phenomena of charge
compensation among NSs and guest species play a critical role. The charge
compensation mechanism in the layer-by-layer method to synthesize INs hybridized
with guest species can be realized by dipping the desired substrate into electrostatically
charged INs suspension so that INs can get adsorbed on the substrate, followed by
dipping it in suspension with oppositely charged guest species. The number of
deposition cycles can be varied to obtain the desired film thickness. Additionally, this
technique enables the control stacking pattern of INs and guest species at the nanometer
scale. The layer-by-layer deposition allows for the fabrication of multi-layered hybrid
films containing oppositely charged INs and several guest species, including
polyelectrolytes, NPs, proteins, NSs, dyes and biomolecules [35].

The various synthesis methods for INs-based hybrids are shown in Fig. 2.7.
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Fig. 2.7: Schematic representation of synthesis methods for fabrication of 2D INs and
their nanohybrids: (a) intercalation, (b) exfoliation-reassembling, (c) anchored assembly
and (d) layer-by-layer deposition [33].

2.5 Material characterization techniques:

The physicochemical properties of materials play a crucial role in their
applications. The various material characterization techniques play a vital role in probing
physicochemical properties. Also, investigating the properties of materials using
different characterization techniques plays a significant role in optimizing their
performance in various applications. The physicochemical properties of materials can
be investigated with various characterization techniques like XRD, FTIR spectroscopy,
Raman spectroscopy, XPS, FESEM, EDS, and UV-vis spectroscopy. The present
section deals with explanation of various characterization techniques used to analyze

materials.
2.5.1 XRD:

The structural analysis of materials (crystalline nature, phase identification,
estimation of lattice parameters and crystallite size) is carried out with the XRD
technique [36,37]. The schematic of the XRD diffractometer and a photograph of the
XRD equipment (Rigaku miniflex-600 X-Ray diffractometer) are shown in Fig. 2.8.
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Fig. 2.8: (a) Schematic of XRD diffractometer and (b) Photograph of XRD instrument.
Working principle:

XRD technique depends on the principle of Bragg’s law of X-ray diffraction
[33]. When monochromatic X-rays are incident on a crystalline material at an angle ‘60’,
the X-rays are diffracted by a set of parallel lattice planes separated by interplanar
spacing ‘d’. When the path difference between two X-rays is a multiple of the

wavelength, constructive interference will happen, as shown in Fig. 2.9.
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Fig. 2.9: Schematic representation of Bragg’s law for X-ray diffraction [37].
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Bragg’s equation governs the X-ray diffraction phenomena, which can be
thought of as the diffraction of X-rays from the parallel lattice planes of the material.
2dsinf = n\ (2.7)
where d is interplanar spacing, A is X-ray wavelength, 0 is diffraction angle, and n
denotes the order of diffraction.

Furthermore, the crystallite size of the material can be calculated using Scherrer's
formula (equation 2.8) from the full width at half maximum (FWHM) of the most intense
XRD peak.

KA
b= B cos 6 (2.8)

where D is crystallite size, A is X-ray wavelength, g is FWHM of XRD peak in radians,
0 is Braggs angle, and K denotes shape factor. The value of the shape factor lies between
0.89 and 1.39, but it is taken as nearly 1 for most cases [38].

Advantages of XRD:

XRD technique is the most convenient and least expensive technique. It is
commonly used for crystal structure identification and phase analysis. It does not require
an evacuated chamber.

Disadvantages of XRD:

X-rays interact very strongly with only heavy elements as compared to lighter
elements. XRD technique is unsuitable for examining the chemical composition of
elements present in the material. It does not give an idea about the chemical bonding
nature of materials.

In the current study, the XRD technique is applied to investigate the crystal structure,
lattice parameters and crystallite size of pristine materials and nanohybrid thin films.
2.5.2 UV-vis spectroscopy:

The optical characteristics and band gap energy of the materials are investigated
with UV-vis spectroscopy [39]. The ray diagram of the UV-vis spectroscopy is shown
in Fig. 2.10.

Working principle:

The UV-Vis-NIR double-beam spectrophotometer relies on the principle of
interaction of UV or visible light with chemical compounds. When the chemical
compound absorbs the light, it undergoes excitation and de-excitation processes,

resulting in the production of UV-visible spectrum [40].
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Fig. 2.10: Ray diagram of UV-Vis-NIR spectrophotometer [41].
UV-vis-NIR double beam spectrophotometer consists of two light sources: 1) for
UV light (deuterium lamp) and 2) for visible light (tungsten lamp). The analysis is made
by measuring the light intensity after passing through sample (1) and then comparing it
to the initial light intensity before passing through a sample (lo). The proportion of both
intensities (I/1o) gives the percentage transmittance of a compound. Again, absorbance

(A) is calculated from transmittance (T) as represented in the following equation.

A = —logT = —logli (2.9)
0
The band gap energy (Eg) of material is estimated from absorbance using the following
relation,
hc 1240
Eg = Z = ? (BV) (210)

where Aq is the wavelength of light, h is Planck’s constant and c is the velocity of light
in air, respectively.
Advantages of UV-vis spectroscopy:

UV-vis spectrometer is simple to handle and use. Both qualitative and
guantitative analyses can be performed by using UV-vis spectroscopy. It can be useful
for analyzing the degradation of dyes and drugs. Samples in both forms (solid and liquid)
can be analyzed with it. It covers the entire range of UV and visible light spectrum.
Disadvantages of UV-vis spectroscopy:

Only molecules that contain chromophores are examined by using UV-vis

spectroscopy. Various parameters like pH, temperature, contaminants, and impurities
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can all impact the absorption spectrum. In the case of reading a liquid sample, cuvette
handling may have an impact.

The current study uses UV-vis spectroscopy to study the optical properties and band gap
energy of pristine materials and nanohybrid thin films. In addition, the photocatalytic
dye degradation performance is evaluated with UV-vis spectroscopy.

2.5.3 FTIR spectroscopy:

The chemical bonding nature and presence of functional groups in materials are
investigated by FTIR spectroscopy. The spontaneous alignment of dipole moment in
compounds is examined with FTIR spectroscopy, which provides evidence of inter-
atomic forces within the crystal lattice. The ray diagram and photograph of FTIR

spectrometer (Alpha (I1) Bruker model)) is displayed in Fig. 2.11.
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Fig. 2.11: (a) Ray diagram and (b) photograph of FTIR Spectrometer [42].
Working principle:

The IR vibrational frequencies and inter-atomic forces are linked and used to
analyze the existing functional groups in compounds. The Planck-Einstein relation is
used to determine the energy transfer between various energy states of molecules
(equation 2.11),

AE = hv (2.11)

When radiation is emitted, the value of AE is negative, while AE is positive when
the molecule absorbs energy. When the condition in the above equation is fulfilled, the
resulting signal at the detector gives a unique vibration spectrum (intensity versus
frequency) characteristic of a molecule. Any organic or inorganic molecule can vibrate
in six different ways: (i) symmetric stretching, (ii) anti-symmetric stretching, (iii)

wagging, (iv) rocking, (v) scissoring and (vi) twisting [40]. Also, molecules or atoms
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raise different spectra based on the energy levels in the transition. Hence, the following
equation represents the total energy contribution (Etot) [42],
Etot=EetecttEvibtErottEtrans (2.12)
where Eelect IS electronic, Evib is vibrational, Erot is rotational, and Egrans IS the translation
energy.

Advantages of FTIR spectroscopy:

FTIR spectroscopy is an easy, fast and highly sensitive technique. It is highly
sensitive to IR active molecules. It has a simpler mechanical design. It can provide
qualitative and quantitative chemical information. It is a relatively inexpensive
technique.

Disadvantages of FTIR spectroscopy:

Detection of atoms or monoatomic ions is impossible by using FTIR
spectroscopy. It cannot detect symmetric molecules. Water is a strong IR absorber;
therefore, aqueous solutions are challenging to examine using FTIR spectroscopy.

This study uses FTIR spectroscopy to inspect the functional groups and chemical
bonding nature of pristine materials and nanohybrid thin films.
2.5.4 Raman spectroscopy:

The functional groups that are present in the material can be determined by Raman

spectroscopy.
Virtual
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Fig. 2.12: Energy level diagram of Raman spectroscopy [43].
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Working principle:

The inelastic scattering of monochromatic light, often known as Raman
scattering, is the foundation of Raman spectroscopy. When monochromatic light strikes
a material, it absorbs some of the light while most of the light passes through it. At the
same time, the substance scatters a minimal amount of light in all directions. When the
scattering occurs perpendicular to incident light (99% of the scattered light has the same
frequency as incident light), then Rayleigh scattering is observed. On the other hand,
Raman scattering is observed when scattered light (1%) has frequencies different from
the incident light [44,45].

The schematic showing vibrational energy level diagram of Raman spectroscopy
is represented in Fig. 2.12. When an electron in the material interacts with the incident
monochromatic light, the electron makes a transition to a virtual state of energy by
absorbing energy and again comes to the original energy level by losing energy.
Rayleigh scattering occurs when the incident energy of photons equals the energy lost
by the electron, and the electron returns to its initial level by emitting one photon. The
energy lost by the electron is not always the same as the energy absorbed from incident
light. Sometimes, electrons lose energy from the virtual state and fall to a distinct
vibrational level from their original level. Thus, Raman scattering is observed when the
emitted photon has a frequency other than the incident photon. Based on the final
vibrational level of electrons, Raman scattering is again divided into two categories.
When the frequency of the scattered photon is lower than that of the incident photon,
Stokes lines can be seen (happen when an electron absorbs energy). On the other hand,
anti-Stokes lines are observed when the frequency of the produced photons is higher
than that of the incident photon (electrons release energy). Raman shift (A) is positive

for stokes lines and negative for anti-stokes lines [46-48].

Advantages of Raman spectroscopy:

Raman spectroscopy can analyze a variety of organic and inorganic compounds.
It is precise, like a chemical fingerprint of a material. It can be used on any surface since
it analyses dispersed light, including opaque substrates. It shows low sensitivity to water
and temperature.
Disadvantages of Raman spectroscopy:

Raman spectroscopy is unsuitable for use with metals or alloys. The
instrumentation for detection must be highly sensitive and optimized. It might be
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obscured by the fluorescence of impurities or the sample itself. Sample destruction is
possible due to sample heating by intense laser light.
The current study uses Raman spectroscopy analysis to study the chemical bonding
nature of pristine materials and nanohybrid thin films.
2.5.5 XPS:

The surface chemical composition and oxidation states of the elements present
in the material are investigated using the XPS technique. The schematic of the ray
diagram of XPS is depicted in Fig. 2.13.

energy

- analyzer
photon

source

hv

sample

Fig. 2.13: Schematic representation of ray diagram of XPS [49].

Working principle:

The photoelectric effect serves as the basis for XPS [50]. When an X-ray beam
strikes the sample surface, the atom absorbs this energy and inner shell electrons are
ejected. The kinetic energy (KE) of ejected photoelectrons is linked with the binding
energy (BE) of photoelectrons as given in the following equation,

KE = hv — BE — ¢4 (2.13)
where hv, BE, and ¢s are photon energy, BE of atomic orbital and work function of the
electron, respectively [51].

The monochromatic X-rays are generated from the monochromator in a very
high vacuum. When the monochromatic X-rays are incident on the sample surface,
electrons are emitted from the material. These emitted photoelectrons are collected at

the detector (the detector measures the count and KE of emitted photoelectrons). Finally,
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the measured KE is represented in the spectrum, in which particular energy is
characteristic of the element [52].

The chemical composition and oxidation states of the elements present in the
sample are evaluated with the plot of emitted photoelectrons count as a function of BE.
Advantages of XPS:

XPS is non-destructive technique. Quantitative measurements are attained by
using the XPS technique. It is a surface-sensitive (10 to 100 A) technique. It gives
information regarding chemical bonding and elemental mapping. It provides
information about the oxidation states of elements and their chemical composition.
Disadvantages of XPS:

XPS is a very expensive technique. It requires a very high vacuum, and its
processing is slow. Hydrogen and helium cannot be detected by using XPS. It provides
inadequate lateral resolution.

The current study uses XPS to study the chemical composition and oxidation states of
elements present in pristine materials and nanohybrid thin films.

2.5.6 EDS:

The chemical composition of elements present in the compound is estimated with EDS.
The schematic diagram of the X-ray emission mechanism in the EDS is shown in Fig.
2.14.
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Fig. 2.14: Schematic representation of the X-ray emission mechanism in the EDS [53].
Working principle:

When the highly energetic electrons are incident on the sample surface, atoms
absorb this energy and eject the core-shell electrons. To fill the vacancy generated in the
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core-shell, a transition of higher energy electrons takes place with the emission of
radiation in the form of photons. The energy released in this procedure is characteristic
of each element; hence, it is utilized to determine the elements present in the material.
The spectrum of counts of ejected electrons as a function of X-ray energy is plotted to
determine the elemental composition of materials [54,55].

Advantages of EDS:

EDS has high detection efficiency. It can able to scan areas (raster scan) and
single spots. It can map a wide spatial range from 1 mm? to um?. EDS is the most widely
used technique in electron microscopes. It shows elemental coverage for almost all
elements.

Disadvantages of EDS:

EDS is a destructive analysis in many cases. The EDS peaks have poor energy
resolution. Surface sensitivity makes bulk analysis more difficult when using EDS.
Quantitative examination of diverse materials frequently yields incorrect results.

In the current work, EDS estimates the chemical composition of elements in pristine
materials and nanohybrid thin films.

2.5.7 FESEM:

FESEM analysis is used to observe the surface morphology of the materials. The
schematic of the ray diagram of FESEM is represented in Fig. 2.15.

Working principle:

In FESEM, the cathode (electron gun) is heated to generate a high-energy
electron (primary electron) beam. The potential difference between cathode and anode
allows the generated electrons to accelerate to the surface of a material. Electromagnetic
lenses are used to focus the beam of electrons in a sharp spot. The sample is inserted
into a specific holder and injected into the high vacuum section of the microscope via
the sample exchange chamber. To restrict the interaction of high-energy electrons with
gas molecules in the air and to attain high resolution, FESEM is always carried out in a
high vacuum. When the focused beam of electrons is bombarded on the surface of a
sample, it penetrates the sample up to a few micrometers, causing various interactions
to occur. Secondary electrons are generated when the primary electron beam collides
with the sample surface. A positively charged electron detector collects these secondary

electrons, creating a 3D picture of the sample surface [56].
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Fig. 2.15: Schematic of ray diagram of FESEM [56].
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Fig. 2.16: Schematic representation of the different emission processes of electrons
during scanning [57].
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Advantages of FESEM:

FESEM magnifies objects more than 5,00,000 X. It can generate data in a digital
format. It is possible to study a more considerable depth of field by using FESEM. It
gives detailed 3D and topographical imaging.

Disadvantages of FESEM:

FESEM is expensive and requires ample space. It is affected by magnetic fields.
Scattering of electrons from beneath the sample surface carries a negligible danger of
radiation exposure. It is limited to solid samples.

In the current study, the FESEM analysis scrutinizes the surface morphology, thickness,
and pore size of synthesized pristine materials nanohybrid thin films.
2.6 Photocatalytic dye degradation measurements:

Over the past few decades, environmental pollution from the ever-increasing
industrial dye contamination has become a challenging concern. Heterogeneous
semiconductor photocatalysis has received significant attention for the degradation of
such contaminants. Photocatalysis accelerates precise oxidation and reduction processes
under exposure to light irradiations [58].

The photocatalytic dye degradation performance of pristine and nanohybrid thin-
film photocatalysts is studied with UV-vis spectroscopy (explained in Chapter 2,
Section 2.5.2) using Carry win UV 5000 spectrophotometer. The photocatalytic activity
of pristine and nanohybrid thin-film photocatalysts was estimated for the
photodegradation of MB and Rh-B dyes under visible light illumination (light intensity
=100 mW cm) using a quartz photoreactor. During the photocatalytic dye degradation
experiments, the light obtained from the xenon lamp was calibrated by passing through
the infrared (IR) water filter followed by AM 1.5 G and optical cut-off (420 nm) filters.
The photocatalytic dye degradation setup used for testing is depicted in Fig. 2.17.

56



Theoretical Background of Synthesis Methods and Characterization Techniques

\

Optical
cutoff filter Rh B dye
(420nm)  solution

Quartz cuvette
ﬂ@\‘o Thin film
Light source Magnetic needle
(35W)
IR filter
(>780 nm)

Stand Magnetic

k stirrer /

Fig. 2.17: Schematic representation of photocatalytic dye degradation setup.
The photocatalytic dye degradation performance of the pristine materials and
nanohybrid thin films is evaluated with UV-vis absorption spectroscopy analysis. The
photocatalytic performance of synthesized materials is inspected with a percentage

degradation study using the formula [59],

dye degradation (%) = L=t % 100 (2.14)

Co

where Co denotes the initial absorption and C; denotes the absorption at time t.

The pseudo-first-order kinetic model is employed to explore dye degradation
dynamics. The following equation describes a pseudo-first-order reaction [60]:
g = (1—e™) (2.15)
where kq and t are rate constant and time, ge denotes adsorption at equilibrium and g is
adsorption at time t.

Furthermore, a recyclability study was conducted to check the stability of
nanohybrid thin films.
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3.1 Introduction:

The contamination of water resources due to toxic dye effluents is a significant
issue in modern society [1]. Among the various techniques developed for toxic dye
removal, photocatalysis has attracted considerable research attention as it is a cost-
effective and environmentally friendly process [2,3]. A wide range of nanostructured
semiconductive materials are being developed and investigated as photocatalysts [4-10].
The need for hybridization to improve the photocatalytic activity of semiconducting

materials is explained in Chapters 1-2, Sections 1.3-2.4.

Recently, advanced 2D MONSs have been widely explored as basic building
blocks for the development of various lattice-engineered nanohybrids owing to their
fascinating characteristics [11,12]. The 2D NS-titanate produced by the soft-chemical
exfoliation protocol from their bulk layered crystals are unique due to their highly
anisotropic 2D morphology, negative surface charge, suitable band structure for the
oxidation of H>O and reduction of hydroxide ions with high chemical stability [13,14].
These NSs can be useful candidates for synthesizing nanohybrids since all the
constituent ions in the sub-nanometer-thick 2D NSs come in contact with the surface,
and their electronic structure can be dramatically altered through interaction with
hybridized guest species. In addition, the narrow bandgap (~2.4 eV) BiVOu is one of the
highly studied photocatalysts owing to its high efficiency, high photostability, low
toxicity, low photo corrosion, high optical absorption coefficient (10%-10° cm™ at 350-
520 nm), suitable band positions for water splitting and promising flat band potential

(<200mV) favorable to hydrogen evolution reaction [15,16].

Consequently, the exfoliated NS-titanate can be the best choice for hybridization
with BiVOs4. The hybridization of BiVOs with NS-titanate leads to improved
photocatalytic activity because of the strong electronic coupling between the hybridized
species, expanded surface area by the development of mesoporous house-of-card type
structure and tunable chemical composition to achieve the desired photo-
physicochemical properties [17]. Moreover, NS-titanate can act as macromolecules with
negative surface charge and thus can be used as a precursor for depositing titanate thin
films. As compared to others, the CBD method for the deposition of BiVO4 layers on
the surface of NS-titanate thin films can be treated as an effective method for the
synthesis of NS-titanate-BiVOs nanohybrid thin films because the CBD method is

simple, inexpensive and appropriate for large-area deposition carried out at low
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temperatures with a variety of substrates. It offers numerous advantages, like easy
control over film thickness, preparative parameters and growth. It can able to deposit
materials with flexible chemical compositions that allow tuning the physicochemical

properties of the deposited material.

From this insight, in this chapter, we demonstrated the novel approach for
synthesizing intimately coupled NS-titanate-BiVVO4 nanohybrid thin films by combining
EPD and CBD methods. Furthermore, the BiVO4 and NS-titanate-BiVVO4 nanohybrid
thin films are thoroughly analyzed for their functionalities in photocatalytic dye
degradation application. Conclusionally, the importance of the hybridization of BiVOs
with NS-titanate on the visible-light-driven photocatalytic degradation of MB and Rh-B

dyes is explored together with their physicochemical characteristics.

3.2 Synthesis and characterizations of NS-titanate-BiVOs nanohybrids:
3.3 Experimental details:
3.3.1 Chemicals:

Titanium dioxide (TiO2), cesium carbonate (Cs2COs3), bismuth nitrate
pentahydrate (Bi(NOz3)3.5H20), sodium metavanadate (NaVOs), ethylenediamine
tetraacetic acid (EDTA) disodium salt (C10H14N2Na20Os), sodium hydroxide (NaOH),
hydrochloric acid (HCI), tetra-butyl ammonium hydroxide (TBAOH) and ethanol

(C2HsOH) were obtained from Sigma-Aldrich and used as received.

3.3.2 Synthesis of NS-titanate-BiVOas:
The NS-titanate-BiVO4 nanohybrid thin films were synthesized by a
combination of EPD and CBD methods. The synthesis of NS-titanate-BiVVO4 nanohybrid

thin films is comprised of the following steps:
(a) Synthesis of pristine NS-titanate:

The wide band gap and chemically stable NS-titanate were synthesized from
their host cesium titanate crystals (Cso.7Ti1s250017504) by ion-exchange and exfoliation
protocol, as displayed in Fig. 3.1 [18-20]. The host crystals of cesium titanate were
synthesized by a solid-state reaction of an intimate mixture of Cs,CO3 and TiO2 (molar
ratio of 1:5.3) at 800°C (20 h). The calcination process was repeated twice to get a highly
crystalline pure phase. Initially, the protonated titanate (Ho.7Ti1.82500.17504.H20) was
obtained by reaction of cesium titanate powder with 1 M HCI at ambient temperature
for 4 days. The HCI solution was exchanged with a fresh one daily during protonation.
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Afterwards, the solution was centrifuged, and the obtained protonated titanate was
thoroughly washed with DDW and air-dried to eliminate the acidic residue. The layered
protonated titanate was exfoliated into individual NS-titanate by intercalating TBA
molecules into the inter-gallery space of protonic titanate. For this, the weighted amount
of protonated titanate was reacted with an aqueous solution of TBAOH. The solution
was shaken vigorously for 15 days, which produced the colloidal suspension of
exfoliated NS-titanate.

(b) Synthesis of pristine NS-titanate thin films by EPD:

The well-cleaned indium-doped tin oxide (ITO) coated glass substrates were
used to deposit NS-titanate thin films. The ITO-coated glass substrates were cleaned in
an ultrasonic bath using ethanol, DDW, acetone, and DDW. The well-cleaned 1TO-
coated glass substrates were kept in DDW before use.

NS-titanate thin films by EPD were obtained from the dialyzed colloidal NS-
titanate suspension. The colloidal suspension of NS-titanate (with pH of 12-12.5) was
dialyzed for 10 h using a dialysis membrane (Dialysis Membrane-135, average flat
width-33.12 mm, average diameter-23.8 mm, Capacity approx.-4.45 ml cm™?) in DDW
to attain a pH of 8. The NS-titanate dialysis solution and absolute ethanol were mixed
in the 1:3 volume proportion for EPD. Uniform NS-titanate thin films were deposited
on ITO-coated glass substrates using a specially designed cylindrical graphite EPD cell
and applying the potential of 10 VV DC across the ITO and graphite cell. Herein, graphite
cell and ITO substrates act as a cathode and anode, respectively. The deposition time of
EPD was adjusted to a range of 5 to 15 min, and the films were air-dried. Further, the
EPD-deposited NS-titanate thin films were annealed at 220°C for 2 h in the air to remove
TBA and improve adherence. The annealed NS-titanate thin films coated at 5, 10 and

15-min deposition times are represented as Ti-1, Ti-2, and Ti-3, respectively.

(c) Synthesis of NS-titanate-BiVVO4 nanohybrid thin films:

The narrow band gap BiVVO4 was deposited over the EPD-deposited NS-titanate
thin films by the facile CBD method. A chemical bath for the deposition of BiVO4
comprising an aqueous solution of 25 mM Bi(NOz3)3-5H20 complexed with disodium
EDTA salt (25 mM) under constant stirring. The aqueous solution of 25 mM NaVO3
was prepared as a vanadium precursor. The chemical bath was obtained by mixing

vanadium precursor solution into the bismuth complex under constant stirring. The pH

63



Synthesis and Characterizations of NS-titanate-BiVO,; Nanohybrids by CBD:
Application in Photocatalytic Dye Degradation

of the bath was adjusted at 5.5 using an aqueous solution of 1 M NaOH and kept at 85°C
under continuous stirring for 1 h to obtain a transparent pale-yellow color solution.

Further, the obtained solution was allowed to cool down at room temperature
and used as a deposition solution. The NS-titanate coated (Ti-1, Ti-2 and Ti-3) ITO
substrates were placed in the above deposition bath. The deposition vessel was closed
and placed in a water bath at 85°C for 10 h, leading to the direct growth of BiVO4 on
NS-titanate thin films. After the deposition, NS-titanate-BiVVOs-coated ITO substrates
were removed from the bath, washed with DDW, and air-dried. The schematic
representation of the NS-titanate-BiVVO4 thin film deposition process is shown in Fig.
3.1. Subsequently, the as-prepared NS-titanate-BiVO4 nanohybrid thin films were
annealed at 400°C for 2 h. The annealed NS-titanate-BiVO4 nanohybrid thin films
deposited on Ti-1, Ti-2 and Ti-3 thin films are represented as C-BT1, C-BT2 and C-
BT3, respectively.

(a) Exfoliation of NS-titanate
. @
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Fig. 3.1: Schematic representation of (a) exfoliation of NS-titanate, (b) EPD of NS-
titanate thin films and (c) CBD method for the synthesis of NS-titanate-BiVOs
nanohybrid thin films.
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3.4 Characterizations of NS-titanate-BiVO4 nanohybrids:

The crystal structures of pristine NS-titanate, BiVO4 and NS-titanate-BiVO4
nanohybrid thin films were studied with XRD analysis using Rigaku miniflex 600
Diffractometer (Cu k, radiation: A= 1.54 A). The chemical bonding features of pristine
NS-titanate and BiVOys thin films compared to NS-titanate-BiVVO4 nanohybrid thin films
were probed with FT-IR spectra recorded on oT Bruker spectrometer. The chemical
bonding of present nanohybrid thin films was further explored by micro-Raman
spectroscopy collected on a FLEX G spectrometer (Tokyo Instrument, Japan) having an
excitation wavelength of 532 nm. The oxidation states of elements present on the surface
of stated thin films were investigated with XPS recorded on Thermo Scientific using Al
K. (1486.6 eV) X-ray source. The surface morphology and spatial elemental distribution
of the synthesized nanohybrid thin films were scrutinized with FESEM technique using
JEOL JSM-7900 F electron microscope equipped with EDS-elemental mapping
analysis. The optical properties and band structure of the nanohybrid thin films were

investigated with UV-vis DRS using a Jasco spectrometer.

Note: The C-BT2 nanohybrid thin film shows improved photocatalytic dye degradation
performance. Therefore, all the optimized C-BT2 nanohybrid thin film characterizations

are compared with the pristine materials.

3.4.1 XRD analysis:

The crystal structures of the pristine NS-titanate, BiVO4 and NS-titanate-BiVO4
nanohybrid (C-BT2) thin films were investigated with XRD analysis, as represented in
Fig. 3.2. The cesium titanate (Cso.7Ti1.s2500.17504) (Fig. 3.2(a)) shows a highly intense
(020), (040), (060) and (200) diffraction peaks corresponding to lepidocrocite-type
layered structure with orthorhombic symmetry (JCPDS: 84-1226) [21,22]. Its
protonated derivative (Ho7Ti1s250017504.H20) also displays sharp (020), (060), and
(200) diffraction peaks slightly shifted toward the lower Braggs angles signifying the
lattice expansion due to intercalation of water molecules in the inter-gallery space of
layered crystals [23,24]. Additionally, signature (hkl) peaks (130), (150), and (051)
matching with the in-plane host structure are present, demonstrating that the in-plane
host structure remains intact after the protonation process [21]. The XRD pattern of
pristine NS-titanate thin film (Fig. 3.2(b)) shows a broad diffraction peak centered at
10° corresponds to the (020) plane of lepidocrocite type NS-titanate with orthorhombic

symmetry having an interplanar spacing of 0.88 nm [21]. The presence of this peak
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indicates the layer-by-layer stacking of titanate NSs. Moreover, the diffraction peaks
marked by the “*’ correspond to the ITO substrate. The pristine BiVVOa thin film displays
typical Braggs reflections corresponding to the monoclinic scheelite BiVO4 phase (12/a)
(JCPDS no.: 14-0688). Remarkably, the apparent peak splitting is observed at 26 equal
to 18.5°, 35° and 46°, clearly indicating the formation of BiVO4 in the monoclinic
scheelite phase [25]. On the other hand, the C-BT2 nanohybrid thin film displays
diffraction peaks corresponding to both lepidocrocite type NS-titanate (marked with
circles) and monoclinic scheelite BiVO4 (marked with squares). It shows a broad (020)
diffraction plane corresponding to the lepidocrocite type NS-titanate with orthorhombic
symmetry. It also shows typical Braggs reflections with apparent peak splitting at 18.5°,
35° and 46 °, corresponding to the monoclinic scheelite BiVO4 phase. Present XRD
features related to the NS-titanate and BiVO4 confirm the formation of NS-titanate and
BiVOs in lepidocrocite-type layered structure and monoclinic scheelite-type structure,
respectively. This clearly indicates the growth of monoclinic scheelite BiVO4 over

electrophoretically deposited NS-titanate thin films.
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Fig. 3.2: (a) XRD patterns of (i) cesium titanate, (ii) protonated titanate and (b) XRD
patterns of (i) NS-titanate, (ii) BiVOa, (iii) C-BT2 nanohybrid thin films (In the XRD
pattern of (iii), circles and squares represent the Bragg reflections of NS-titanate and
monoclinic scheelite BiVOas, respectively).
3.4.2 FTIR analysis:

The chemical bonding nature and microscopic structural features of NS-titanate-
BiVO4 nanohybrid thin film compared to the pristine NS-titanate and BiVOg thin films
were probed with FTIR spectroscopy. As represented in Fig. 3.3, the pristine NS-titanate
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thin film exhibits the signature absorption peaks v1 (482.17 cm™) and v2 (657.5 cm™)
corresponding to the Ti-O bending mode and Ti-O-Ti stretching mode of the layered
TiOy, respectively [26,27]. The absorption peaks v3 (1108.51 cm™) and v4 (1381 cm™)
are attributed to the stretching vibrations of the C-O group in primary alcohol and
bending vibrations of the -CH2- group in alkyl chain, respectively [28]. The absorption
peaks v5 (1630 cm™) and v6 (3446.87 cm™) are linked with the bending vibrations of
water molecules and stretching vibrations of hydroxyl groups, respectively [29]. The
pristine BiVOy thin film shows sharp absorption peaks v7 (413 cm™) and v8 (482 cm™)
corresponding to the Bi-O bending and the VO.* stretching vibrations, respectively
[30,31]. The absorption peaks v9 (741 cm™) and v10 (829 cm™) are assigned to the
asymmetric and symmetric stretching of VO.*, respectively [32]. The absorption peak

v11 (3451.11 cm™) is associated with the stretching vibrations of hydroxyl groups [32].
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Fig. 3.3: FTIR spectra of (i) NS-titanate, (ii) BiVO4 and (iii) C-BT2 nanohybrid thin
films.

On the other hand, the NS-titanate-BiVOs nanohybrid thin film displays
absorption peaks v12 (482.17 cm™), v13 (736 cm™), v14 (788 cm™), v15 (1105 cm™),
v16 (1387cm™), vi7 (1625 cm™) and v18 (3427 cmY). The peak v12 is assigned to the
Ti-O bending mode of the layered TiO2 [26]. The absorption peaks v13 and v14 are
attributed to the asymmetric and symmetric stretching vibration of the V-O bond,
respectively [32]. The mild absorption peaks v15 and v16 correspond to the stretching
vibrations of the C-O group in primary alcohol and bending vibrations of the -CH.-
group in the alkyl chain, respectively [28]. The absorption peaks v17 and v18 are linked

with the bending vibrations of water molecules and stretching vibrations of hydroxyl

67



Synthesis and Characterizations of NS-titanate-BiVO,; Nanohybrids by CBD:
Application in Photocatalytic Dye Degradation

groups, respectively [29]. The present FTIR analysis shows the chemical bonding
features matching with both lepidocrocite-type NS-titanate and monoclinic scheelite-
type BiVOs. These spectral features clearly highlight the successful growth of

monoclinic scheelite BiVO4 over lepidocrocite-type NS-titanate thin films.
3.4.3 Raman analysis:

The chemical bonding nature of synthesized thin films was further probed with
Raman spectroscopy, as shown in Fig. 3.4. The micro-Raman spectrum of NS-titanate
shows several Raman peaks related to the Ti-O vibrations in NS-titanate. The micro-
Raman spectrum of NS-titanate shows the spectral features P1 (279.2 cm™) and P;
(446.88 cm™) are assigned to the degenerate modes of the TiOg octahedron with Ag
symmetry [33]. The sharp and intense Raman peak P3 (708 cm™) is attributed to the
symmetric Ti-O vibrations [34-36]. The mild Raman peak P4 (919.46 cm™) is attributed
to the stretching modes of shorter Ti-O bonds, which stick out into the interlayer
spacings of NS-titanate [35-36]. These Raman peaks indicate deposition of well-
developed 2D lepidocrocite-type layered NS-titanate. Similarly, BiVO4 thin film shows
the Raman peaks Ps (131 cm™) and Ps (212 cm™) are ascribed to the external rotation or
translation modes of BiVO4 [37]. Also, BiVO4 displays characteristic Raman peaks P7
(325 cm™) and Ps (367 cm™), corresponding to the asymmetric (Bg symmetry) and
symmetric (Ag symmetry) bending modes of the VOs tetrahedron, respectively [38].
The peaks Pg (710 cm™) and P1o (826 cm™) are assigned to the asymmetric and

symmetric (V-O) stretching modes of BiVOa, respectively [37-39].

On the other hand, the NS-titanate-BiVO4 nanohybrid thin film shows the Raman
peak related to the NS-titanate and BiVVO4. The Raman peaks P11 (134 cm™) and P1, (219
cm) originated due to the Ti-O vibrations with Ag symmetry. The Raman peaks P13
(334 cm™), P14 (373 cm™) and P15 (828 cm™?) are assigned to the By asymmetric bending
of the VO tetrahedron, Ag symmetric bending mode of the VO tetrahedron and
symmetric (V-O) stretching modes, respectively [37-39]. The present work is related to
the exfoliation of layered titanate that leads to exfoliated ultrathin monolayers of 2D NS-
titanate. During the NS-titanate-BiVVO4 nanohybrid thin film formation, titanate NSs are
uniformly coated with BiVOa. Due to the low thickness of NS-titanate thin film, the
Raman spectrum of C-BT2 nanohybrid thin film majorly displays Raman peaks

corresponding to the BiVOas. All the Raman peaks of NS-titanate are not active due to
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the relatively thick BiVOs4 coating on NS-titanate that constrained Raman active
vibrations of NS-titanate. The observed characteristic Raman features are related to
chemical bonding in EPD-deposited NS-titanate and CBD-deposited BiVVO4 thin films.
These spectral features provide strong evidence for the successful growth of BiVO4 over
EPD-deposited NS-titanate thin films.
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Fig. 3.4: Micro-Raman spectra of (i) NS-titanate, (ii) BiVO4 and (iii) C-BT2 nanohybrid
thin films.
3.4.4 XPS analysis:

The surface chemical compositions and different oxidation states of the NS-

titanate-BiVO4 nanohybrid thin film compared to pristine NS-titanate and BiVVOj4 thin
films were investigated with XPS analysis. The survey and high-resolution Ti 2p, Bi 4f,
V2p, O 1s XPS spectra of the pristine NS-titanate, BiVOs and NS-titanate-BiVOa
nanohybrid thin films are plotted in Fig. 3.5 and Fig. 3.6. The survey XPS spectrum of
C-BT2 nanohybrid thin film (Fig. 3.5) displays the spectral features at BE of the Ti, Bi,
V and O elements, representing the presence of stated elements in C-BT2 thin film. As
represented in high-resolution Ti 2p spectra (Fig. 3.6(a)), the pristine NS-titanate and
NS-titanate-BiVO4 nanohybrid thin films show two spectral features, P (464.1 eV) and
Q (458.36 eV), correspond to the spin-orbit splitting of Ti 2p12 and Ti 2p3s2, respectively
[40,41]. The position of peaks with BE difference of 20 eV indicates the +4 oxidation
state of Ti in present samples. As shown in high-resolution Bi 4f spectra (Fig. 3.6(b)),
the pristine BiVO4 and NS-titanate-BiVVO4 nanohybrid thin films display intense peak
doublet R (164.2 eV) and S (158.9 eV) ascribed to the Bi 4fs;, and Bi 4f7,2, respectively
that confirms the Bi®* state in BiVOa4 [42]. As plotted in high-resolution V' 2p spectra
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(Fig. 3.6(c)), the pristine BiVO4 and NS-titanate-BiVVO4 nanohybrid thin films exhibit
two sharp peaks, A (523.01 eV) and B (515.4 eV) assigned to the spin-orbit splitting of
V 2p12 and V 2psp, respectively [43]. This indicates the presence of V°* in pristine
BiVOs and NS-titanate-BiVO4 nanohybrid. The high-resolution O 1s spectra (Fig.
3.6(d)) show an intense peak M (529.5 eV) assigned to the oxygen from the pristine NS-
titanate, BiVO4 and NS-titanate-BiVOs lattice, respectively [42]. For NS-titanate thin
film, peak M is ascribed to Ti-O bonding. For BiVOs thin film, peak M corresponds to
Bi-O and V-O bonding. On the other hand, for NS-titanate-BiVVO4 thin film, peak R is
attributed to the Ti-O, Bi-O and V-O bonding. Interestingly, the Ti 2p, Bi 4f, V 2p and
O 1s XPS spectra of the C-BT2 nanohybrid thin film slightly shift towards lower BEs
after hybridization, suggesting an increase in electron density [44]. The intimate
electronic coupling between NS-titanate and BiVOs resulted in the enhanced electron
density on the NS-titanate-BiVVO4 nanohybrid. The obtained XPS features indicate the
presence of Ti, Bi and V in Ti*, Bi** and V°* states in NS-titanate-BiVVO4 nanohybrid
thin film, respectively. These spectral features highlight the effective hybridization
between NS-titanate and BiVVO4 in NS-titanate-BiVO4 nanohybrid thin film.

Intensity (a. u.)

1200 1000 800 600 400 200 O
Binding Energy (eV)

Fig. 3.5: Survey XPS spectra of (i) NS-titanate, (ii) BiVO4 and (iii) C-BT2 nanohybrid

thin films.
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Fig. 3.6: (a) Ti 2p, (b) Bi 4f, (¢) V 2p and (d) O 1s Core-level XPS spectra of (i) NS-
titanate, (ii) BiVO4 and (iii) C-BT2 nanohybrid thin films.

3.4.5 FESEM analysis:

The surface morphological features of the NS-titanate-BiVO4 nanohybrid thin
film in comparison with pristine NS-titanate and BiVOs thin films were probed with
FESEM analysis, as displayed in Fig. 3.7. The electrophoretically deposited NS-titanate
thin film (Fig. 3.7(a)) shows deposited titanate NSs laying parallel to the ITO substrate
surface. The lateral sheet size of titanate NSs is in the range of 500 to 600 nm. The NSs
are randomly aggregated on the ITO substrate surface, creating a porous structure of NS-
titanate thin film. BiVOs thin film (Fig. 3.7(b)) demonstrates interconnected
nanoparticle morphology with a particle size range of 75 to 95 nm [45].

Interestingly, significant morphological changes are observed in BiVOs after
NS-titanate-BiVO4 nanohybrid thin film formation. The observed change of
interconnected nanoparticle morphology to highly smooth BiVVO4 deposit is attributed
to the provision of NS-titanate nucleation sites for the smooth growth of BiVOs. The

NS-titanate-BiVO4 nanohybrid thin film displays randomly deposited nanoplates
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composed of NS-titanate uniformly covered with smooth BiVO4 deposit. The edge-to-
face interaction of randomly deposited interconnected nanoplates makes a mesoporous
house-of-cards type structure, as revealed in Fig. 3.7(c-d). A close topographical
inspection of hybrid nanoplates reveals lateral size in the range of 650 to 750 nm and
thickness in the 75 to 100 nm range. Considering lateral dimensions (~500 to 600 nm)
and thickness (0.8 nm) of electrophoretically deposited NS-titanate, one can judge the
deposition of smooth BiVO4 on electrophoretically deposited NS-titanate. Such a hybrid
structure can enable intimate electronic coupling between the NS-titanate and BiVOa,
which is highly beneficial in special electron-hole pair separation for solar-assisted
photo-functional applications. A similar type of morphology is generally obtained for

2D NSs-based nanohybrids, which is advantageous for various applications [46-48].

Fig. 3.7: FESEM micrographs of (a) NS-titanate, (b) BiVOs and (c-d) C-BT2
nanohybrid thin films.
3.4.6 EDS analysis:

Further, the distribution of constituent elements and chemical composition in
NS-titanate-BiVOa4 nanohybrid thin films was investigated using elemental mapping and
EDS study, as represented in Fig. 3.8 and Fig. 3.9. The nanohybrid thin film displays a
uniform distribution of titanium (Ti), bismuth (Bi), vanadium (V) and oxygen (O)
elements with a Bi/V ratio of 1 over the whole mapping region, indicating the uniform
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growth of BiVOs on the surface of the NS-titanate thin film. Due to the high thickness
of BiVOg4 thin film, the Ti composition is observed lower in the hybrid sample. However,

the upper layer BiVO4shows deposition of stoichiometric BiVO4with a Bi/V ratio of 1.

=y

Fig. 3.8: (a) FESEM image and (b-f) EDS elemental maps of C-BT2 nanohybrid thin

film.
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Fig. 3.9: EDS spectrum of C-BT2 nanohybrid thin film.
3.4.7 UV-vis DRS analysis:

The band structure and optical characteristics of NS-titanate-BiVO4 nanohybrid
thin film compared with pristine NS-titanate and BiVVO4 thin films were investigated
with UV-vis DRS. As plotted in Fig. 3.10, the pristine BiVOs thin film displays
prominent absorption in the visible region of the solar spectrum with bandgap energy of
2.3 eV assigned to the transition of electrons from hybrid Bi 6s/O 2p orbital to V 3d
orbital [49]. The NS-titanate thin film shows a notable spectral difference compared to

the optical profile of BiVVOg4 thin film. It shows remarkable absorption in the UV region
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with a bandgap energy of 3.17 eV. On the other hand, upon hybridization of NS-titanate
with BiVOs, the resultant nanohybrid thin film shows significant absorption in the
visible region with a bandgap of 2.39 eV, clearly demonstrating the efficient electronic
coupling between NS-titanate and BiVOa. The observed results provide strong evidence
for the superior visible light harvesting capability of NS-titanate-BiVVO4 nanohybrid thin
film [46,47]. The strong visible light absorption ability of NS-titanate-BiVO4
nanohybrid thin films makes them potential candidates for visible-light-driven

photocatalysis applications.
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Fig. 3.10: (a) UV-vis absorbance spectra and (b) UV-vis DRS of (i) NS-titanate, (ii)
BiV Oy, (iii) C-BT2 nanohybrid thin films.

3.5 Dye degradation Performance of NS-titanate-BiVO4 nanohybrids:

The photocatalytic properties of NS-titanate-BiVOs nanohybrid thin films
compared with pristine NS-titanate and BiVOs thin films were estimated for
photodegradation of MB and Rh-B dyes under visible light illumination (light intensity
= 100 mW cm). In a typical experiment, the pristine NS-titanate or BiVOs or NS-
titanate-BiVO4 nanohybrid thin film (area: 1 cm?) was kept vertically in the quartz
photoreactor filled with 3 ml of dye solution (concentration: 50 pm). This solution was
left to equilibrate with the target dye molecules for 30 min in a dark condition to assess
the adsorption-desorption equilibrium of dye molecules on the catalyst surface. All the
photocatalytic measurements were conducted at ambient conditions. During the
photocatalytic experiments, the light obtained from the xenon lamp (light intensity of
100 mW cm2) was simulated by the AM 1.5 G and 420 nm optical cut-off filters. The
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simulated light was focused on the quartz photoreactor. During the experiment, the
photocatalyst thin film (NS-titanate or BiVO4 or NS-titanate-BiVVO4 nanohybrid thin
film) was withdrawn at specific time periods, and the change in concentration of dye
solution was measured with UV-vis spectrophotometer (Carry 60 UV-vis: Agilent
Technology). The change in concentration of MB and Rh-B dyes was observed by
absorbance measurement at representative wavelengths of 664 and 553 nm, respectively.
The photocatalytic degradation efficiency of NS-titanate, BiVO4 and NS-titanate-BiVO4
nanohybrid thin films was estimated from the analysis of UV-vis absorption spectra

using the following equation,

Percentage degradation = % x 100 (3.2)

0

where Co is absorption at the initial time, and C denotes absorption at time t.
Furthermore, the pseudo-first-order Kkinetic models were used to investigate
photocatalytic degradation kinetics. The following relation represents a pseudo-first-
order reaction,

In (E—‘t’) = kt (3.2)
where Co, Ct, and k denote absorption at the initial time, absorption at a time ‘t’, and rate
constant, respectively.

3.5.1 Percentage degradation study for MB and Rh-B:

The photoactivity of NS-titanate-BiVO4 nanohybrid thin films is investigated
with photocatalytic degradation of MB and Rh-B as target dyes in the presence of visible
light irradiations. The photodegradation performances of pristine NS-titanate and BiVVO4
thin films are also evaluated to study the effect of hybridization on photocatalytic
activity. The photodegradation performance of NS-titanate-BiVOs nanohybrid thin
films in comparison with pristine NS-titanate and BiVOg thin films is calculated using
equation (3.1) and plotted in Fig. 3.13 (their respective UV-vis absorbance spectra are
shown in Fig. 3.11 and Fig. 3.12) [50]. The pristine NS-titanate, BiVO4 and NS-titanate-
BiVOs nanohybrid thin films display decrease in absorption at characteristic
wavelengths of 664 and 553 nm with respect to irradiation time, demonstrating the
superior degradation of MB and RhB, respectively. The NS-titanate thin film exhibited
negligible photocatalytic performance of 10% and 6% for MB and Rh-B under visible
light due to its wide band gap energy. On the other hand, the pristine BiVOg thin film
displays superior photocatalytic activity for the photodegradation of both MB and Rh-B
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dyes. The photocatalytic activity of pristine BiVOs is remarkably improved upon
hybridization with NS-titanate. The optimized C-BT2 nanohybrid thin film
photocatalyst demonstrated outstanding photoactivity for the photodegradation of MB
and Rh-B dyes with photodegradation rates of 85.1 and 97%, respectively, which are
higher than that of pristine BiVOs thin film (54 and 70%). It is concluded that the present
NS-titanate-BiVO4 nanohybrid thin films with enhanced photoactivity can be considered
highly active visible-light-driven photocatalysts for the photodegradation of dyes.
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Fig. 3.11: UV-vis absorption spectra of the MB solution in the presence of (a) NS-
titanate, (b) BiVOs, (c) C-BT1-, (d) C-BT2- and (e) C-BT3 nanohybrid thin film
photocatalysts.

The improvement of photocatalytic degradation activity of BiVOs upon
hybridization with highly stable NS-titanate can be ascribed to the exceptional electronic
coupling between NS-titanate and BiVVOa, which leads to the enhanced electron density
beneficial for the effective photocatalytic reactions. The surface expansion that occurs
during hybridization by creating a highly porous house-of-cards type structure can
contribute to increased photocatalytic activity by giving rise to more reaction sites and
effective electron-hole transport. Furthermore, in a hybrid structure, electron-hole
recombination is depressed due to the spatial separation of photoinduced holes and
electrons caused by the intimate electronic coupling between NS-titanate and BiVOsa,

leading to improved photocatalytic activity. In conclusion, the exceptional
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photocatalytic activity of present nanohybrid thin films can ascribed to the strong visible
light harvesting ability, reduced electron-hole recombination, high photostability and

mesoporous house-of-cards type structure of NS-titanate-BiVO4 nanohybrid thin films.
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Fig. 3.12: UV-vis absorption spectra of the Rh-B solution in the presence of (a) NS-
titanate, (b) BiVOs, (c) C-BT1-, (d) C-BT2- and (e) C-BT3 nanohybrid thin film
photocatalysts.
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Fig. 3.13: (a) MB and (b) Rh-B degradation performance of (i) NS-titanate, (ii) BiVOa,
(iii) C-BT1-, (iv) C-BT2-, (v) C-BT3 nanohybrid thin film photocatalysts.
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3.5.2 Rate kinetics study for MB and Rh-B:

The photocatalytic decomposition of MB and Rh-B was further studied to probe
the kinetics using a pseudo-first-order rate kinetic model [51]. The pseudo-first-order
reaction kinetics of MB and Rh-B dyes are represented in Fig. 3.14. The k and linear
correlation coefficient (R?) values of all tested photocatalysts for MB and Rh-B
photodegradation are summarized in Table 3.1. Among all tested photocatalysts, the C-
BT2 nanohybrid thin film shows improved k values (0.0105 and 0.0167 min™* for MB
and Rh-B, respectively), confirming the highest photocatalytic performance. The
improved k-value for C-BT2 nanohybrid thin film is attributed to the strong visible light
harvesting ability, reduced electron-hole recombination, high photostability and

mesoporous house-of-cards type morphology beneficial for effective photocatalytic

reactions.
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Fig. 3.14: Pseudo-first-order kinetics of (a) MB and (b) Rh-B for (i) NS-titanate, (ii)
BiVOs, (iii) C-BT1-, (iv) C-BT2-, (v) C-BT3 nanohybrid thin film photocatalysts.
Table 3.1: k and R? values of all tested photocatalysts.

MB Rh-B
Sample : i
k (min) R? k (min) R?

NS-titanate 0.0005 0.9995 0.0003 0.9997

BiVO4 0.0043 0.9957 0.0057 0.9943

C-BT1 0.0053 0.9947 0.0114 0.9886

C-BT2 0.0105 0.9895 0.0167 0.9833

C-BT3 0.0055 0.9945 0.0059 0.9941
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3.5.3 Recyclability study for MB and Rh-B:

The stability of the C-BT2 hybrid thin film for photocatalytic degradation of MB
and Rh-B dyes is evaluated for five consecutive cycles, as shown in Fig. 3.15. The C-
BT2 hybrid thin film is recovered from the dye solution, washed with DDW, dried at
room temperature and then used for the subsequent photocatalytic degradation tests. The
present C-BT2 hybrid thin film photocatalyst demonstrated good recycling performance
for MB and Rh-B degradation, with photodegradation rates of 67.5 and 78.8% after 180
and 210 min of visible light exposure. The C-BT2 nanohybrid retains its photocatalytic
activity with only decrement for five repetitive degradation cycles, signifying the good
photostability of the present nanohybrid photocatalyst. The slight decrease in
degradation performance after five consecutive cycles is ascribed to the adsorption of
dye molecules on the surface of the C-BT2 nanohybrid thin film and the detachment of

loosely bounded catalyst particles from the film surface.
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Fig. 3.15: Recyclability of C-BT2 nanohybrid thin film for (a) MB and (b) Rh-B dyes.

The above results confirmed that the C-BT2 nanohybrid thin film has the highest
photocatalytic activity towards the photodegradation of MB and Rh-B dyes under visible
light illumination.

3.6 Photocatalytic Dye Degradation Mechanism:

The band positions of NS-titanate and BiVVO4 thin films are estimated from the
cyclic voltammetry (CV) measurements, as shown in Fig. 3.16 [45, 52-53]. Fig. 3.16(a)
shows the CV curve of NS-titanate thin film. The onset potential of the reduction peak
of NS-titanate is observed at -1.27 V vs Ag/AgClI, corresponding to the 3.39 eV (vs
Vacuum). Thus, the lowest edge of the CB of NS-titanate is located at 3.39 eV (vs
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Vacuum) (i.e., -1.11 eV vs NHE). Judging from the bandgap energy (3.17 eV) of NS-
titanate thin film, its VB position is located at 6.56 eV (vs Vacuum) (i.e., 2.06 eV vs
NHE). Similarly, as shown in Fig. 3.16(b), the onset potential of the reduction peak of
BiVOs is observed at the -0.26 V vs Ag/AgCI, corresponding to the 4.39 eV (vs
Vacuum). Thus, the lowest edge of the CB of BiVOs is located at 4.39 eV (vs Vacuum)
(i.e., -0.11 eV vs NHE). The bandgap energy of BiVVOg4 thin film is 2.33 eV; therefore,
its VB position is located at 6.72 eV (vs Vacuum) (i.e., -2.22 eV vs NHE).
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Fig. 3.16: CV curves of (a) NS-titanate and (b) BiVOa thin films.

The electron transfer between NS-titanate and BiVOa in the NS-titanate-BiVOs
nanohybrid thin film is investigated with band structure estimated from the CV
measurements and UV-vis DRS [46]. The photocatalytic dye degradation mechanism is
mainly based on the photoinduced charge separation and transport to the semiconductor
surface upon exposure to visible light [54]. When photons having energy equal to or
greater than the bandgap of BiVOs (2.33 eV) are incident on the NS-titanate-BiVO4
nanohybrid thin film, electrons from the VB of BiVO, are excited to its CB, which
results in the formation of electron-hole pairs. As shown in Fig. 3.17, the NS-titanate
shows a higher position of lower CB edge than the lower CB edge of BiVOs, and BiVO4
shows a higher position of higher VB edge than the higher VB edge of NS-titanate. The
photogenerated electrons from the CB of BiVO4 can migrate into the VB of NS-titanate,
leading to the spatial separation of electrons and holes with a reduction in electron-hole
recombination. The holes present at the VB of BiVO4 generated hydroxyl radicals (OH*)
when reacted with water molecules. Generated OH* radicals are strong oxidizing agents

that can degrade the target organic (MB and Rh-B) molecules. On the other hand,
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superoxide radicals (*O2") are produced from the reaction of O, with photogenerated
electrons from the CB of BiVOs. As represented in equation (3.6), hydroperoxyl radicals
(HOO¥*) are generated from protonation of superoxide radicals. Finally, H.O2 generated
from hydroperoxyl radicals dissociates into OH* radicals, which can degrade the target
organic molecules [55]. Due to the attack of OH* radicals on target MB and Rh-B
molecules, various intermediate products are formed, and finally, they dissociate into
CO2 and H20. In the case of MB, Azure B, Azure A, Azure C and Thionine intermediate
products are produced by de-methylation reactions in which the N-C bond between the
methyl group and N atom is broken [56]. On the other hand, in the case of Rh-B, the N-
deethylation reaction followed by decarboxylation and deamination results in the
formation of aromatic compounds such as O-xylene, Benzoic acid and Phthalic acid via
chromophore cleavage [57]. The schematic representation of the photocatalytic
degradation mechanism over NS-titanate-BiVVO4 nanohybrid thin films is shown in Fig.
3.17.

NS — titanate — BiV0O, + hv > e~ + ht (3.3)
h* + OH™/H,0 - OH* + H* (3.4)
0,+e” - 05 (3.5)
03~ + H* - HOO* (3.6)
2H00" - H,0, + 0, (3.7)
H,0, — 20H* (3.8)
Dye + OH* - CO, + H,0 (3.9)
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Fig. 3.17: Scheme of photocatalytic degradation mechanism of (a) MB and (b) Rh-B
dyes over NS-titanate-BiVO4 nanohybrid thin films.

3.7 Conclusions:

In this chapter, NS-titanate thin films are deposited using the EPD method. The
EPD-deposited NS-titanate thin film shows the formation of lepidocrocite-type NS-
titanate with orthorhombic symmetry. The NS-titanate thin film shows aggregated NSs
morphology, creating a porous structure of NS-titanate thin film. The NS-titanate thin
film shows wide-bandgap energy with remarkable absorption in the UV region,
beneficial for coupling with narrow-bandgap BiVOs. On the other hand, BiVO4 thin
films are deposited using the facile CBD method. Structural and chemical bonding
analysis of BiVO;4 thin film confirms the highly crystalline growth of monoclinic
scheelite BiVOas. The BiVO;4 thin film displays porous nanoparticle morphology and
effective visible light response, advantageous for superior photocatalytic performance.
Further, the highly porous NS-titanate-BiVO4-nanohybrid thin films are synthesized by
depositing CBD-deposited BiVVO4 layer over EPD-deposited NS-titanate thin films. The
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well-crystalline uniform deposition of monoclinic scheelite BiVO4 on NS-titanate is
evidenced by XRD and FESEM analysis. The NS-titanate-BiVO4 nanohybrid thin films
show randomly deposited nanoplates composed of NS-titanate uniformly covered with
smooth BiVO4 deposit, creating the house-of-cards type morphology. The nanohybrid
thin films show a strong visible light absorption, indicating their visible light harvesting
nature, which is useful for photocatalytic applications. The optimized C-BT2
nanohybrid photocatalyst demonstrated outstanding photoactivity for photodegradation
of MB and Rh-B dyes with photodegradation rates of 85.1 and 97%, respectively, which
are higher than that of pristine BiVO4 (54 and 70%). The exceptional photocatalytic
activity of present nanohybrids can be attributed to the strong visible light harvesting
ability, reduced electron-hole recombination, high photostability and mesoporous
house-of-cards type structure. The present experimental findings highlight the
effectiveness of 2D layered MONs coupling with narrow bandgap semiconductors in
developing chemically stable photocatalysts for efficient visible-light-driven

photocatalysis.
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Dye Degradation

4.1 Introduction:

As introduced in previous chapters, natural water sources are getting highly
polluted due to the high discharge of toxic dye contaminants, which significantly impact
human and aquatic ecosystems [1-3]. The heterogeneous photocatalysis using
semiconducting photocatalysts has been treated as a potential approach for removing
highly toxic inorganic and organic compounds from contaminated water [4,5]. As
previously explained in Chapters 1-3, Sections 1.3, 2.4, and 3.1, enormous research
efforts have been focused on enhancing the photocatalytic activity of semiconducting
materials by improving charge carrier transfer, effective electron-hole pair separation
and shifting of absorption edge towards a visible region of the solar spectrum [6-9].
Compared to others, a strategy of coupling wide-band gap semiconductor photocatalysts
with narrow-band gap semiconductors can be effective; it can promote easy charge
separation, leading to improved visible-light-driven photocatalytic activity [10-14].

Numerous chemical and physical methods were explored for synthesizing hybrid
photocatalysts for visible-light-driven photocatalytic applications [15-18]. Compared to
others, the SILAR method has attracted intense research attention to deposit hybrid thin
films due to its certain advantages such as low-cost fabrication, facile control of
preparative parameters, large area deposition, better orientation of crystallites with
pinhole free and uniform deposition on a variety of substrates [19-22]. As explained in
Chapter 3, Section 3.1, the exfoliated NS-titanate coupled with BiVO4 can be the best
choice for hybridization. It has been reported that interconnected BiVO4 nanoparticles
with improved visible light harvesting activity were deposited by the SILAR method,
wherein the type of anionic precursor was varied to achieve the 3D interconnected
BiVOs nanoparticles morphology [23]. The SILAR-deposited BiVOs photoanodes
display excellent visible-light-driven PEC performance.

In this context, in the present chapter, the novel approach for the synthesis of
highly porous NS-titanate-BiVVO4 nanohybrid thin films by a combination of EPD and
SILAR methods is explored for photocatalytic dye degradation application. The
photoactivity of NS-titanate-BiVOs4 nanohybrid thin films is explored for the
degradation of MB and Rh-B dyes, along with their structural and physicochemical

features.

87



Synthesis and Characterizations of NS-titanate-BiVO,; Nanohybrids by SILAR: Application in Photocatalytic
Dye Degradation

4.2 Synthesis and characterizations of NS-titanate-BiVVO4 nanohybrids:
4.3 Experimental details:
4.3.1 Chemicals:

TiO2, Cs2C0Os, Bi(NO3)3.5H20, NaVOs, HCI, acetic acid (CHsCOOH), TBAOH
and CoHsOH were purchased from Sigma-Aldrich and used as received.
4.3.2 Synthesis of NS-titanate-BiVOa:

The NS-titanate-BiVO4 nanohybrid thin films were deposited by a combination
of EPD and SILAR methods. Initially, thin films of pristine NS-titanate were obtained
from the dialyzed colloidal suspension of NS-titanate by the EPD method similar to that
described in Chapter 3, Section 3.2. BiVOs layers were deposited over the EPD-
deposited NS-titanate thin films by the SILAR method.

Conducting
_ Substrate

Specially designed

Graphite Pot
) }

Exfoliated solution
+ solvent

S-BT nanohybrid thin
<— film

Fig. 4.1: Schematic representation of (a) EPD of NS-titanate thin films and (b) SILAR
method for depositing NS-titanate-BiVVO4 nanohybrid thin films.

Deposition of BiVO4 by SILAR method was carried out by immersion of NS-
titanate coated (Ti-1, Ti-2 and Ti-3) ITO substrates into separately placed cationic (Bi)
and anionic (V) precursors (two-beaker process). A cationic precursor for the deposition
of BiVO4 was prepared from an aqueous solution of 0.025 M Bi(NO3z)3-5H20 dissolved

in 1 M acetic acid (Vacetic acid: Voow = 1:19, pH 1.5). An anionic precursor was prepared
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from the aqueous solution of 0.025 M NaVOs (pH 6.8). One deposition cycle of SILAR
was completed by successive immersion of NS-titanate coated ITO substrates into a
cationic (Bi) bath for 20 s and then immersing into an anionic (V) bath for the next 20
s. Repetitions of such 15-deposition cycles result in the direct growth of BiVO4 on NS-
titanate thin films. After the deposition, NS-titanate-BiVO4 nanohybrid thin films were
washed with DDW and air dried. The schematic representation of the NS-titanate-BiVO4
nanohybrid thin films deposition process is displayed in Fig. 4.1. Subsequently, the as-
prepared NS-titanate-BiVO4 nanohybrid thin films were annealed at 400°C for 2 h. The
annealed NS-titanate-BiVO4 nanohybrid thin films synthesized on Ti-1, Ti-2 and Ti-3
thin films are represented as S-BT1, S-BT2 and S-BT3, respectively.
4.4 Characterizations of NS-titanate-BiVO4 nanohybrids:

The physicochemical characteristics of NS-titanate-BiVVO4 nanohybrid thin films
compared to pristine NS-titanate and BiVVO4 were studied with various characterization
techniques, as described in Chapter 3, Section 3.4.

Note: The S-BT2 nanohybrid thin film shows improved photocatalytic dye degradation
performance. Therefore, all the optimized S-BT2 nanohybrid thin film characterizations

are compared with the pristine materials.

4.4.1 XRD analysis:

The development of the crystal structure of pristine BiVO4 upon hybridization
with NS-titanate was analyzed using XRD analysis. The XRD patterns of S-BT2
nanohybrid thin film compared to the pristine NS-titanate and BiVO4 thin films are
shown in Fig. 4.2. As described in Chapter 3, Section 3.4.1, the pristine NS-titanate
thin film displays broad diffraction peak centered at 10° corresponds to the (020) plane
of lepidocrocite type NS-titanate with orthorhombic symmetry. The pristine SILAR
deposited BiVOg4 thin film (Fig. 4.2(ii)) shows typical Bragg reflections matching with
the monoclinic scheelite BiVOq structure (12/a) (JCPDS no.: 14-0688). Interestingly, the
apparent peak splitting is observed at 26 equal to 18.5°, 35° and 46°, clearly signifying
the formation of BiVOs in the monoclinic scheelite phase [24]. However, the NS-
titanate-BiVO4 nanohybrid thin film (Fig. 4.2(iii)) shows diffraction peaks matching
with both lepidocrocite type NS-titanate (denoted by squares) and monoclinic scheelite-
type BiVO4 (denoted by circles). It shows (020) diffraction peak matching with the
lepidocrocite type NS-titanate with orthorhombic symmetry having interplanar spacing
of 0.88 nm [25-28]. This peak is attributed to the layer-by-layer stacking of titanate
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nanosheets over the 1TO substrate. In addition, it shows typical Braggs reflections and
characteristic peak splitting (18.5°, 35° and 46°) corresponding to the monoclinic
scheelite BiVO; structure with space group (12/a) (JCPDS no.: 14-0688) [23]. Present
XRD results provide strong evidence of the formation of NS-titanate and BiVOs in
lepidocrocite-type layered phase and monoclinic scheelite-type phase, respectively. This
indicates the effective growth of monoclinic scheelite BiVO4 phase over EPD-deposited
NS-titanate thin films.
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Fig. 4.2: XRD patterns of (i) NS-titanate, (ii) BiVO4 and (iii) S-BT2 nanohybrid thin

films (asterisk, squares and circles denote the Bragg reflections of ITO, NS-titanate and

monoclinic scheelite-type BiVOg, respectively).
4.4.2 FTIR analysis:

The microscopic structural characteristics and chemical bonding nature of the
pristine NS-titanate, BiVOs and NS-titanate-BiVO4 nanohybrid thin films were
investigated using FTIR spectroscopy. As described in Chapter 3, Section 3.4.2, the
pristine NS-titanate thin film displays characteristic IR features (v1 to v6) related to NS-
titanate. As represented in Fig. 4.3, the pristine SILAR-deposited BiVO4 thin film
exhibits sharp absorption peaks v7 (413 cm™) and v8 (482 cm™) assigned to the Bi-O
bending vibrations and the stretching vibrations of VO4*, respectively [29-30]. The
absorption peaks v9 (741 cm™) and v10 (829 cm™) correspond to the asymmetric and
symmetric stretching vibrations of VO.*, respectively [31]. The absorption peaks v11
(3451.11 cm™) and v12 (3446.87 cm™) are linked with the bending vibrations of water

molecules and stretching vibrations of hydroxyl groups, respectively [32].
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On the contrary, the NS-titanate-BiVVO4 nanohybrid thin film shows absorption
peaks v13 (482.17 cm™), v14 (737 cm™), v15 (788 cm™), v16 (1105 cm™), v17 (1630 cm
1y and v18 (3431 cm™) linked with the NS-titanate and BiVOs. The absorption peak v13
corresponds to the Ti-O bending mode of the layered TiO2 [33-34]. The absorption peaks
v14 and v15 are assigned to the asymmetric and symmetric stretching vibrations of VO4*-
, respectively [31]. The absorption peak at v16 is attributed to the stretching vibrations
of the C-O group in the alkyl chain of TBA [35]. The absorption peaks v17 and v18 are
assigned to the bending vibrations of water molecules and stretching vibrations of
hydroxyl groups, respectively [31]. These IR features closely match with the chemical
bonding features of SILAR-deposited BiVO4 and EPD-deposited NS-titanate thin films.
The observed spectral features confirm the successful growth of monoclinic scheelite
BiVO4 phase over EPD-deposited NS-titanate thin films.

(i) :
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Fig. 4.3: FTIR spectra of (i) NS-titanate, (ii) BiVO4 and (i) S-BT2 nanohybrid thin

films.

4.4.3 Raman analysis:

The chemical bonding nature of the pristine NS-titanate, BiVOas and NS-titanate-
BiVO4 nanohybrid thin films were further probed with micro-Raman spectroscopy as
shown in Fig. 4.4. As described in Chapter 3, Section 3.4.3; the pristine NS-titanate
thin film shows several Raman peaks (P1 to P4) related to the Ti-O vibrations in NS-
titanate. The micro-Raman spectrum of SILAR-deposited BiVOs shows the spectral
features Ps (131 cm™) and Ps (212 cm™) at lower frequency regions that are assigned to
the external rotation or translation modes of BiVO4 [36]. Also, it displays characteristics

Raman bands P7 (325.5 cm™) and Pg (369 cm™), corresponding to the asymmetric (Bg
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symmetry) and symmetric (Ag symmetry) bending modes of the VOs tetrahedron,
respectively [37]. The peaks Pg (710 cm™) and P1o (826 cm™) are assigned to the
asymmetric and symmetric (V-O) stretching modes of BiVOg, respectively [36-38].

Alternatively, the NS-titanate-BiVVO4 nanohybrid thin film exhibits the Raman
peaks associated with the NS-titanate and BiVO4. The Raman peaks P11 (134 cm™) and
P12 (219 cm™) are ascribed to the Ti-O vibrations with Ag symmetry [39-41]. The Raman
peak present at P13 (350.25 cm™) is the superposition of the two Raman peaks P7 and Ps,
corresponding to the asymmetric (Bg symmetry) and symmetric (Ag symmetry) bending
modes of the VOg4 tetrahedron, respectively [37]. However, the sharp and intense Raman
peak centered around P14 (821.11 cm™) is linked with the symmetric (V-O) stretching
mode [36-38]. The Raman spectrum of the S-BT2 nanohybrid thin film mostly shows
Raman peaks corresponding to the BiVO4 because of the extremely thin thickness of the
NS-titanate thin film. All the Raman peaks of NS-titanate are not active owing to the
comparatively thick BiVOs deposition on NS-titanate restricting the Raman active
vibrations of NS-titanate. The present Micro-Raman features are linked with the
chemical bonding characteristics of EPD-deposited NS-titanate and SILAR-deposited
BiVOq4 thin films. These spectral features signify the successful growth of monoclinic

scheelite BiVO4 phase on the surface of EPD-deposited NS-titanate thin films.
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Fig. 4.4: Micro-Raman spectra of (i) NS-titanate, (ii) BiVOs and (iii) S-BT2 nanohybrid

thin films.
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4.4.4 XPS analysis:

The surface compositions and chemical oxidation states of the NS-titanate-
BiVO4 nanohybrid thin film compared with pristine NS-titanate and BiVOj thin films
were analyzed with XPS analysis. The survey and Ti 2p, Bi 4f, V 2p, O 1s core-level
XPS spectra of the NS-titanate, BiVO4 and NS-titanate-BiVO4 nanohybrid thin films are
shown in Fig. 4.5 and Fig. 4.6. The survey XPS spectrum of NS-titanate-BiVOs
nanohybrid thin film (Fig. 4.5) shows the spectral features at BE corresponding to the
Ti, Bi, V and O elements representing the existence of above elements in S-BT2 thin

film.
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Fig. 4.5: Survey XPS spectra of (i) NS-titanate, (ii) BiVOs and (iii) S-BT2 nanohybrid

thin films.

As displayed in high-resolution Ti 2p spectra (Fig. 4.6(a)), the pristine NS-
titanate and NS-titanate-BiVOs nanohybrid thin films commonly exhibit spectral
features A (464.1 eV) and B (458.36 eV) are assigned to the spin-orbit splitting of Ti
2p12 and Ti 2pay2, respectively [42,43]. The presence of these spectral features with BE
difference of 5.74 eV confirms the presence of Ti** state in the above samples. In case
of S-BT2 thin film, the Ti 2p peaks broaden due to the change in the chemical and
electronic environment of Ti atoms. This can affect the BE of electrons, leading to a
spreading in the observed XPS peaks [44]. As shown in high-resolution Bi 4f spectra
(Fig. 4.6(b)), the pristine BiVO4 and NS-titanate-BiVVO4 nanohybrid thin films display
two strong peaks, P (164.2 eV) and Q (158.9 eV), which are assigned to the Bi 4fs;» and
Bi 4f12, respectively which indicates the presence of Bi®* state in stated samples [45].
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As plotted in high-resolution V 2p spectra (Fig. 4.6(c)), the pristine BiVO4 and NS-
titanate-BiVO4 nanohybrid thin films commonly exhibit spectral features R (516.4 eV)
and S (520.8 eV) owing to the spin-orbit coupling of V 2psz» and V 2p1., respectively
[46]. This indicates the presence of V°* in pristine BiVOs and NS-titanate-BiVOs
nanohybrid thin film. The high-resolution O 1s XPS spectra in Fig. 4.6(d) show an
intense peak M (529.5 eV) ascribed to the oxygen from the pristine NS-titanate, BiVO4
and NS-titanate-BiVOs lattice, respectively [45]. For NS-titanate thin film, peak M is
attributed to Ti-O bonding. For BiVO4 thin film, peak M is ascribed to Bi-O and V-O
bonding. Conversely, for NS-titanate-BiVOg4 thin film, peak R corresponds to the Ti-O,
Bi-O and V-O bonding.
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Fig. 4.6: (a) Ti 2p, (b) Bi 4f, (c) V 2p, (d) O 1s core-level XPS spectra of (i) NS-titanate,
(ii) BiVOs and (iii) S-BT2 nanohybrid thin films.

Notably, after hybridization, the Ti 2p, Bi 4f, V 2p, and O 1s XPS spectra of S-
BT2 nanohybrid thin film slightly shifted towards lower BEs due to the increased

electron density on NS-titanate-BiVO4 nanohybrid. A strong electronic coupling
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between NS-titanate and BiVVO4 causes the increased electron density on the NS-titanate-
BiVO4 nanohybrid. The observed XPS results highlight the presence of Ti**, Bi** and
V°* states of Ti, Bi and V in NS-titanate-BiVO4 nanohybrid thin film, respectively. The
presence of these spectral features confirms the intimate electronic coupling between
NS-titanate and BiVO4 in NS-titanate-BiVO4 nanohybrid thin film.

4.4.5 FESEM analysis:

The surface morphologies of the pristine NS-titanate, BiVOs and NS-titanate-
BiVO4 nanohybrid thin films were scrutinized with FESEM analysis, as shown in Fig.
4.7. As represented in Fig. 4.7(a), the EPD deposited NS-titanate thin film display NSs
morphology with titanate NSs deposited parallel to the surface of ITO substrate. BiVO4
thin film (Fig. 4.7(b)) shows interconnected nanoparticle morphology with an average
size within the 150-200 nm range. The interconnection of BiVO4 nanoparticles forms a
highly porous structure. Such interconnected nanoparticle morphology is commonly
observed for BiVO4 synthesized by chemical methods [23, 47]. The development of a
highly porous structure due to interconnected BiVO4 nanoparticles can promote the
effective charge (electrons and holes) transport to its surface and enable expanded

surface area that is useful for photocatalytic activity.
Yo "«;t ' Ly f'! A - i ”"

Fig. 4.7: FESEM micrographs of (a) NS-titanate, (b) BiVOs and (c-d) S-BT2 nanohybrid

thin films.
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On the other hand, the NS-titanate-BiVVO4 nanohybrid thin film (Fig. 4.7(c-d))
shows the mesoporous morphology composed of a 3D network of BiVO4 nanoparticles
deposited on the surface of randomly oriented titanate nanosheets. The FESEM images
of S-BT2 nanohybrid thin film show 3D network-type structure of BiVO4 nanoparticles.
Due to the large thickness of BiVOg4 thin film, only BiVO4 morphology can be visible.
The close inspection of these FESEM micrographs shows that the average particle size
of NS-titanate-BiVVO4 nanohybrid is in the range of 75-95 nm. Interestingly, the 3D
network-type structure of BiVVO4 nanoparticles forms mesopores of sizes in the range of
100 to 150 nm within the voids of 3D network-type structure. Such a mesoporous
structure can allow expanded surface area with effective electronic coupling between
the NS-titanate and BiVOa, which is highly advantageous in easy charge separation and
transport for photocatalytic applications. This type of highly porous structure is usually
detected for 2D NSs-based nanohybrids and is advantageous for solar-assisted photo-
functional applications [48-50].

4.4.6 EDS analysis:

Additionally, the distribution of constituent elements and chemical compositions
of NS-titanate-BiVO4 nanohybrid thin film were scrutinized with elemental mapping
and EDS analysis, as displayed in Fig. 4.8 and Fig. 4.9. The S-BT2 nanohybrid thin film
exhibits the homogeneous distribution of Ti, Bi, V and O elements with a Bi/V ratio of
~1 over the entire mapping region, demonstrating the uniform growth of BiVVO4 on the
surface of NS-titanate thin film. Due to the larger thickness of BiVOs thin film, the Ti
content is observed to be very low in the NS-titanate-BiVOa thin film.

Fig. 4.8: (a) FESEM image and (b-f) EDS elemental maps of S-BT2 nanohybrid thin

film.
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Fig. 4.9: EDS spectrum of S-BT2 nanohybrid thin film.
4.4.7 UV-vis DRS analysis:

The electronic band structure and optical properties of the present NS-titanate-
BiVO4 nanohybrid thin film, compared to the pristine NS-titanate and BiVOg4 thin films,
were examined with UV-vis DRS. As plotted in Fig. 4.10, the pristine BiVO4 thin film
shows significant absorption of visible light with band gap energy of 2.45 eV. BiVOs is
indirect band gap material with VB and CB comprised of hybrid Bi 6s/O 2p and V 3d
orbitals, respectively [51]. Conversely, the NS-titanate thin film shows prominent
absorption in the UV region with a band gap energy of 3.17 eV. Interestingly, the
hybridization of NS-titanate with BiVVO4 leads to the shifting of the absorption edge of
the resultant nanohybrid thin film in the visible region of the solar spectrum with a band
gap of 2.28 eV, clearly highlighting the effective electronic coupling between NS-
titanate and BiVVO4. Summarizing the results of UV-vis DRS, the visible light harvesting
ability of BiVVOa is boosted by the electronic coupling with the NS-titanate. The effective
visible light absorption ability of NS-titanate-BiVVO4 nanohybrid thin films makes them

potential photocatalysts for solar-assisted photocatalysis applications [48,49].
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Fig. 4.10: (a) UV-vis absorbance spectra and (b) UV-vis DRS of (i) NS-titanate, (ii)
BiVOs, (iii) S-BT2 nanohybrid thin films.

4.5 Dye degradation Performance of NS-titanate-BiVO4 nanohybrids:

The photocatalytic dye degradation performance of NS-titanate-BiVOs
nanohybrid thin films compared to pristine BiVVO4 thin film was estimated with UV-vis

spectroscopy, as explained in Chapter 3, Section 3.5.

4.5.1 Percentage degradation study for MB and Rh-B:

The photoactivity of the synthesized NS-titanate-BiVVO4 nanohybrid thin films is
detected by measurement of the photocatalytic degradation of MB and Rh-B as target
dyes under visible light illumination. To examine the effect of hybridization on
photocatalytic activity, the photodegradation performances of pristine NS-titanate
(explained in Chapter 3, Section 3.5.1) and BiVOs thin films are also evaluated. The
photodegradation performance of NS-titanate-BiVVO4 nanohybrid thin films is estimated
and represented in Fig. 4.13 (their respective UV-vis absorbance spectra are represented
in Fig. 4.11 and Fig. 4.12). The pristine BiVO4 and NS-titanate-BiVVO4 nanohybrid thin
films show decrease in absorption at the characteristic wavelengths of 664 and 553 nm
with respect to irradiation time, representing the effective degradation of MB and RhB,
respectively. The photocatalytic activity of pristine BiVOa is remarkably improved upon
hybridization with NS-titanate. The optimized S-BT2 nanohybrid thin film photocatalyst
demonstrated outstanding photoactivity for photodegradation of MB and Rh-B dyes
with photodegradation rates of 92.1 and 91.3%, respectively, remarkable than pristine
BiVOs (61.2 and 70.3%). The above results indicate that the present NS-titanate BiVO4
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nanohybrid thin films with enhanced photocatalytic activity can be considered highly
effective visible-light-driven photocatalysts for photocatalytic application.
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Fig. 4.11: UV-vis absorption spectra of the MB solution in the presence of (a) BiVOs,
(b) S-BT1, (c) S-BT2 and (d) S-BT3 nanohybrid thin film photocatalysts.

The superior photoactivity of present nanohybrid thin films can be attributed to
the effective electronic coupling between hybridized species, resulting in decreased
electron-hole recombination, which is beneficial for effective photocatalytic reactions.
The mesoporous 3D network-type structure can allow expanded surface area with
effective electronic coupling between hybridized species, leading to improved
photocatalytic activity by giving rise to more reaction sites and effective charge
separation and transport to catalytic sites. Conclusionally, the improved photoactivity of
present nanohybrid thin films can be ascribed to the effective electronic coupling with
minimal electron-hole recombination, strong visible light harvesting ability and

mesoporous 3D network-type morphology.
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Fig. 4.12: UV-vis absorption spectra of the Rh-B solution in the presence of (a) BiVOg,
(b) S-BT1, (c) S-BT2 and (d) S-BT3 nanohybrid thin film photocatalysts.
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Fig. 4.13: (a) MB and (b) Rh-B degradation performance of (i) NS-titanate, (ii) BiVOs,
(ili) S-BT1, (iv) S-BT2, (v) S-BT3 nanohybrid thin film photocatalysts.
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4.5.2 Rate kinetics study for MB and Rh-B:

The photodegradation performance of MB and Rh-B was further evaluated by
their Kkinetics using a pseudo-first-order rate kinetic model. The pseudo-first-order
reaction kinetics of MB and Rh-B dyes are represented in Fig. 4.14. The values of k and
R? for all tested samples for photocatalytic degradation of MB and Rh-B dyes are noted
in Table 4.1. Compared with other photocatalysts, S-BT2 nanohybrid thin film displays
a higher k value, confirming the highest photocatalytic performance. The highest k
values obtained for the S-BT2 nanohybrid thin film photocatalyst are 0.0141 and 0.0203
mint for MB and Rh-B dyes, respectively. The higher k-value for S-BT2 nanohybrid
thin film photocatalyst is ascribed to the effective electronic coupling with minimal
electron-hole recombination, strong visible light harvesting ability and mesoporous 3D
network-type morphology, which is highly advantageous in effective charge separation

and transport for photocatalytic applications.
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Fig. 4.14: Pseudo-first-order kinetics of (a) MB and (b) Rh-B for (i) NS-titanate, (ii)
BiVOy, (iii) S-BT1, (iv) S-BT2, (v) S-BT3 nanohybrid thin film photocatalysts.
Table 4.1: k and R? values of all tested photocatalysts.

MB Rh-B
Sample i :
k (min) R? k (min?) R?

NS-titanate 0.0006 0.9994 0.0008 0.9992

BiVO, 0.0053 0.9947 0.0101 0.9899

S-BT1 0.0114 0.9886 0.0189 0.9811

S-BT2 0.0141 0.9859 0.0203 0.9797

S-BT3 0.0079 0.9921 0.0173 0.9827
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4.5.3 Recyclability study for MB and Rh-B:

Additionally, the recyclability of the S-BT2 nanohybrid thin film photocatalyst
for photodegradation of MB and Rh-B dyes is confirmed by the course of five
consecutive degradation tests, as represented in Fig. 4.15. During each experiment, the
S-BT2 nanohybrid thin film is withdrawn from the dye solution, cleaned with DDW,
dried at ambient conditions and used for the succeeding cycles. The optimized S-BT2
nanohybrid thin film photocatalyst exhibited good recycling ability for degradation of
both MB and Rh-B dyes with photodegradation rates of 68.1 and 69.2% under 180 and
120 min of visible light illumination, respectively. The S-BT2 nanohybrid thin film
retains its photoactivity with only gradual decrement for five repetitive degradation
cycles, signifying the high photostability of the present S-BT2 nanohybrid thin film
photocatalyst. The gradual decrement in degradation activity over the subsequent five
cycles is ascribed to the detachment of overgrown SILAR-deposited BiVOs
nanoparticles from the surface of the hybrid film or the adsorption of dye molecules on
the surface of S-BT2 thin film. The results highlighted the effectiveness of S-BT2
nanohybrid thin film as an effective visible-light-driven photocatalyst for the
photodegradation of MB and Rh-B dyes.
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Fig. 4.15: Recyclability of S-BT2 nanohybrid thin film for (a) MB and (b) Rh-B dyes.
4.6 Photocatalytic Dye Degradation Mechanism:

To study the electron transfer between NS-titanate and BiVOs, the electronic
band structure of NS-titanate-BiVO4 nanohybrid thin film is mapped from CV
measurements and UV-vis DRS. The band positions of SILAR deposited BiVOs thin
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film are estimated from the onset potential of the CV measurements and band gap energy
determined from UV-vis DRS, as shown in Fig. 4.16 [48, 52-53]. The onset potential of
the reduction peak of BiVVOs is seen at -0.31 V vs Ag/AgClI, corresponding to the lowest
edge of CB at 4.35 eV vs vacuum (-0.15 eV vs NHE). As the band gap energy of BiVO4
thin film is 2.45 eV, the position of the upper edge of the VB of BiVOs is located at 6.8
eV vs vacuum (2.3 eV vs NHE).
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Fig. 4.16: CV curve of BiVO4 thin film.

The photocatalytic dye degradation mechanism is based on the photoinduced
charge separation and transport to the semiconductor surface upon the light incidence,
as shown in Fig. 4.17 [54]. When photons having energy equal to or greater than band
gap of BiVOg are incident on NS-titanate-BiVVO4 nanohybrid thin film, its VB electrons
are excited to CB, resulting in the generation of electron-hole pairs. From Fig. 4.17, it is
seen that the CB position of NS-titanate is quite higher than that of BiVO4 and VB
position of BiVOs is higher than that of NS-titanate. Consequently, the photogenerated
electrons from the CB of BiVO4 can transfer towards the VB of NS-titanate, resulting in
effective electronic coupling with the reduction in electron-hole recombination. The
holes present at the VB of BiVVO4 react with water molecules to form OH* radicals.
Generated OH* radicals are strong oxidizing agents that can degrade the adsorbed target
dye molecules. Alternatively, the photogenerated electrons from the CB of BiVOs react
with O molecules to form *O> radicals. Further, the protonation of *O." radicals
produces HOO* radicals. Finally, H20. produced from HOO* radicals split into OH*
radicals, which can decompose the target dye molecules [55].
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Fig. 4.17: Schematic diagram of photocatalytic dye degradation mechanism of (a) MB
and (b) Rh-B over NS-titanate-BiVO4 nanohybrid thin film.

4.7 Conclusions:

In the present chapter, BiVOa thin films are deposited using the cost-effective
SILAR method. The structural and chemical bonding analysis of BiVOs thin film shows
the highly crystalline growth of monoclinic scheelite BiVO4 on ITO substrate. The
BiVOs thin film displays highly porous interconnected nanoparticle morphology and
narrow band gap energy with visible light absorption, beneficial for effective
photocatalytic reactions. Further, the NS-titanate-BiVO4 nanohybrid thin films are
deposited by deposition of BiVOs thin films on EPD-deposited NS-titanate thin films by
the SILAR method. The structural and chemical bonding analysis confirms the well-
crystalline and uniform growth of monoclinic scheelite BiVO4 on NS-titanate thin films.
The morphological features show the mesoporous morphology composed of a 3D
network of BiVVO4 nanoparticles deposited on the surface of randomly oriented titanate
NSs. The optical study displays the effective visible light absorption ability of NS-
titanate-BiVO4 nanohybrid thin films, making them potential photocatalysts for solar-
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assisted photocatalysis applications. The optimized S-BT2 nanohybrid thin film
photocatalyst demonstrated outstanding photoactivity for photodegradation of MB and
Rh-B dyes with photodegradation rates of 92.1 and 91.3%, respectively, remarkable than
pristine BiVOs (61.2 and 70.3%). The superior photoactivity of nanohybrid thin films
can be ascribed to the effective hybridization between NS-titanate and BiVOa, strong
visible light harvesting nature, notable electron-hole separation and mesoporous 3D
network-type structure beneficial for effective photocatalytic reactions. The present
nanohybridization approach can be further extended to synthesize several other 2D
layered MONs-based nanohybrid thin films for various applications.
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5.1 Introduction:

The need and benefits of nanohybridization for improving the photocatalytic
performance of BiVOs thin films are described in the previous chapters (Chapter 1,
Section 1.3, Chapter 2, Section 2.4 and Chapter 3, Section 3.1). In recent years,
research interest in the nanostructured semiconductor photocatalysts is extended to 2D
NSs materials due to unusually high anisotropy in their crystal structure, morphology,
large surface area and thin thickness, which render them advantageous candidates for
the synthesis of nanohybrid materials with unique physicochemical properties [1].
Similar to NS-titanate, the 2D NS-hexaniobate evokes high research interest as
macromolecules for the hybrid photocatalysts due to their highly anisotropic 2D
morphology, ultrathin thickness, high surface area, electrostatic surface charged, high
mechanical flexibility, suitable band positions for the reduction of hydroxide ions as
well as oxidation of water molecules and high chemical stability [1-3]. On this
background, hybridization between narrow bandgap BiVO4 and wide bandgap 2D NS-
hexaniobate can enable expanded surface area, superior visible light harvesting ability
and improved electronic coupling useful for visible-light-induced photocatalytic dye
degradation.

The present chapter deals with the synthesis of NS-hexaniobate-BiVOs
nanohybrid thin films by depositing BiVO4 layers over EPD-deposited NS-hexaniobate
thin films by CBD method. The effect of the hybridization of BiVOs with NS-
hexaniobate on the visible-light-induced photocatalytic degradation of MB and Rh-B
dyes is explored together with their structural and physicochemical features. The present
nanohybridization strategy is novel because the efficient 2D nanohybrid photocatalyst
based on layered NS-hexaniobate and BiVOs has not yet been realized in practical
application.

5.2 Synthesis and characterizations of NS-hexaniobate-BiVO4 nanohybrids:
5.3 Experimental details:
5.3.1 Chemicals:

Niobium pentoxide (Nb2Os), potassium carbonate (K2COs), Bi(NO3)3.5H-0,
NaVOs, CioH14sN2Na20s, NaOH, HCI, TBAOH and C>HsOH were purchased from
Sigma-Aldrich and used as received.

5.3.2 Synthesis of NS-hexaniobate-BiVOas:

The NS-hexaniobate-BiVO4 nanohybrid thin films were synthesized by

deposition of BiVO4 on NS-hexaniobate thin films. The CBD and EPD were used to
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deposit BiVOs and NS-hexaniobate thin films, respectively. The synthesis of NS-
hexaniobate-BiVO4 nanohybrid thin films is comprised of the following steps.

(@) Synthesis of pristine NS-hexaniobate:

The wide band gap and chemically stable NS-hexaniobate were synthesized from
highly crystalline potassium hexaniobate (K4NbsO17) host crystals by ion exchange and
exfoliation process [4]. The host crystals of potassium hexaniobate were synthesized by
solid-state reaction of an intimate mixture of K.CO3z and Nb2Os (molar ratio of 2:3) at
1050°C (24 h). The corresponding protonic hexaniobate (HxK4-xNbgO17) was prepared
by reaction of potassium hexaniobate powder with an aqueous solution of 1 M HCI at
ambient temperature for four days. The HCI solution was exchanged with a fresh one
daily throughout this proton exchange process. Afterwards, the protonated solid was
centrifuged, thoroughly washed with DDW and air-dried to eliminate the acidic residue.
The layered proton-exchanged hexaniobate was delaminated into individual NS-
hexaniobate by intercalating TBA molecules into the interlayer space of protonic
hexaniobate. For this, the weighted amount of protonic hexaniobate was reacted with an
aqueous solution of TBAOH. The solution was shaken vigorously for two days, which
produced the colloidal suspension of exfoliated NS-hexaniobate. A schematic
representation of the intercalation-exfoliation protocol for synthesizing NS-hexaniobate
is shown in Fig. 5.1.

(b) Synthesis of pristine NS-hexaniobate thin films:

The well-cleaned ITO-coated glass substrates were used for deposition. The ITO
substrate cleaning procedure is described in Chapter 3, Section 3.3.2.

Initially, the colloidal suspension of NS-hexaniobate (with pH of 12-12.5) was
dialyzed for 14 h using a dialysis membrane (Dialysis Membrane-135, average flat
width-33.12 mm, average diameter-23.8 mm, Capacity approx.-4.45 ml cm-1) in DDW
to reach a pH of 8. The NS-hexaniobate thin films were obtained from the dialyzed NS-
hexaniobate colloidal suspension by EPD method. The dialyzed NS-hexaniobate
colloidal suspension and absolute ethanol were mixed in the 1:3 volume proportion for
the EPD. The NS-hexaniobate thin films were deposited on ITO-coated glass substrates
using a specially designed cylindrical-shaped graphite EPD cell by applying the
potential of 15 V DC across the ITO and graphite cell electrodes. The graphite cell and
ITO substrate can act as a cathode and anode, respectively. The deposition time of EPD
was adjusted to a range of 5 to 15 min. The obtained NS-hexaniobate thin films were

110



Synthesis and Characterizations of NS-hexaniobate-BiVO,; Nanohybrids by CBD: Application in

Photocatalytic Dye Degradation

annealed at 230°C for 1 h in the air to improve adherence and remove TBA content. The
annealed NS-hexaniobate thin films deposited at 5, 10 and 15-min deposition times are
denoted as Nb-1, Nb-2 and Nb-3, respectively.

(a) Electrophoretic deposition ]

Conducting

<_Specia].ly designed :
Graphite Pot

<_Emollated solution
+ solvent

ra—

&S N
41;& B < C-BN nanohybrid
SRR thin film

Fig. 5.1: Schematic model of (a) EPD of NS-hexaniobate thin films and (b) CBD method
for depositing NS-hexaniobate-BiVO4 nanohybrid thin films.

(c) Synthesis of NS-hexaniobate-BiVO4 nanohybrid thin films:

BiVO4 thin films were deposited using the CBD method on EPD-deposited NS-
hexaniobate thin films as described in Chapter 3, Section 3.3.2 [5]. The chemical bath
for the deposition of BiVO4 comprised an aqueous solution of 25 mM Bi(NOz)3-5H20
complexed with EDTA disodium salt (25 mM) under constant stirring. The aqueous
stock solution of 25 mM NaV O3 was prepared as another precursor. The CBD bath was
obtained by mixing vanadium stock solution into the bismuth complex under constant
stirring. The final pH of the bath was adjusted to 5.5 using an aqueous solution of 1 M
NaOH. Afterward, the bath was maintained at 85°C under constant stirring for 1 h to

obtain a transparent pale-yellow color solution.
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The obtained solution was cooled to room temperature and used as a deposition
solution. The NS-hexaniobate-coated ITO substrates (Nb-1, Nb-2 and Nb-3) were
immersed vertically in the above deposition bath, and the whole bath was kept in the
water bath at a constant temperature of 85°C for 10 h. After 10 h, the direct growth of
BiVVO4 on NS-hexaniobate thin films was observed. Subsequently, the NS-hexaniobate-
BiVOs-coated ITO substrates were removed from the bath, washed with DDW and air-
dried. The schematic representation of the NS-hexaniobate-BiVOs thin film deposition
process is shown in Fig. 5.1. The as-deposited NS-hexaniobate-BiVO4 nanohybrid thin
films were annealed in a muffle furnace at 400°C for 2 h. The annealed NS-hexaniobate-
BiVO4 nanohybrid thin films deposited on Nb-1, Nb-2 and Nb-3 thin films are denoted
as C-BN1, C-BN2 and C-BN3, respectively.

5.4 Characterizations of NS-hexaniobate-BiVVO4 nanohybrids:

The NS-hexaniobate-BiVOs nanohybrid thin films were characterized by
different physicochemical characterization techniques, as explained in Chapter 3,
Section 3.4.

Note: The C-BN2 nanohybrid thin film shows improved photocatalytic dye degradation
performance. Therefore, all the optimized C-BN2 nanohybrid thin film characterizations
are compared with the pristine materials.

5.4.1 XRD analysis:

The crystallographic properties of the synthesized materials were probed by
using XRD analysis. The XRD patterns of NS-hexaniobate-BiVO4 nanohybrid thin film
(C-BN2) compared with the pristine NS-hexaniobate and BiVOs thin films are shown
in Fig. 5.2. As represented in Fig. 5.2(a), the potassium hexaniobate (K4NbsO17)
displays a highly intense series of (020), (040), (220), (002), (0 10 0), (063) and (400)
diffraction peaks matching with the highly crystalline well-ordered layered
orthorhombic structure (JCPDS: 76-0977) [5,6]. Its protonated product (HxK4-xNbeO17)
also shows an intense series of (020), (040), (002), (0 10 0) and (400) diffraction peaks.
Additionally, minor signature (hkl) peaks (140), (041), (220), (240) and (063) matching
with the in-plane host structure are discernible, demonstrating that the in-plane host
structure remains intact after the proton-exchange process [6-9]. The present XRD
features confirm the formation of a well-crystalline layered protonated hexaniobate with
orthorhombic structure. The XRD pattern of pristine NS-hexaniobate thin film (Fig.
5.2(b)) shows a high-intensity broad (020) diffraction peak corresponding to the well-
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ordered stacking of lamellar NS-hexaniobate with the orthorhombic structure. The
interplanar spacing of the (020) diffraction peak is 0.87 nm [6]. Additionally, the
diffraction peaks denoted by the asterisk ‘*’ match with the ITO substrate. Remarkably,
no other peak corresponding to the different phases of Nb2Os is present, indicating the
high thermal stability of NS-hexaniobate thin films. As described in Chapter 3, Section
3.4.1, the pristine CBD deposited BiVOs4 thin film shows typical Braggs reflections and
characteristic peak splitting (18.5°, 35° and 46°) corresponding to the monoclinic
scheelite BiVOys structure with space group (12/a) (JCPDS no.: 14-0688) [10].
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Fig. 5.2: (a) XRD patterns of (i) potassium hexaniobate, (ii) protonated hexaniobate and
(b) XRD patterns of (i) NS-hexaniobate, (ii) BiVOs, (iii) C-BN2 nanohybrid thin films
(asterisk, circles and squares denote the Bragg reflections of ITO, NS-hexaniobate and

monoclinic scheelite-type BiVOg, respectively).

On the contrary, the C-BN2 nanohybrid thin film exhibits diffraction peaks
corresponding to well-ordered lamellar NS-hexaniobate (denoted by circles) and
monoclinic scheelite-type BiVOs (denoted by squares). It shows a broad (020)
diffraction peak matching with the well-ordered stacking of lamellar NS-hexaniobate. It
also shows typical Braggs reflections and characteristic peak splitting (18.5°, 35° and
46°) matching with the monoclinic scheelite BiVOa. Present XRD results related to the
NS-hexaniobate and BiVOs clearly indicate the formation of NS-hexaniobate and
BiVO, in orthorhombic and monoclinic scheelite-type structures, respectively. This
confirms the growth of monoclinic scheelite BiVO4 over EPD-deposited lamellar NS-

hexaniobate thin films.
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5.4.2 FTIR analysis:

The chemical bonding nature and microscopic structural properties of NS-
hexaniobate-BiVO4 nanohybrid thin films compared to the pristine NS-hexaniobate and
BiVOs thin films were investigated with FTIR spectroscopy, as shown in Fig. 5.3. The
FTIR spectrum of pristine NS-hexaniobate thin film shows absorption peaks v1 (576 cm"
1y and v2 (901.25 cm™) corresponding to the stretching vibrations of the terminal Nb-O
and asymmetric stretching vibrations of the Nb-O bridge in central NbOs octahedron,
respectively [11-14]. The absorption peaks v3 (1626.25 cm™) and v4 (3449.66 cm™)
correspond to the bending vibrations of water molecules and stretching vibrations of
hydroxyl groups, respectively [15]. As described in Chapter 3, Section 3.4.2, the
pristine BiVOy4 thin film displays sharp absorption peaks v5 (413 cm™) and v6 (482 cm’
1y linked with the bending vibrations of Bi-O and the stretching vibrations of VO4*,
respectively [16,17]. The absorption peaks v7 (741 cm™) and v8 (829 cm™) are assigned
to the asymmetric and symmetric stretching vibrations of VO.*, respectively [18]. The
absorption peak v9 (3451.15 cm™) is associated with the stretching vibrations of

hydroxy!l groups [15].

vil
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Fig. 5.3: FTIR spectra of (i) NS-hexaniobate, (ii) BiVO4 and (iii) C-BN2 nanohybrid
thin films.

On the other hand, the NS-hexaniobate-BiVVO4 nanohybrid thin film shows
absorption peaks v10 (733.75 cm™), v11 (1626.25 cm™) and v12 (3444.55 cm™) related

to the NS-hexaniobate and BiVOs. The high-intensity broad absorption peak v10

1000

originated from the superposition of metal-oxygen peaks of stretching vibrations of the
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terminal Nb-O in central NbOs octahedron, asymmetric stretching vibrations of VO4*
and symmetric stretching vibrations of VO4* [11, 18-19]. The absorption peaks v11 and
v12 are ascribed to the bending vibrations of water molecules and stretching vibrations
of hydroxyl groups, respectively [15]. The present FTIR features are well-matched with
the chemical bonding characteristics of EPD-deposited NS-hexaniobate and CBD-
deposited BiVOs thin films. These spectral features demonstrate the successful growth
of monoclinic scheelite BiVO4 phase over EPD-deposited NS-hexaniobate thin films.

5.4.3 Raman analysis:

The chemical bonding of NS-hexaniobate-BiVO4 nanohybrid thin film as
compared to pristine BiVO4 and NS-hexaniobate thin films was further probed with
micro-Raman analysis. As shown in Fig. 5.4, the NS-hexaniobate thin film shows a
sharp Raman peak around P (92.33 cm™) assigned to the internal bending modes of O-
Nb-O groups [20]. The Raman peaks P, (219.55 cm™) and P3 (250.43 cm™) are ascribed
to the lattice vibration mode of highly distorted NbOs octahedra and Nb-O-Nb angular
deformation modes, respectively [12, 21]. The Raman peaks centered within the
frequency range of 500-700 cm™, P4 (616.71 cm™) and Ps (657.73 cm™) are attributed
to the stretching of longer Nb-O bonds [20]. The Raman peak at higher frequency Pe
(895.86 cm™) corresponds to the Nb-O terminal stretching mode of highly distorted
NbOs octahedra [21]. As described in Chapter 3, Section 3.4.3, the pristine BiVOs thin
film shows Raman peaks P7 (131 cm™) and Ps (212 cm™), which are ascribed to the
external modes (rotation or translation) of BiVO4 [22,23]. The Raman peaks Pg (325 cm’
1 and P10 (367 cm™) are assigned to the asymmetric (Bq symmetry) and symmetric (Ag
symmetry) bending modes of the VO4 tetrahedron, respectively [24]. The sharp and
highly intense Raman peaks centered around P1> (826 cm™) and the shoulder P11 (710
cm™) are attributed to the symmetric and asymmetric (V-O) stretching modes of BiVOsa,
respectively [22-24].

On the other hand, the NS-hexaniobate-BiVVO4 nanohybrid thin film displays
Raman peaks attributed to the NS-hexaniobate and BiVVO4. The sharp and intense Raman
peak around P13 (92.33 cm™) is assigned to the internal bending modes of O-Nb-O
groups [20]. The Raman peaks P14 (131 cm™) and P15 (212 cm™) are ascribed to the
external modes (rotation or translation) of BiVO4 [22,23]. The Raman peaks P1s (325
cm™) and P17 (367 cm™) are assigned to the asymmetric (Bg symmetry) and symmetric
(Ag symmetry) bending modes of the VO tetrahedron, respectively [24]. The Raman
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peaks P1s (710 cm™) and P19 (826 cm™) are attributed to the asymmetric and symmetric
(V-0O) stretching modes of BiVOs, respectively [22-24]. These characteristic Raman
features are associated with the lattice vibrational modes of EPD-deposited NS-
hexaniobate and CBD-deposited BiVOs thin films. The present spectral features provide
strong evidence of the successful growth of monoclinic scheelite BiVO4 over EPD-

deposited NS-hexaniobate thin films.
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Fig. 5.4: Micro-Raman spectra of (i) NS-hexaniobate, (ii) BiVOa4 and (iii) C-BN2-

nanohybrid thin films.
5.4.4 XPS analysis:

The effect of the hybridization of NS-hexaniobate and BiVVO4 on the chemical
bonding characteristics of present NS-hexaniobate-BiVO4 nanohybrid thin films was
inspected with XPS analysis. The survey XPS spectrum of C-BN2 nanohybrid thin film
(Fig. 5.5) shows the spectral features at BE of the Nb, Bi, V and O elements, indicating
the presence of stated elements in C-BN2 nanohybrid thin film. As plotted in Fig. 5.6(a),
the core level Nb 3d XPS spectra of pristine NS-hexaniobate and NS-hexaniobate-
BiVVO4 nanohybrid thin films display two sharp peaks P (207.1 eV) and Q (209.7 eV)
corresponds to the spin-orbit splitting of Nb 3ds;2 and Nb 3ds2, respectively [12]. The
position of peaks (P and Q) and their BE difference of 2.6 eV indicate that Nb in its
pentavalent state is present in the above samples [25]. Fig. 5.6(b) shows the Bi 4f core-
level XPS spectra of the pristine BiVO4 and NS-hexaniobate-BiVO4 nanohybrid thin
films. The spectra display peaks A (164 eV) and B (157.5 eV) corresponding to Bi 4fs»

and Bi 4fy, states, respectively, which confirms the presence of Bi* ions in pristine
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BiVO4 and NS-hexaniobate-BiVO4 nanohybrid thin films [26]. As shown in Fig 5.6(c),
the V 2p core-level XPS spectra of BiVO4 and NS-hexaniobate-BiVVO4 nanohybrid thin
films show spectral features C (523.1 eV) and D (515.5 eV) corresponding to the spin-
orbit coupling of V 2py12 and V 2pas2, respectively with BE difference of 7.28 eV, which
confirms the presence of pentavalent state of V in pristine BiVO4 and NS-hexaniobate-
BiVO4 nanohybrid thin films [27]. The O 1s core-level XPS spectra of pristine NS-
hexaniobate, BiVO4 and NS-hexaniobate-BiVO4 nanohybrid thin films (Fig. 5.6(d))
exhibit an intense peak R (529.5 eV), which is attributed to presence of oxygen in core
levels of pristine NS-hexaniobate, BiVO4 and NS-hexaniobate-BiVO4 nanohybrid thin
films [26]. For NS-hexaniobate thin film, peak R is ascribed to Nb-O bonding. For the
BiVOa thin film, peak R corresponds to Bi-O and V-O bonding. On the other hand, for
NS-hexaniobate-BiVOs thin film, peak R is attributed to the Nb-O, Bi-O and V-O
bonding. The observed XPS features underscore strong evidence of the presence of Bi®*,
V°* and Nb°* states of Bi, V and Nb in NS-hexaniobate-BiVO, nanohybrid thin film,
respectively. This indicates the effective hybridization of NS-hexaniobate and BiVOs in
NS-hexaniobate-BiVO4 nanohybrid thin film.

Intensity (a. u.)

1200 1000 800 600 400 200 O
Binding Energy (eV)

Fig. 5.5: Survey XPS spectra of (i) NS-hexaniobate, (ii) BiVO4 and (iii) C-BN2
nanohybrid thin films.
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Fig. 5.6: (@) Nb 3d, (b) Bi 4f, (c) V 2p, (d) O 1s core-level XPS spectra of (i) NS-
hexaniobate, (ii) BiVO4 and (iii) C-BN2 nanohybrid thin films.
5.4.5 FESEM analysis:

The surface morphology, shape and size of present NS-hexaniobate-BiVOs
nanohybrid thin film, as compared to pristine NS-hexaniobate and BiVOs thin films,
were studied with FESEM analysis, as shown in Fig. 5.7. The EPD-deposited NS-
hexaniobate thin film (Fig. 5.7(a)) displays the hexaniobate nanoscrolls laying parallel
to the surface of ITO substrate. The lateral dimensions of the nanoscrolls are between
600 to 700 nm. The nanoscrolls are randomly aggregated on the surface of the ITO
substrate to form a porous structure of NS-hexaniobate thin film. The CBD-deposited
BiVOs thin film (Fig. 5.7(b)) shows interconnected nanoparticle morphology with an
average particle size within the range of 75-95 nm [5].

Conversely, the NS-hexaniobate-BiVO4 nanohybrid thin film (Fig. 5.7(c-d))
exhibits highly porous nanoclusters composed of randomly aggregated NSs, creating the
slit-shaped porous. The edge-to-face interaction of deposited NSs forms the highly

porous aggregated NSs network, creating the house-of-cards type morphology. A close
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examination of the present FESEM discloses that the average lateral size of NS-
hexaniobate-BiVO4 nanohybrid ranges between 650-750 nm. Such a high surface area
porous structure improves the photocatalytic activity of photocatalysts by providing
more active sites, enhancing light absorption, and enabling improved diffusion of charge
carriers to catalytic sites by minimizing charge recombination rate via spatial electron-
hole separation, leading to the superior photocatalytic reactions. This type of porous
morphology is usually reported for 2D NSs-based nanohybrids, which is crucial for

solar-driven photo-functional applications [28-31].

Fig. 5.7: FESEM micrographs of (a) NS-hexaniobate, (b) BiVO4 and (c-d) C-BN2
nanohybrid thin films.
5.4.6 EDS analysis:

The chemical composition and the distribution of constituent elements of NS-
hexaniobate-BiVVO4 nanohybrid thin film were probed with EDS and elemental mapping
analysis, as shown in Fig. 5.8 and Fig. 5.9. The NS-hexaniobate-BiVO4 nanohybrid thin
film shows the uniform distribution of niobium (Nb), bismuth (Bi), vanadium (V) and
oxygen (O) elements at the nanometer scale with Bi/V ratio of ~1, confirming the
uniform growth of BiVVO4 on the surface of NS-hexaniobate thin film without any special
phase separation. Due to the large thickness of CBD deposited BiVO4 thin film, the Nb
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composition appears lower in the C-BN2 nanohyhbrid thin film. However, the upper layer

Fig. 5.8: (a) FESEM image and (b-f) EDS elemental maps of C-BN2 nanohybrid thin

film.
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Fig. 5.9: EDS spectrum of C-BN2 nanohybrid thin film.
5.4.7 UV-vis DRS analysis:

The electronic structure and optical properties of NS-hexaniobate-BiVO4
nanohybrid thin film compared to pristine NS-hexaniobate and BiVOs thin films were
examined using UV-vis DRS analysis. As represented in Chapter 3, Section 3.4.7, the
pristine BiVO4 thin film shows strong visible light absorption with band gap energy of
2.33 eV, which can be ascribed to the transition of electrons from hybrid Bi 6s-O 2p
orbital to V 3d orbital of BiVVO4 [32]. In contrast, the pristine NS-hexaniobate thin film
(Fig. 5.10) displays prominent absorption in the UV region of the solar spectrum with a
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band gap energy of 3.2 eV. On the other hand, the NS-hexaniobate-BiVVO4 nanohybrid
thin film shows a quite similar type of optical behavior as that of pristine BiVO4 thin
film. Compared with the pristine BiVOs, the NS-hexaniobate-BiVO4 nanohybrid thin
film causes a more prominent absorption of visible light with a band gap energy of 2.29
eV, highlighting its superior optical characteristics. This observation demonstrates that
the NS-hexaniobate-BiVVO4 nanohybrid thin films can be highly effective photocatalysts
for visible-light-driven photocatalytic dye degradation. The improved visible light
harvesting nature of present nanohybrid thin films can be attributed to the effective

electronic coupling between NS-hexaniobate and BiVVO4 [28-30].
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Fig. 5.10: (a) UV-vis absorbance spectra and (b) UV-vis DRS of (i) NS-hexaniobate,

(i) BiVOg, (iii) C-BN2 nanohybrid thin films.

5.5 Dye degradation Performance of NS-hexaniobate-BiVO4 nanohybrids:

The photocatalytic dye degradation activity of pristine NS-hexaniobate and NS-
hexaniobate-BiVO4 nanohybrid thin films was studied, as explained in Chapter 3,
Section 3.5.

5.5.1 Percentage degradation study for MB and Rh-B:

The photoactivity of NS-hexaniobate-BiVO4 nanohybrid thin films is examined
with photocatalytic degradation of MB and Rh-B dyes under visible light illumination.
To analyze the effect of hybridization on photocatalytic activity, the photocatalytic dye
degradation performance of pristine NS-hexaniobate thin films is also measured. The
photodegradation performance of pristine BiVOs thin film is explained in Chapter 3,

Section 3.5.1. The UV-vis absorption spectra of pristine NS-hexaniobate and NS-
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hexaniobate-BiVO4 nanohybrid thin films for MB and Rh-B degradation are shown in
Fig. 5.11 and Fig. 5.12.
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Fig. 5.11: UV-vis absorption spectra of the MB solution in the presence of (a) NS-
hexaniobate, (b) C-BN1, (c) C-BN2 and (d) C-BN3 nanohybrid thin film photocatalysts.

The pristine NS-hexaniobate and NS-hexaniobate-BiVO4 nanohybrid thin films
display decrease in absorption at the characteristic wavelengths of 664 and 553 nm with
respect to irradiation time, highlighting the effective degradation of MB and RhB,
respectively. The photocatalytic degradation performance of pristine NS-hexaniobate
and NS-hexaniobate-BiVOs nanohybrid thin films were calculated and graphically
shown in Fig. 5.13 [33]. The pristine NS-hexaniobate thin film shows minor
photocatalytic degradation performance of 7.2% and 12.2% for MB and Rh-B,
respectively, in visible light because of its wide band gap energy. On the contrary, the
pristine BiVOa thin film exhibited superior photocatalytic degradation of MB and Rh-B
dyes compared to NS-hexaniobate thin film. The photocatalytic activity of pristine

BiVOs is further enhanced after hybridization with NS-hexaniobate. The optimized C-
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BN2 nanohybrid thin film shows excellent photocatalytic degradation activity for both
dyes (MB and Rh-B) with photodegradation rates of 87.3 and 92.8%, respectively,
which are more significant than that of pristine BiVO4 (54 and 70%). Although the
pristine BiVOs is a highly active photocatalyst for visible light-induced photocatalytic
degradation of MB and Rh-B dyes, the present NS-hexaniobate-BiVVO4 nanohybrid thin
films with exceptional photoactivity can be considered highly effective visible-light-
induced photocatalysts for photodegradation of MB and Rh-B dyes.
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Fig. 5.12: UV-vis absorption spectra of the Rh-B solution in the presence of (a) NS-
hexaniobate, (b) C-BN1, (c) C-BN2 and (d) C-BN3 nanohybrid thin film photocatalysts.

The enhanced photocatalytic degradation performance of BiVOs after
hybridization with highly stable NS-hexaniobate can be linked with the intimate
electronic coupling between NS-hexaniobate and BiVOs, which facilitates enhanced
electron density on NS-hexaniobate-BiVO4 nanohybrid advantageous for effective
photocatalytic reactions. The expanded surface area obtained after hybridization by

forming a highly porous house-of-cards type morphology can promote efficient
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electron-hole transport and plenty of reaction sites, which boost photocatalytic activity.
Conclusionally, the superior photocatalytic activity of present nanohybrid thin films can
be attributed to the effective electronic coupling with easy charge transport, high
photostability, strong visible light harvesting ability, expanded surface area and highly
porous house-of-cards type structure useful for visible-light-driven photocatalytic dye
degradation.
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Fig. 5.13: (a) MB and (b) Rh-B degradation performance of (i) NS-hexaniobate, (ii)
BiVOs, (iii) C-BN1, (iv) C-BN2, (v) C-BN3 nanohybrid thin film photocatalysts.

5.5.2 Rate kinetics study for MB and Rh-B:

The photoactivity of NS-hexaniobate-BiVOs nanohybrids for MB and Rh-B
degradation was further described by their kinetics using a pseudo-first-order rate kinetic
model [34]. The pseudo-first-order reaction kinetics for MB and Rh-B dyes are
graphically shown in Fig. 5.14. The k and R? values of all tested thin-film photocatalysts
for MB and Rh-B degradation are enlisted in Table 5.1. Compared with other
photocatalysts, C-BN2 nanohybrid thin film shows improved k values, signifying the
maximum photocatalytic activity. The highest k values obtained for the C-BN2
nanohybrid thin film for MB and Rh-B degradation are 0.0115 and 0.0146 min?,
respectively. The high k value obtained for C-BN2 nanohybrid thin film can be ascribed
to the effective electronic coupling between hybridized species with easy charge
transport, high photostability, strong visible light harvesting ability, and expanded

surface area obtained by highly porous house-of-cards type structure.
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Fig. 5.14: Pseudo-first-order kinetics of (a) MB and (b) Rh-B for (i) NS-hexaniobate,
(i) BiVOy, (iii) C-BN1, (iv) C-BN2, (v) C-BN3 nanohybrid thin film photocatalysts.
Table 5.1: k and R? values of all tested photocatalysts.

MB Rh-B
Sample i :
k (mint) R? k (mint) R?

NS-hexaniobate 0.0004 0.9996 0.0007 0.9993

BiVOs 0.0043 0.9957 0.0067 0.9933

C-BN1 0.0095 0.9905 0.0116 0.9884

C-BN2 0.0115 0.9885 0.0146 0.9854

C-BN3 0.0081 0.9919 0.0105 0.9895

5.5.3 Recyclability study for MB and Rh-B:

The photostability of C-BN2 nanohybrid thin film for photocatalytic degradation
of MB and Rh-B dyes is estimated for five consecutive degradation cycles, as displayed
in Fig. 5.15. The C-BN2 nanohybrid thin film is separated from the dye (MB/Rh-B)
solution, washed with DDW, dried at room temperature, and used for subsequent cycles.
The present C-BN2 nanohybrid thin film shows superior recycling performance for MB
and Rh-B photodegradation with degradation rates of 66.8 and 71.5% within 180 and
210 min of visible light exposure, respectively. The C-BN2 nanohybrid thin film retains
its photocatalytic activity with a negligible decrease for five repetitive degradation
cycles, suggesting its superior photostability. The negligible decrement in degradation

performance after five consecutive cycles is attributed to the adsorption of dye
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molecules on the surface of the C-BN2 nanohybrid thin film and the detachment of

loosely bound photocatalyst particles from the film surface.
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Fig. 5.15: Recyclability of C-BN2 nanohybrid thin film for (a) MB and (b) Rh-B dyes.
5.6 Photocatalytic Dye Degradation Mechanism:

The electron transfer between NS-hexaniobate and BiVOs in the NS-
hexaniobate-BiVO4 nanohybrid thin films is investigated with electronic band structure
[28, 35-36]. The photocatalytic dye degradation mechanism (schematically represented
in Fig. 5.16) is mainly based on the photoinduced charge separation and transport to the
semiconductor surface upon exposure to visible light irradiation [37]. When photons
having energy equal to or greater than the band gap of BiVOs are incident on the NS-
hexaniobate-BiVO4 nanohybrids, then electrons from the VB of BiVVO4 are excited to
the CB and electron-hole pairs are generated. It is observed that the NS-hexaniobate
shows a higher position of CB (-0.44 eV vs NHE) and VB (2.76 eV vs NHE) as
compared to CB and VB of BiVOs. The photogenerated electrons from the CB of BiVO4
can transferred into the VB of NS-hexaniobate, resulting in the effective electron-hole
pair separation with depressed electron-hole recombination. The holes at the VB of
BiVOs generate OH* radicals when reacting with H.O molecules. Generated OH*
radicals are strong oxidizing agents that can degrade adsorbed dye (MB and Rh-B)
molecules. On the other hand, *O> radicals are produced from the reaction of O, with
photogenerated electrons from CB of BiVO4. Again, HOO* radicals are generated from
the protonation of *O radicals. Finally, H2O. generated from HOO* radicals

dissociates into OH* radicals, which can degrade the target dye molecules [38].
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Fig. 5.16: Schematic representation of photodegradation mechanism of (a) MB and (b)

Rh-B dyes over NS-hexaniobate-BiVVO4 nanohybrids.

5.7 Conclusions:

In the present chapter, NS-hexaniobate thin films are deposited on ITO substrates
using the EPD method. The EPD-deposited NS-hexaniobate thin film shows well-
crystalline growth of lamellar NS-hexaniobate with orthorhombic structure. The NS-
hexaniobate thin film shows nanoscroll morphology, forming a porous structure of NS-
hexaniobate thin film. Although the NS-hexaniobate thin film displays prominent
absorption in the UV region due to its wide-bandgap energy, it is the best choice for
coupling with narrow-bandgap BiVOa. Further, the NS-hexaniobate-BiVO4 nanohybrid
thin films are synthesized by depositing BiVOs layers over EPD-deposited NS-
hexaniobate thin films by CBD method. The well-crystalline uniform deposition of
monoclinic scheelite BiVOs on NS-hexaniobate thin films is evidenced by XRD
analysis. In addition, the NS-hexaniobate-BiVVO4 nanohybrid thin films show effective

electronic coupling between NS-hexaniobate and BiVOs with easy charge transport,
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strong visible light harvesting ability, high photostability and a highly porous randomly
aggregated NSs network creating the house-of-cards type morphology beneficial for
visible-light-induced photocatalytic dye degradation. The best optimized NS-
hexaniobate-BiVO4 nanohybrid thin film shows superior photocatalytic activity for
visible-light-driven photodegradation of MB and Rh-B dyes with photodegradation rates
of 87.3 and 92.8%, respectively, higher than that of pristine BiVOs4. The improved
photocatalytic degradation performance of hybrid photocatalysts is attributed to the
effective electronic coupling with easy charge transport, high photostability, strong
visible light harvesting ability, expanded surface area and highly porous house-of-cards
type structure beneficial for effective photocatalytic reactions. The present results
highlight the expediency of hybridization in enhancing the photocatalytic activity of
pristine BiVO4 by minimizing its charge recombination rate and improving chemical

stability.
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6.1 Introduction:

With reference to the nanohybridization advantages described in Chapter 1,
Section 1.3, Chapter 2, Section 2.4 and Chapter 3, Section 3.1 to enhance the
photocatalytic degradation performance of BiVOg thin film photocatalyst, hybridization
of NS-hexaniobate with BiVOs is explored in Chapter 5. Remarkably, the NS-
hexaniobate evokes high research interest as macromolecules for the hybrid
photocatalysts due to their highly anisotropic 2D morphology, ultrathin thickness, high
surface area, electrostatic surface charged, high mechanical flexibility, suitable band
positions for water splitting and high chemical stability. As compared to other deposition
methods, the SILAR method has attracted intense research attention to deposit hybrid
thin films due to its certain advantages, such as extremely low-cost fabrication, facile
control of preparative parameters, large area deposition, better orientation of crystallites
with pinhole-free and uniform deposition on a variety of substrates. Importantly, the
SILAR method avoids unnecessary homogeneous precipitation that occurs in CBD and
the wastage of chemicals. The development of NS-hexaniobate-BiVO4 nanohybrid thin
films can lead to high surface area porous morphology, high photo-conductivity,
improved visible light harvesting ability and intimate electronic coupling between
hybridized species useful for visible-light-induced photocatalytic dye degradation.

In the present chapter, the highly porous visible light active NS-hexaniobate-
BiVO4 nanohybrid thin films are synthesized by the deposition of BiVVO4 layers over
EPD-deposited NS-hexaniobate thin films using the SILAR method. The visible-light-
driven photocatalytic activity of NS-hexaniobate-BiVO4 nanohybrid thin films is
investigated for the photodegradation of MB and Rh-B dyes in addition to their
physicochemical characterizations.

6.2 Synthesis and characterizations of NS-hexaniobate-BiVO4 nanohybrids:

6.3 Experimental details:
6.3.1 Chemicals:

Nb20s, K>COs, Bi(NO3)3.5H20, NaVOs, HCI, CH3COOH, TBAOH and
C2HsOH were purchased from Sigma-Aldrich and used as received.
6.3.2 Synthesis of NS-hexaniobate-BiVOa:

The NS-hexaniobate-BiVOs nanohybrid thin films were deposited by a
combination of EPD and SILAR methods. Initially, thin films of pristine NS-
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hexaniobate were obtained from the dialyzed colloidal suspension of NS-hexaniobate
by the EPD method described in Chapter 5, Section 5.3.
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Fig. 6.1: Schematic representation of (a) EPD of NS-hexaniobate thin films and (b)
SILAR method for depositing NS-hexaniobate-BiVO4 nanohybrid thin films.

BiVOs layers were deposited over the EPD-deposited NS-hexaniobate thin films
by the SILAR method as described in Chapter 4, Section 4.3. Deposition of NS-
hexaniobate-BiVOs nanohybrid thin films by SILAR method was carried out by
immersion of NS-hexaniobate coated (Nb-1, Nb-2 and Nb-3) ITO substrates into
separately placed cationic (Bi) and anionic (V) precursors (two-beaker process). A
cationic (Bi) precursor for the deposition of BiVOs was prepared from an aqueous
solution of 25 mM Bi(NOz3)3-5H20 dissolved in 1 M acetic acid (Vacetic acid: Voow = 1:19,
pH 1.5). An anionic (V) precursor was prepared from the aqueous solution of 25 mM
NaVOs (pH 6.8). One deposition cycle of SILAR was completed by successive
immersion of NS-hexaniobate-coated ITO substrates into a cationic (Bi) bath for 20 s
and then immersing into an anionic (V) bath for the next 20 s. The deposition process
was completed by repeating such 15-deposition cycles. After the deposition, NS-

hexaniobate-BiVVO4 nanohybrid thin films were washed with DDW and air dried. The
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schematic representation of the NS-hexaniobate-BiVVO4 nanohybrid thin film deposition
process is displayed in Fig. 6.1. Subsequently, the as-prepared NS-hexaniobate-BiVO4
nanohybrid thin films were annealed at 400°C for 2 h. The anncaled NS-hexaniobate-
BiVO4 nanohybrid thin films deposited on Nb-1, Nb-2 and Nb-3 are represented as S-
BN1, S-BN2 and S-BN3, respectively.
6.4 Characterizations of NS-hexaniobate-BiVO4 nanohybrids:

The NS-hexaniobate-BiVOs nanohybrid thin films were characterized by

numerous characterization techniques, as explained in Chapter 3, Section 3.4.

Note: The S-BN2 nanohybrid thin film shows improved photocatalytic dye degradation
performance. Therefore, all the optimized S-BN2 nanohybrid thin film characterizations
are compared with the pristine materials.

6.4.1 XRD analysis:

The development of the crystal structure of pristine BiVOa after hybridization
with NS-hexaniobate was probed with the XRD technique. The XRD patterns of the S-
BN2 nanohybrid thin film in comparison with the pristine NS-hexaniobate and BiVO4
thin films are displayed in Fig. 6.2. As described in Chapter 5, Section 5.4.1, the
pristine NS-hexaniobate thin film display a high-intensity broad (020) diffraction peak
corresponding to the well-ordered stacking of lamellar NS-hexaniobate with the
orthorhombic structure. As described in Chapter 4, Section 4.4.1, the SILAR deposited
pristine BiVOs thin film shows typical Braggs reflections with apparent peak splitting
at 18.5°, 35° and 46° corresponding to the monoclinic scheelite BiVVOs structure (space
group: 12/a) (JCPDS no.: 14-0688) [1]. On the other hand, the XRD pattern of S-BN2
nanohybrid thin film shows diffraction peaks matching with both well-ordered lamellar
NS-hexaniobate (represented by circles) and monoclinic scheelite-type BiVOs
(represented by squares). It shows a broad (020) diffraction peak at 10° matching with
the well-ordered lamellar orthorhombic NS-hexaniobate having an interplanar spacing
of 0.87 nm [2-5]. In addition, it displays typical Braggs reflections with apparent peak
splitting at 18.5°, 35° and 46° corresponding to the monoclinic scheelite BiVOa. Present
XRD features related to NS-hexaniobate and BiVVO4 highlight the formation of NS-
hexaniobate and BiVOs in orthorhombic and monoclinic scheelite phases, respectively.
This confirms uniform and well-crystalline growth of SILAR-deposited BiVOs over
EPD-deposited NS-hexaniobate thin films.
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Fig. 6.2: XRD patterns of (i) NS-hexaniobate, (ii) BiVOs and (iii) S-BN2 nanohybrid
thin films (asterisk, circles and squares represent the Bragg reflections of ITO, NS-

hexaniobate and monoclinic scheelite-type BiVOas, respectively).
6.4.2 FTIR analysis:

The chemical bonding features of NS-hexaniobate-BiVVO4 nanohybrid thin film
in comparison with pristine NS-hexaniobate and BiVOa thin films were scrutinized with
FTIR spectra, as represented in Fig. 6.3. As described in Chapter 5, Section 5.4.2, the
pristine NS-hexaniobate thin film displays characteristic IR features (v1 to v4) related to
NS-hexaniobate. As described in Chapter 4, Section 4.4.2, the SILAR deposited BiVO4
thin film exhibits characteristic IR features (v5 to v9) corresponding to chemical bonding
in BiVOs. On the other hand, the NS-hexaniobate-BiVO4 nanohybrid thin film displays
absorption peaks v10 (733.75 cm™), v11 (1626.25 cm™) and v12 (3451.55 cm™) linked
with the chemical bonding in NS-hexaniobate and BiVO4 [6-13]. The absorption peak
centered at v10 originated from the superposition of three peaks, v1 (576 cm™), v7 (741
cm™) and v8 (829 cmY), associated with the stretching vibrations of the terminal Nb-O
in central NbOs octahedron, asymmetric stretching vibrations of VO4* and symmetric
stretching vibrations of VO4*, respectively [8, 10-13]. The absorption peaks v11 and
v12 are linked with the bending vibrations of water molecules and stretching vibrations
of hydroxyl groups, respectively [9]. Obtained IR features closely match with the
chemical bonding characteristics of SILAR-deposited BiVO4 and EPD-deposited NS-
hexaniobate thin films. These spectral features demonstrate the successful growth of
BiVO4 on the surface of EPD-deposited NS-hexaniobate thin films.
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Fig. 6.3: FTIR spectra of (i) NS-hexaniobate, (ii) BiVO4 and (iii) S-BN2 nanohybrid
thin films.
6.4.3 Raman analysis:

The chemical bonding nature of NS-hexaniobate-BiVO4 nanohybrid thin film as
compared to pristine NS-hexaniobate and BiVOs thin films was further investigated with
micro-Raman spectra displayed in Fig. 6.4. As described in Chapter 5, Section 5.4.3;
the pristine NS-hexaniobate thin film shows characteristic Raman features (P1 to Pg)
related to lattice vibrational modes of NS-hexaniobate. As described in Chapter 4,
Section 4.4.3, the micro-Raman spectrum of pristine BiVOs thin film displays
characteristic Raman features (P7 to P12) corresponding to lattice vibrational modes of
BiVO4. On the other hand, the NS-hexaniobate-BiVVO4 nanohybrid thin film shows the
Raman peaks related to the NS-hexaniobate and BiVO4 [14-18]. The sharp Raman peak
centered around P13 (92.33 cm™) corresponds to the internal bending modes of O-Nb-O
groups [17,18]. The Raman peaks P14 (131 cm™) and P15 (212 cm'®) are attributed to the
external modes (rotation or translation) of BiVO4 [14,15]. The Raman peak centered at
P16 (367 cm™) is linked with the symmetric (Aq symmetry) bending modes of the VO4
tetrahedron [18]. The Raman peaks P17 (710 cm™) and P1s (826 cm™) correspond to the
asymmetric and symmetric (V-O) stretching modes of BiVOa, respectively [14-16].
These characteristic Raman features match with the lattice vibrational modes of EPD-
deposited NS-hexaniobate and SILAR-deposited BiVOs4. This clearly highlights the
effective growth of SILAR-deposited BiVO4 over EPD-deposited NS-hexaniobate thin

films.
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Fig. 6.4: Micro-Raman spectra of (i) NS-hexaniobate, (ii) BiVOs and (iii) S-BN2
nanohybrid thin films.

6.4.4 XPS analysis:
The effect of hybridization on the chemical states of NS-hexaniobate and BiVO4

in the present NS-hexaniobate-BiVVO4 nanohybrid thin film was probed with the XPS
technique. The survey XPS spectrum of NS-hexaniobate-BiVVO4 nanohybrid thin film
(Fig. 6.5) displays the spectral features at BEs corresponding to the Nb, Bi, V and O

elements representing the existence of the above elements in S-BN2 nanohybrid thin

film.
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Fig. 6.5: Survey XPS spectra of (i) NS-hexaniobate, (ii) BiVOs and (iii) S-BN2

nanohybrid thin films.
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The core level Nb 3d XPS spectra of pristine NS-hexaniobate and NS-
hexaniobate-BiVO4 nanohybrid thin films (Fig. 6.6(a)) exhibit two sharp peaks A (207.1
eV) and B (209.7 eV) matching with the spin-orbit coupling of Nb 3ds and Nb 3dsy,
respectively [7]. The position of peaks and their BE difference of 2.6 eV confirm the
presence of Nb in its +5 oxidation state in the above samples [19]. As displayed in Fig.
6.6(b), the Bi 4f core-level XPS spectra of the pristine BiVO4 and NS-hexaniobate-
BiVO4 nanohybrid thin films show spectral features C (164 eV) and D (157.5 eV)
corresponding to the spin-orbit splitting of Bi 4fs;2 and Bi 4f7/, respectively confirming
the presence of bismuth in its trivalent state [20]. The V 2p core-level XPS spectra of
pristine BiVO4 and NS-hexaniobate-BiVO4 nanohybrid thin films (Fig. 6.6(c)) show
two peaks P (515.4 eV) and Q (522.1 eV) linked with the spin-orbit coupling of
vanadium into V 2ps» and V 2py» states, respectively. These spectral features are
ascribed to the presence of pentavalent vanadium in present samples [21]. As shown in
Fig. 6.6(d), the high-resolution O 1s XPS spectra of pristine NS-hexaniobate, BiVO4
and NS-hexaniobate-BiVO4 nanohybrid thin films commonly display the intense peak
R (530.1 eV) corresponds to the presence of oxygen in core levels of NS-hexaniobate,
BiVOs and NS-hexaniobate-BiVO4 nanohybrid, respectively [20]. In case of NS-
hexaniobate thin film, peak R represents Nb-O bonding. For BiVO;s thin film, peak R
represents Bi-O and V-O bonding. In case of NS-hexaniobate-BiVOs thin film, peak R
arises due to the Nb-O, Bi-O and V-O bonding. The observed XPS features provide
strong evidence of the presence of Nb%*, Bi** and V°" states of Nb, Bi and V in NS-
hexaniobate-BiVO4 nanohybrid thin film, respectively. These spectral features highlight
intimate electronic coupling between NS-hexaniobate and BiVVO4 in NS-hexaniobate-
BiVO4 nanohybrid thin film.
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Fig. 6.6: (@) Nb 3d, (b) Bi 4f, (c) V 2p, (d) O 1s core-level XPS spectra of (i) NS-
hexaniobate, (ii) BiVO4 and (iii) S-BN2 nanohybrid thin films.
6.4.5 FESEM analysis:

The surface morphology of NS-hexaniobate-BiVOs nanohybrid thin film as

compared to the pristine NS-hexaniobate and BiVOg thin films was probed with FESEM
analysis as shown in Fig. 6.7. As explained in Chapter 5, Section 5.4.5, the EPD-
deposited pristine NS-hexaniobate thin film (Fig. 6.7(a)) shows hexaniobate nanoscrolls
laying parallel to the top of ITO substrate. As explained in Chapter 4, Section 4.4.5,
the SILAR-deposited BiVOs thin film (Fig. 6.7(b)) displays the nanostructured
(interconnected nanoparticles) morphology with particle size in the range of 150-200
nm. On the contrary, the NS-hexaniobate-BiVVO4 nanohybrid thin film (Fig. 6.7(c-d))
displays the formation of a highly porous 3D network-type structure composed of BiVO4
nanoparticles deposited on the surface of hexaniobate nanoscrolls. The FESEM image
of the S-BN2 nanohybrid thin film shows a 3D network-type structure of BiVOa
nanoparticles. Due to the large thickness of BiVOs thin film, only BiVOs morphology
can be seen in FESEM images. From the close inspection of the present FESEM, it is
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observed that the average lateral size of NS-hexaniobate-BiVVO4 nanohybrid is in the
range of 75-95 nm. Remarkably, the 3D network-type structure of BiVO4 nanoparticles
forms mesopores of 100 to 150 nm within the voids of the 3D network-type structure.
Such a porous structure provides expanded surface area, which allows more active sites
for effective photocatalytic reactions. The internal surfaces of the pores can capture light
more effectively, which enhances the photocatalytic activity of the material. The porous
structure enables effective electron-hole transport, leading to better diffusion of charge
carriers from the photocatalytic sites and improving overall reaction efficiency. The
porous structure may have lower electron-hole recombination due to the increased
pathways of charge carriers to reach the surface without recombining. This type of
highly porous structure is generally seen for 2D NSs-based nanohybrids and is favorable

for solar-assisted photocatalytic applications [22-24].
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Fig. 6.7: FESEM micrographs of (a) NS-hexaniobate, (b) BiVO4 and (c-d) S-BN2
nanohybrid thin films.
6.4.6 EDS analysis:

The hybridization between NS-hexaniobate and BiVOs in NS-hexaniobate-
BiVO, thin film was further confirmed by EDS and elemental mapping analysis as
represented in Fig. 6.8 and Fig. 6.9. The NS-hexaniobate-BiVO4 thin film shows the
uniform distribution of constituent elements (Nb, Bi, V, O) in the nanometer scale
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mapping region with a Bi/V ratio of ~1. It indicates the uniform growth of BiVVO4 on the
surface of NS-hexaniobate thin film without any special phase separation. Very low Nb
composition is seen in the EDS spectrum due to the larger thickness of the upper BiVO4

layer.

Fig. 6.8: (a) FESEM image and (b-f) EDS elemental maps of S-BN2 nanohybrid thin

film.
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Fig. 6.9: EDS spectrum of S-BN2 nanohybrid thin film.
6.4.7 UV-vis DRS analysis:

The optical behavior of NS-hexaniobate-BiVOs4 nanohybrid thin film as
compared to pristine NS-hexaniobate and BiVVO4 thin films was investigated with UV-
vis absorbance and UV-vis DRS spectra represented in Fig. 6.10. As described in
Chapter 5, Section 5.4.7; the pristine NS-hexaniobate thin film displays prominent
absorption in the UV region of the solar spectrum with band gap energy of 3.2 eV. As
represented in Chapter 4, Section 4.4.7, the pristine BiVOs thin film (band gap energy

= 2.45 eV) is highly active in the visible spectrum. The transition of electrons from
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hybrid Bi 6s-O 2p orbital to V 3d orbital of BiVVOg is responsible for this visible region
absorption [25]. Interestingly, the absorption profile of NS-hexaniobate-BiVO4 displays
significant absorption in the visible region upon hybridization. The NS-hexaniobate-
BiVO4 nanohybrid thin film shows significant absorption in the visible region with a
band gap energy of 2.23 eV, clearly highlighting its visible light harvesting ability. The
present results underscore the effective electronic coupling between NS-hexaniobate and
BiVOa. In addition, the charge transport characteristics of pristine BiVO4 are modified
due to the lower recombination rate of electron-hole pairs in a hybrid system. The
present NS-hexaniobate-BiVO4 nanohybrid thin films with strong visible light
absorption ability are highly active for visible-light-driven photocatalytic applications
[22-24].
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Fig. 6.10: (a) UV-vis absorbance spectra and (b) UV-vis DRS of (i) NS-hexaniobate,

(i) BiVOg, (iii) S-BN2 nanohybrid thin films.

6.5 Dye degradation Performance of NS-hexaniobate-BiVO4 nanohybrids:

The photocatalytic dye degradation activity of NS-hexaniobate-BiVO4
nanohybrid thin films deposited by the SILAR method was studied with protocol
explained in Chapter 3, Section 3.5.

6.5.1 Percentage degradation study for MB and Rh-B:

The photocatalytic activity of the NS-hexaniobate-BiVVO4 nanohybrid thin films
is evaluated by monitoring the time-dependent photocatalytic degradation of MB and
Rh-B as target dyes in the presence of visible light irradiations. To study the effect of

hybridization on photocatalytic activity, the photocatalytic dye degradation performance
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of pristine NS-hexaniobate (explained in Chapter 5, Section 5.5.1) and BiVOs thin
films (explained in Chapter 4, Section 4.5.1) is compared with photodegradation
performance of NS-hexaniobate-BiVVO4 nanohybrid thin films. The UV-vis absorption
spectra of NS-hexaniobate-BiVO4 nanohybrid thin films for MB and Rh-B degradation
are shown in Fig. 6.11 and 6.12. The NS-hexaniobate-BiVOs thin films display decrease
in absorption at characteristic wavelengths of 664 and 553 nm with respect to irradiation
time, indicating superior degradation of MB and RhB, respectively. The photocatalytic
degradation efficiency of NS-hexaniobate-BiVVO4 nanohybrid thin films is calculated
and plotted in Fig. 6.13 [26]. The photocatalytic activity of pristine BiVOs is
significantly enhanced upon hybridization with NS-hexaniobate. All the NS-
hexaniobate-BiVO4 nanohybrid thin films exhibit improved photocatalytic performance
compared to pristine BiVOs4. The best optimized S-BN2 nanohybrid thin film
photocatalyst exhibited exceptional photocatalytic activity for degradation of both dyes
(MB and Rh-B) with photodegradation rates of 85.5 and 88.8%, respectively, which are
far superior to that of pristine BiVO4 (61.2 and 70.3%). Although the pristine BiVOg is
one of the highly active photocatalysts for visible-light-induced photocatalytic
degradation, the present NS-hexaniobate-BiVVO4 nanohybrid thin films with improved
photoactivity can be considered as highly effective photocatalysts for photodegradation
of MB and Rh-B dyes.
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Fig. 6.11: UV-vis absorption spectra of the MB solution in the presence of (a) S-BN1,
(b) S-BN2 and (c) S-BN3 nanohybrid thin film photocatalysts.

The excellent photocatalytic activity of present nanohybrid thin films can be
ascribed to the effective electronic coupling between NS-hexaniobate and BiVOs,
promoting easy charge separation and transport of charges to catalytic sites to carry
effective photocatalytic reactions. The highly porous 3D network-type structure can
promote the expanded surface area with effective electronic coupling between
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hybridized species, resulting in superior photocatalytic activity by giving rise to plenty
of reaction sites and effective charge separation and transport. Conclusionally, the
excellent photocatalytic activity of present nanohybrid thin films can be attributed to
strong visible light harvesting nature, better photostability, and high surface area porous
3D network-type morphology beneficial for effective photocatalytic MB and Rh-B
degradation reactions.
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Fig. 6.12: UV-vis absorption spectra of the Rh-B solution in the presence of (a) S-BN1,
(b) S-BN2 and (c) S-BN3 nanohybrid thin film photocatalysts.
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Fig. 6.13: (a) MB and (b) Rh-B degradation performance of (i) NS-hexaniobate, (ii)
BiVOg, (iii) S-BN1, (iv) S-BN2, (v) S-BN3 nanohybrid thin film photocatalysts.

6.5.2 Rate kinetics study for MB and Rh-B:

The photodegradation activity of MB and Rh-B dyes was further evaluated by
their kinetics study using a pseudo-first-order rate kinetic model [27]. The pseudo-first-
order reaction kinetics of MB and Rh-B dyes are displayed in Fig. 6.14. The values of k
and R? for all tested photocatalysts for photodegradation of MB and Rh-B dyes are
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summarized in Table 6.1. Compared with other photocatalysts, S-BN2 nanohybrid thin
film exhibits a higher k value, confirming the improved photocatalytic performance. The
highest k values obtained for the S-BN2 nanohybrid thin film are 0.0107 and 0.0182
min? for MB and Rh-B, respectively. The higher k-value obtained for S-BN2
nanohybrid thin film photocatalyst is attributed to the strong visible light harvesting
nature, better photostability, and high surface area porous 3D network-type structure,
which can enable exceptional electron-hole pair separation and transport of charges to

catalytic sites beneficial for effective photocatalytic reactions.
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Fig. 6.14: Pseudo-first-order kinetics of (a) MB and (b) Rh-B for (i) NS-hexaniobate,
(i) BiVOs, (iii) S-BN1, (iv) S-BN2, (v) S-BN3 nanohybrid thin film photocatalysts.
Table 6.1: k and R? values of all tested photocatalysts.

MB Rh-B
k (min?) R? k (mint) R?
NS-hexaniobate 0.0004 0.9996 0.0011 0.9989

Sample

BiVO4 0.0052 0.9948 0.0101 0.9899
S-BN1 0.0103 0.9897 0.0168 0.9832
S-BN2 0.0107 0.9893 0.0182 0.9818
S-BN3 0.0093 0.9907 0.0164 0.9836

6.5.3 Recyclability study for MB and Rh-B:

In addition, the recyclability of the S-BN2 nanohybrid thin film for
photocatalytic degradation of MB and Rh-B dyes is examined for the course of five

consecutive degradation tests, as shown in Fig. 6.15. During each experiment, the S-
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BN2 nanohybrid thin film is separated from the dye (MB/Rh-B) solution, cleaned with
DDW, dried at ambient temperature, and used again for the subsequent cycles. The
optimized S-BN2 nanohybrid thin film displayed superior recycling ability for
photodegradation of both MB and Rh-B dyes, having degradation efficiency of 67.2 and
69.3% in visible light irradiation, respectively. The present S-BN2 nanohybrid thin film
maintains its photocatalytic performance with only a slight drop for five repetitive
degradation cycles, demonstrating its superior photostability. The mild decrement in
degradation performance upon five consecutive degradation cycles is ascribed to the
detachment of upper layer loosely bound BiVVO4 nanoparticles from the surface of the
hybrid film or adsorption of dye molecules on the surface of S-BN2 nanohybrid thin
film, which may lead to decrease in catalytic sites.
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Fig. 6.15: Recyclability of S-BN2 nanohybrid thin film for (a) MB and (b) Rh-B dyes.

6.6 Photocatalytic Dye Degradation Mechanism:

The electron transfer between NS-hexaniobate and BiVVO4 in NS-hexaniobate-
BiVO4 nanohybrid thin films is investigated by electronic band structure [22, 28-29]. As
shown in Fig. 6.16, the photocatalytic dye degradation mechanism is based on the
photoinduced charge separation and transport to the semiconductor surface upon the
light incidence [30]. When photons having energy equal to or greater than the band gap
of BiVOs are incident on the NS-hexaniobate-BiVOs nanohybrid thin films, then
electrons from the VB of BiVOs are excited to its CB, resulting in the formation of
electron-hole pairs. It is seen that the NS-hexaniobate exhibits a higher position for CB
and VB as compared to CB and VB of BiVOa. The photogenerated electrons from the

CB of BiVO4 can migrate into the VB of NS-hexaniobate, leading to spatial separation
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of electron-hole pairs with reduced electron-hole recombination. When water molecules
interact with the holes present at the VB of BiVO4, OH* radicals are produced.
Generated OH* radicals are strong oxidizing agents that can degrade the adsorbed target
MB and Rh-B dye molecules. On the contrary, when photogenerated electrons are
reacted with O2 molecules, *O>" radicals are produced. Afterwards, the protonation of
*QO2" radicals produces HOO* radicals. Ultimately, the H2O. generated from HOO*
radicals split into OH* radicals, which can degrade MB and Rh-B dye molecules [31].
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Fig. 6.16: Pictorial representation of photocatalytic degradation mechanism of (a) MB
and (b) Rh-B dyes over NS-hexaniobate-BiVO4 nanohybrid thin films.

6.7 Conclusions:

In the present chapter, the highly photoactive 2D NS-hexaniobate-BiVO4
nanohybrid thin films are prepared by a combination of EPD and SILAR methods for
photocatalytic dye degradation. The XRD analysis confirms the uniform and well-
crystalline growth of BiVOs over EPD-deposited NS-hexaniobate thin films. The
FESEM results show the formation of a highly porous 3D network-type structure
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composed of BiVO4 nanoparticles deposited on the surface of hexaniobate nanoscrolls,
which is beneficial for effective charge transport. Optical analysis confirms the strong
visible light absorption ability of the present NS-hexaniobate-BiVO4 nanohybrid thin
films effective for photocatalytic applications. The best optimized NS-hexaniobate-
BiVO4 nanohybrid thin film photocatalyst exhibited excellent photocatalytic activity for
photodegradation of MB and Rh-B dyes with degradation efficiency of 85.5 and 88.8%,
respectively, which is far superior to that of pristine BiVOas. The excellent photocatalytic
activity of present nanohybrid thin films can be ascribed to the effective electronic
coupling between NS-hexaniobate and BiVOa, strong visible light harvesting nature,
better photostability, and highly porous 3D network-type morphology beneficial for
improved photoactivity. Present results highlight the expediency of hybridization for
further enhancing the photocatalytic activity of pristine materials.
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Summary and conclusions:

In the current world, the problem of drinking water contamination has become
more challenging. Much effort has been put into photocatalysis as a promising
technology for removing extremely hazardous inorganic and organic compounds from
polluted water. One of the most potential techniques for providing a clean aquatic
environment for humans in modern society is the photocatalytic degradation of organic
contaminants using highly efficient nanostructured semiconductor photocatalysts. The
development of efficient oxidation processes, like photocatalysis, has been explored to
address the hard-to-treat contaminants that may effectively degrade the recalcitrant
compounds.

Researchers have developed a variety of inorganic compounds for visible-light-
driven photocatalysis applications. Still, most of the inorganic photocatalyst systems
ever developed are unsuitable for visible-light-photocatalysis owing to their wide band
gap energy, lower photostability and inadequate band structure for reducing protons and
oxidation of water. Among many nanocrystalline oxides, nanostructured TiO. and
Nb2Os have been considered as stable materials for photocatalysis. Bulk TiO2 and
Nb2Os-based composite materials are investigated for photocatalytic applications.
However, their optimum performance is restricted by the difficulty in controlling
crystallite size, the high recombination rate of excited electron-hole pairs and
insufficient electronic coupling due to the large crystallites. A strategy to overcome this
involves coupling wide band gap semiconductor photocatalysts with other narrow band
gap materials, which can collect the holes/electrons or channelize them.

The 2D NS-titanate and NS-hexaniobate produced by the soft-chemical
exfoliation protocol from their bulk layered crystals are unique due to their highly
anisotropic 2D morphology, negative surface charge, suitable band structure for the
oxidation of H2O and reduction of hydroxide ions with high chemical stability. These
NSs can be useful candidates for synthesizing nanohybrids since all the constituent ions
in the sub-nanometer-thick 2D NSs come in contact with the surface, and their electronic
structure can be dramatically altered through interaction with hybridized guest species.
The coupling of 2D NS-titanate and NS-hexaniobate with narrow band gap materials
will lead to the development of hybrid photocatalysts with strong visible light absorption
ability, which makes them potential candidates for visible-light-driven photocatalysis

applications.
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Therefore, there is a strong need to design and develop novel types of layered
NS-titanate and NS-hexaniobate-based hybrids, which can result in the development of
mesoporous house-of-cards-type stacking structure and a controlled alteration in the
electronic structure, which makes it possible to optimize the physicochemical
characteristics and applicability of NSs based hybrid in solar assisted photocatalysis with
high stability and efficiency. Specifically, NS-titanate and NS-hexaniobate are selected
due to their highly anisotropic 2D morphology, suitable band structure for water-
splitting reactions, and high chemical stability. BiVOys is chosen due to its narrow band
gap energy, high photostability, low photo corrosion, and low environmental toxicity.
Until now, no previous work has been on NS-titanate and NS-hexaniobate hybridized
with BiVOq for photocatalytic applications.

Thus, the present work aims to develop highly porous NS-titanate-BiVO4 and
NS-hexaniobate-BiVO4 nanohybrid thin films for photocatalytic dye degradation
application. Four types of nanohybrid thin films are synthesized to accomplish this goal.
In the first two nanohybrids, BiVO4 hybridized with NS-titanate was synthesized by
chemical methods like CBD and SILAR and employed as photocatalysts in
photocatalytic dye degradation applications. Similarly, BiVOs hybridized with NS-
hexaniobate was synthesized by CBD and SILAR methods and used in photocatalytic
dye degradation. Further, the dye degradation performances of pristine BiVOs are
compared with those of its nanohybrid thin films.

CHAPTER 1 deals with the essential preface to photocatalytic dye degradation
and the significance of NS-titanate, NS-hexaniobate, BiVO4 and their nanohybrid thin
films for dye degradation application. The literature survey has included summarizing
the preparation and photocatalytic dye degradation performance of pristine BiVO4 and
TiO2/Nb20Os-based nanohybrids. The purpose of a thesis is covered at the end of chapter
1.

CHAPTER 2 explains the theoretical background of synthetic strategies,
characterization techniques and photocatalytic dye degradation mechanisms. The
theoretical background of the synthesis of the pristine BiVOs and its nanohybrid thin
films by CBD and SILAR methods, as well as the synthesis of pristine NS-titanate and
NS-hexaniobate thin films by EPD, are explained in this chapter. Chapter 2 also provides
information about numerous characterization techniques, instruments and their
theoretical background. Essential characterization techniques, including XRD, Micro-
Raman, FT-IR spectroscopy, XPS, UV-vis spectroscopy, FESEM and EDS are covered
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in the present chapter. Moreover, the last part describes the theoretical background of
photocatalytic dye degradation. The photocatalytic dye degradation concepts, like
percentage degradation, rate constant and pseudo-first-order reaction kinetics, have been
explained in the present chapter.

CHAPTER 3 describes the synthesis, characterizations and photocatalytic dye
degradation performance of NS-titanate-BiVO4 (C-BT) nanohybrid thin films deposited
by the CBD method. For the synthesis of C-BT nanohybrid thin films, initially, thin
films of pristine NS-titanate were obtained from the colloidal suspension of NS-titanate
by EPD method and over EPD deposited NS-titanate thin films BiVO4 was coated by
CBD method. Different characterization techniques such as XRD, Micro-Raman, FT-
IR, XPS, UV-vis DRS and FESEM were employed to investigate the physicochemical
properties of pristine materials and C-BT nanohybrid thin films.

The EPD-deposited NS-titanate thin film shows the formation of lepidocrocite-
type NS-titanate with orthorhombic symmetry. The NS-titanate thin film shows
aggregated NSs morphology, creating a porous structure of NS-titanate thin film. The
NS-titanate thin film shows wide-bandgap energy with remarkable absorption in the UV
region, which is beneficial for coupling with narrow-bandgap BiVOa. On the other hand,
the structural and chemical bonding analysis of BiVOs thin film deposited by CBD
indicates the growth of monoclinic scheelite BiVO4. The BiVOs thin film displays
nanoparticle morphology and significant visible light absorption, which is advantageous
for superior photocatalytic performance. The structural and morphological analysis of
C-BT nanohybrid thin films confirms the well-crystalline uniform deposition of
monoclinic scheelite BiVO4 on NS-titanate. The C-BT nanohybrid thin films show
randomly deposited nanoplates composed of NS-titanate uniformly covered with smooth
BiVO4 deposit, creating the house-of-cards type morphology. The C-BT nanohybrid thin
films show a strong visible light absorption, indicating their visible light harvesting

nature, which is useful for photocatalytic applications.

The photocatalytic dye degradation performance of C-BT nanohybrid thin films
as compared to pristine NS-titanate and BiVOs thin films is described in this chapter.
The photoactivity of C-BT nanohybrid thin films is evaluated with photocatalytic
degradation of MB and Rh-B as target dyes for decomposition. The optimized C-BT2
nanohybrid photocatalyst demonstrated outstanding photoactivity for photodegradation

of MB and Rh-B dyes with photodegradation rates of 85.1 and 97%, respectively, which
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are higher than that of pristine BiVO4 (54 and 70%). The present C-BT2 hybrid thin film
photocatalyst demonstrated good recycling performance for MB and Rh-B degradation,
with photodegradation rates of 67.5 and 78.8%, respectively. The exceptional
photocatalytic activity of present nanohybrids can be attributed to the strong visible light
harvesting ability, reduced electron-hole recombination, high photostability and
mesoporous house-of-cards type structure. The photocatalytic degradation mechanism
of MB and Rh-B dyes over C-BT nanohybrid thin films is proposed at the end of chapter
3.

CHAPTER 4 addresses the preparation, characterizations and photocatalytic dye
degradation activity of NS-titanate-BiVO4 (S-BT) nanohybrid thin films deposited by
the SILAR method. For the synthesis of S-BT nanohybrid thin films, initially, thin films
of pristine NS-titanate were obtained from the colloidal suspension of NS-titanate by
EPD method and over EPD-deposited NS-titanate thin films, BiVOs was coated by
SILAR method. Various physicochemical characterization techniques such as XRD,
Micro-Raman, FT-IR, XPS, UV-vis DRS and FESEM were used to investigate the
properties of S-BT nanohybrid thin films.

The structural and chemical bonding analysis of BiVOs thin film deposited by
SILAR shows the highly crystalline growth of monoclinic scheelite BiVO4 on ITO
substrate. The BiVO4 thin film displays highly porous interconnected nanoparticle
morphology and narrow band gap energy with visible light absorption, which is
beneficial for efficient photocatalytic reactions. The structural and chemical bonding
analysis of S-BT nanohybrid thin films confirms the well-crystalline and uniform growth
of monoclinic scheelite BiVO4 on NS-titanate thin films. The morphological features
show the mesoporous morphology composed of a 3D network of BiVVO4 nanoparticles
deposited on the surface of randomly oriented titanate NSs. The optical study displays
the effective visible light absorption ability of S-BT nanohybrid thin films, making them
potential photocatalysts for solar-assisted photocatalysis applications.

The optimized S-BT2 nanohybrid thin film photocatalyst demonstrated
outstanding photoactivity for photodegradation of MB and Rh-B dyes with
photodegradation rates of 92.1 and 91.3%, respectively, remarkable than pristine BiVO4
(61.2 and 70.3%). The optimized S-BT2 nanohybrid thin film photocatalyst exhibited
good recycling ability for degradation of both MB and Rh-B dyes with photodegradation
rates of 68.1 and 69.2% under 180 and 120 min of visible light illumination. The superior
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photoactivity of nanohybrid thin films can be ascribed to the effective hybridization
between NS-titanate and BiVVOs, strong visible light harvesting nature, notable electron-
hole separation and mesoporous 3D network-type structure beneficial for effective
photocatalytic reactions. The photocatalytic degradation mechanism of MB and Rh-B

dyes over S-BT nanohybrid thin films is proposed at the end of chapter 4.

CHAPTER 5 describes the synthesis, characterizations and photocatalytic dye
degradation performance of NS-hexaniobate-BiVOs (C-BN) nanohybrid thin films
deposited by the CBD method. For the synthesis of C-BN nanohybrid thin films,
initially, thin films of pristine NS-hexaniobate were obtained from the colloidal
suspension of NS-hexaniobate by EPD method and over EPD deposited NS-hexaniobate
thin films, BiVOs was coated by CBD method. Different characterization techniques
such as XRD, Micro-Raman, FT-IR, XPS, UV-vis DRS and FESEM were employed to
probe the physicochemical characteristics of C-BN nanohybrid thin films.

The EPD-deposited NS-hexaniobate thin film shows well-crystalline growth of
lamellar NS-hexaniobate with orthorhombic structure. The NS-hexaniobate thin film
shows nanoscroll morphology, forming a porous structure of the NS-hexaniobate thin
film. Although the NS-hexaniobate thin film displays prominent absorption in the UV
region due to its wide-bandgap energy, it is the best choice for coupling with narrow-
bandgap BiVOs. The structural analysis of C-BN nanohybrid thin films shows well-
crystalline uniform deposition of monoclinic scheelite BiVO4 on NS-hexaniobate thin
films. The C-BN nanohybrid thin films show effective electronic coupling between NS-
hexaniobate and BiVOs with easy charge transport, strong visible light harvesting
ability, high photostability and a highly porous randomly aggregated NSs network
creating the house-of-cards type morphology beneficial for visible-light-induced
photocatalytic dye degradation.

The best optimized NS-hexaniobate-BiVO4 nanohybrid thin film shows superior
photocatalytic activity for visible-light-driven photodegradation of MB and Rh-B dyes
with photodegradation rates of 87.3 and 92.8%, respectively, higher than that of pristine
BiVOs. The present C-BN2 nanohybrid thin film shows superior recycling performance
for MB and Rh-B photodegradation with degradation rates of 66.8 and 71.5%,
respectively. The improved photocatalytic degradation performance of hybrid
photocatalysts is attributed to the effective electronic coupling with easy charge

transport, high photostability, strong visible light harvesting ability, expanded surface
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area and highly porous house-of-cards type structure beneficial for effective
photocatalytic reactions. The photodegradation mechanism of MB and Rh-B dyes over
C-BN nanohybrid thin films is proposed at the end of chapter 5.

CHAPTER 6 covers the preparation, characterizations and photocatalytic dye
degradation activity of S-BN nanohybrid thin films deposited by the SILAR method.
For the synthesis of S-BN nanohybrid thin films, initially, thin films of pristine NS-
hexaniobate were obtained from the colloidal suspension of NS-hexaniobate by EPD
method and over EPD deposited NS-hexaniobate thin films, BiVO4 was coated by
SILAR method. Various physicochemical characterization techniques such as XRD,
Micro-Raman, FT-IR, XPS, UV-vis DRS and FESEM were employed to assess the
properties of S-BN nanohybrid thin films.

The structural analysis of S-BN nanohybrid thin films confirms the uniform and
well-crystalline growth of BiVO4 over EPD-deposited NS-hexaniobate thin films. The
morphological study shows the formation of a highly porous 3D network-type structure
composed of BiVO4 nanoparticles deposited on the surface of hexaniobate nanoscrolls,
which is beneficial for effective charge transport. Optical analysis confirms the strong
visible light absorption ability of the present S-BN nanohybrid thin films that are

effective for photocatalytic applications.

The best optimized S-BN2 nanohybrid thin film photocatalyst exhibited
excellent photocatalytic activity for photodegradation of MB and Rh-B dyes with
degradation efficiency of 85.5 and 88.8%, respectively, which is far superior to that of
pristine BiVOs. The optimized S-BN2 nanohybrid thin film displayed superior recycling
ability for photodegradation of both MB and Rh-B dyes, having degradation efficiency
of 67.2 and 69.3%, respectively. The excellent photocatalytic activity of present
nanohybrid thin films can be ascribed to the effective electronic coupling between NS-
hexaniobate and BiVOg, strong visible light harvesting nature, better photostability, and
highly porous 3D network-type morphology beneficial for improved photoactivity. The
photodegradation mechanism of MB and Rh-B dyes over S-BN nanohybrid thin films is
proposed at the end of chapter 6.

All of the findings from the previous chapters are compiled in this CHAPTER
7, after which conclusions are drawn. Finally, it is concluded that pristine BiVO3 thin
films deposited by both CBD and SILAR methods show good photocatalytic activity for
the photodegradation of MB and Rh-B dyes. Also, EPD is the potential method for
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depositing uniform NS-titanate and NS-hexaniobate thin films. It is concluded that
simple chemical methods like CBD and SILAR are advantageous for synthesizing
highly porous C-BT, S-BT, C-BN and S-BN nanohybrid thin films. These nanohybrid
thin films are highly effective photocatalysts for visible-light-driven photocatalytic dye
degradation. The comparative photocatalytic dye degradation performances of C-BT, S-
BT, C-BN and S-BN nanohybrid thin films are summarised in Table 7.1 and Table 7.2.

The photocatalytic dye degradation experimental findings in Table 7.1 and
Table 7.2 indicate that the C-BT, S-BT, C-BN and S-BN nanohybrid thin films are
effective for visible-light-driven photocatalysis. Interestingly, S-BT and C-BT
nanohybrid thin-film photocatalysts demonstrated outstanding photoactivity for the
photodegradation of MB and Rh-B dyes with 92.1 and 97% photodegradation rates,
respectively. Also, both nanohybrid thin films maintain their photocatalytic performance
with a slight decrement for five repetitive degradation cycles, signifying their high
photostability. Consequently, it is concluded that NS-titanate-based nanohybrid thin
films are better for visible-light-driven photocatalytic dye degradation than the other

nanohybrid thin films.

Table 7.1: Comparative dye degradation performance of C-BT, S-BT, C-BN and S-BN
nanohybrid thin-film photocatalysts for MB degradation.

Sr. | Nanohybrid MB
No. | photocatalyst | degradation K R?
rate (%) (mint)
1 C-BT 85.1 0.0105 0.9895
2 S-BT 92.1 0.0141 0.9859
3 C-BN 87.3 0.0115 0.9885
4 S-BN 85.5 0.0107 0.9893

156



Summary and Conclusions

Table 7.2: Comparative dye degradation performance of C-BT, S-BT, C-BN and S-BN
nanohybrid thin film photocatalysts for Rh-B degradation.

Sr. | Nanohybrid Rh-B

No. | photocatalyst | degradation K R?
rate (%) (mint)

1 C-BT 97 0.0167 0.9833

2 S-BT 91.3 0.0203 0.9797

3 C-BN 92.8 0.0146 0.9854

4 S-BN 88.8 0.0182 0.9818

157



80-Recommendations




CHAPTER-8

80-Recommendations

Title

Page No.

Recommendations

158-159

Conclusions of the Research Work

159-161

Summary

162

Future Findings

162-164




80-Recommendations

8.1 Recommendations:

Among the various photoactive materials, the narrow band gap (2.4 eV) BiVO4
is a potential photocatalyst suitable for numerous photo-functional applications owing
to its high efficiency, non-toxicity, low photo corrosion, high optical absorption
coefficient (10%-10° cm™ at 350-520 nm), suitable band positions for water splitting
reaction and promising flat band potential favorable to hydrogen evolution reaction.
However, BiVO4 suffers from high recombination rates of excitons and limited
photostability. The hybridization strategy of coupling BiVO4 with wide band gap
photocatalyst materials is essential to overcome the above problems and enhance
photocatalytic activity. Subsequently, four types of nanohybrid thin films were
deposited (1. BiVOs hybridized with NS-titanate by CBD (C-BT nanohybrids), 2.
BiVOs hybridized with NS-titanate by SILAR (S-BT nanohybrids), 3. BiVO4
hybridized with NS-hexaniobate by CBD (C-BN nanohybrids) and 4. BiVOs
hybridized with NS-hexaniobate by SILAR (S-BN nanohybrids)). Hybridization of
BiVO4 with NS-titanate and NS-hexaniobate leads to improved photocatalytic activity
owing to the effective electronic coupling between the hybridized species, expanded
surface area by the development of mesoporous house-of-cards type morphology and
tunable chemical composition to achieve the desire photo-physicochemical properties.

Several recommendations are provided based on the research findings on
synthesis, characterizations, and photocatalytic dye degradation activity of NS-
titanate/NS-hexaniobate-BiVO4 nanohybrid thin films. All the nanohybrid thin films
display significant absorption of visible light and decreased electron-hole
recombination, demonstrating the significant electronic coupling between hybridized
species. Also, all the nanohybrid thin films show highly porous structures, tunable
chemical compositions, and controlled modification of electronic structures that are
beneficial for improved photocatalytic activity. In addition, the chemical stability and
photocatalytic activity of BiVVO4 are significantly improved upon hybridization with
highly stable NS-titanate and NS-hexaniobate. The resultant nanohybrid thin films (C-
BT, S-BT, C-BN and S-BN) display improved photoactivity for visible-light-driven
photocatalytic decomposition of MB and Rh-B dyes.

The comparative analysis of the visible-light-driven photodegradation
performance of NS-titanate/NS-hexaniobate-BiVO4 nanohybrid thin films indicates

that S-BT and C-BT nanohybrid thin-film photocatalysts demonstrated outstanding
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photoactivity for the photodegradation of MB and Rh-B dyes with photodegradation
rates of 92.1 and 97%, respectively. Also, both nanohybrid thin films retain their
photocatalytic activity with only a minor decrement for five repetitive degradation
cycles, signifying their high photostability. From the above results, it is recommended
that, among the tested NS-titanate/NS-hexaniobate-BiVO4 nanohybrid thin films, the
highly stable NS-titanate is the best choice for hybridization with visible light active
BiVOa..

8.2 Conclusions of the Research Work:

Here are some of the conclusions drawn from the present study:

1. Materials with narrow band gap energy are required to cover the maximum
portion of the solar spectrum. Still, these semiconductor photocatalysts suffer from
high recombination rates and limited photostability. To enhance the photocatalytic
activity and overcome the above problems, a hybridization strategy of coupling
narrow-band gap photocatalysts with wide-band gap materials is necessary.
Specifically, NS-titanate and NS-hexaniobate are chosen due to their highly
anisotropic 2D morphology, suitable band positions for reducing hydroxide ions and
oxidizing H2.O molecules, and high stability. BiVO4 is chosen due to its narrow band
gap, high photostability, and low environmental toxicity.

2. The pristine BiVOa thin films are synthesized by using the facile CBD and
SILAR methods. The photocatalytic performance of pristine BiVOs thin films is
evaluated with photocatalytic degradation of both (MB and Rh-B) as target dyes in
visible light illumination. BiVO4 thin film deposited by CBD exhibited
photodegradation performance of 54% and 70% for MB and Rh-B under 180 and 210
min of visible light exposure, respectively. On the other hand, BiVOs thin film
deposited by SILAR demonstrated photocatalytic degradation performance of 61.2 and
70.3% for MB and Rh-B under 180 and 120 min of visible light illumination,

respectively.

3. The C-BT nanohybrid thin films are synthesized by CBD of the BiVO4 layer
over EPD-deposited NS-titanate thin films. The C-BT nanohybrid thin films display
significant absorption of visible light and decreased electron-hole recombination,
demonstrating the effective electronic coupling between the hybridized species. Upon
hybridization, the chemical stability of pristine BiVOs is significantly enhanced due to
highly stable NS-titanate. The hybridization of NS-titanate with BiVO4 leads to the
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development of highly porous house-of-cards type morphology beneficial for
improved photocatalytic activity. The resultant nanohybrid thin films are very effective
for visible-light-driven photocatalytic degradation of both (MB and Rh-B) dyes with
photodegradation rates of 85.1 and 97%, respectively, higher than that of pristine
BiVOa4, which is one of the most prominent visible light active photocatalysts. These
results underscore the superior photo-functionality of the C-BT nanohybrid thin films

as effective visible-light-driven photocatalysts.

4. Highly porous S-BT nanohybrid thin films are synthesized via a combination
of EPD and SILAR methods. The S-BT nanohybrid thin films demonstrate significant
absorption of visible light, mesoporous 3D network type morphology, tunable
chemical composition and controlled electronic structure modification beneficial for
improved photocatalytic activity. The chemical stability and photocatalytic activity of
pristine BiVO;4 are significantly improved upon hybridization with highly stable NS-
titanate. The resultant nanohybrid thin films display improved photoactivity for
photodegradation of both (MB and Rh-B) dyes with degradation rates of 92.1 and
91.3%, respectively, which are quite higher than that of pristine BiVO4 demonstrating
the effective hybridization between NS-titanate and BiVOs. The present findings
underscore the effectiveness of hybridizing 2D layered MONs with narrow band gap
semiconductors in developing chemically stable photocatalysts for efficient visible-

light-driven photocatalysis.

5. On a similar background, C-BN nanohybrid thin films are synthesized by the
combination of EPD and CBD methods. The physicochemical characterizations of C-
BN thin films confirm successful hybridization between NS-hexaniobate and BiVO4
with the conservancy of NS-hexaniobate. Moreover, C-BN nanohybrid thin films
display highly porous nanoclusters composed of randomly aggregated NSs networks,
creating the house-of-cards type morphology. The optical study confirms the strong
visible light harvesting nature of present nanohybrids, making them potential
photocatalysts for the photodegradation of dyes. The optimized C-BN2 nanohybrid
photocatalyst showed excellent photocatalytic activity for both (MB and Rh-B) dyes
with photodegradation rates of 87.3 and 92.8%, respectively, which are greater than
that of pristine BiVOs (54 and 70%). Also, the C-BN2 nanohybrid retains its

photocatalytic activity with only a small decrement for five repetitive degradation
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cycles, corresponding to the high photostability of a present nanohybrid thin film
photocatalyst.

6. Highly porous nanohybrids of NS-hexaniobate and BiVOs are prepared by
combining EPD and SILAR methods. The hybridization of layered NS-hexaniobate
with BiVOg4 results in the development of highly porous S-BN nanohybrid thin films,
which is beneficial for efficient visible-light-driven photocatalytic decomposition of
MB and Rh-B dyes. The synthesized S-BN nanohybrid thin films show strong visible
light harvesting ability, efficient electron-hole pair separation and mesoporous 3D
network-type morphology advantageous for improved photocatalytic activity. The
optimized S-BN2 nanohybrid thin film photocatalyst exhibited excellent photocatalytic
activity for photodegradation of both dyes (MB and Rh-B) with degradation rates of
85.5 and 88.8%, respectively, which are far superior to that of pristine BiVOs (61.2
and 70.3%). Present results underscore the effective hybridization between NS-
hexaniobate and BiVOas.

It is concluded that the use of the EPD method is beneficial for synthesizing
NS-titanate and NS-hexaniobate thin films. Also, the use of simple chemical methods
like CBD and SILAR is useful for synthesizing 2D NSs-BiVOs-based nanohybrid thin
films (NS-titanate-BiVO4 and NS-hexaniobate-BiVVO4) with highly porous structures,
strong visible light harvesting ability and efficient electron-hole pair separation.
Because of these characteristics, NS-titanate/NS-hexaniobate-BiVO4-based nanohybrid
thin films are highly active photocatalysts in photocatalytic dye degradation.
According to the outcomes of physicochemical investigations, a conclusion is made
that enlarged surface area, porous structure, strong visible light harvesting nature, and
effective charge transfer between NS-titanate/NS-hexaniobate and BiVOs are
beneficial for the improvement in photocatalytic dye degradation performance. The
comparative study of the photocatalytic dye degradation performance of NS-titanate-
BiVO4 and NS-hexaniobate-BiVO4 nanohybrids indicates that the S-BT2 and C-BT2
nanohybrid thin films demonstrate superior visible-light-driven photocatalytic dye
degradation performance. From the above results, it is concluded that, among the
tested NS-titanate/NS-hexaniobate-BiVO4 nanohybrid thin films, the highly stable NS-
titanate is the best choice for hybridization with visible light active BiVOa.
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8.3 Summary:

1. Pristine BiVOq thin films are synthesized by using CBD and SILAR methods.
2. Pristine NS-titanate and NS-hexaniobate thin films are synthesized by using the
EPD method.
3. Pristine BiVO4 thin films are highly active for visible-light-driven photodegradation
of both MB and Rh-B dyes.
4. BiVOs thin film deposited by CBD exhibited visible-light-driven photodegradation
performance of 54 and 70% for MB and Rh-B dyes, respectively.
5. BiVOs thin film deposited by SILAR exhibited visible-light-driven
photodegradation performance of 61.2% and 70.3% for MB and Rh-B dyes,
respectively.
6. Pristine NS-titanate and NS-hexaniobate thin films display negligible visible-light-
induced photocatalytic performance towards MB (10 and 7.2%) and Rh-B (6 and
12.2%) degradation.
7. NS-titanate-BiVO4 nanohybrid thin films are synthesized by using CBD and SILAR
methods.
8. The optimized NS-titanate-BiVVO4 nanohybrid thin film synthesized by using CBD
is very effective for visible-light-driven photodegradation of both (MB and Rh-B) dyes
with degradation rates of 85.1 and 97%, respectively.
9. The optimized NS-titanate-BiVVO4 nanohybrid thin film synthesized by using SILAR
displays improved photoactivity for photodegradation of both (MB and Rh-B) dyes
with degradation rates of 92.1 and 91.3%, respectively.
10. NS-hexaniobate-BiVO4 nanohybrid thin films are synthesized by using CBD and
SILAR methods.
11. The optimized NS-hexaniobate-BiVO4 nanohybrid thin film synthesized by using
CBD showed excellent photodegradation of both (MB and Rh-B) dyes with
photodegradation rates of 87.3 and 92.8%, respectively.
12. The optimized optimized NS-hexaniobate-BiVVO4 nanohybrid thin film synthesized
by using SILAR exhibited excellent photocatalytic activity for photodegradation of
both (MB and Rh-B) dyes with degradation rates of 85.5 and 88.8%, respectively.
8.4 Future Findings:

The present investigation significantly improved the photocatalytic dye
degradation activity of BiVOs thin films by making NS-titanate-BiVOs and NS-
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hexaniobate-BiVO4 nanohybrid thin films and used as photocatalysts for photocatalytic
dye degradation application. The expanded surface area porous morphology, versatile
chemical composition and variable pore structure of nanohybrid thin films are
beneficial for their improved photocatalytic performance as compared to their
respective pristine materials. This research opens new horizons for exploring 2D
layered MONSs-based-nanohybrid thin film photocatalysts for various photo-functional
applications. Moreover, the present nanohybridization strategy can be applicable to
numerous other layered MONs, LDHs, and various other narrow band gap
semiconductors to enhance the performance of nanohybrid materials further.

Although current research work confirmed cutting-edge breakthroughs for
NS-titanate/NS-hexaniobate-BiVOs-based nanohybrid thin film photocatalysts, few
challenges endured to further increase their performance for various photo-functional
applications. Consequently, the current research endeavours offer new findings to
boost further the photocatalytic activity of 2D NSs-based nanohybrid thin films.

» The photocatalytic activity of nanohybrid thin film photocatalysts can be improved
significantly via transition metal doping in NS-titanate, NS-hexaniobate or BiVOa.

» To further enhance the performance of BiVOs-based nanohybrid thin films,
combinations of numerous other 2D MONSs and various guest materials need to be
explored.

» The direct deposition of exfoliated 2D MONs or LDH NSs and guest species by
layer-by-layer method can be advantageous in synthesizing 2D NSs-based
nanohybrid thin film photocatalysts on the substrate surface.

» The layer-by-layer deposition of two types of exfoliated 2D MONSs or exfoliated
NSs of LDH and 2D MONSs will be challenging and can be useful for further
performance improvement.

» The development of Z-scheme heterostructure photocatalysts based on BiVO4 and
other MONSss need to be further explored.

» The development of nanohybrid photocatalysts via combinations of various host-
guest materials by bandposition tuning will be challenging.

» The various carbon nanostructures, like carbon nanotubes and fullerene, can be
hybridized with 2D MONSs to tune further the electrical properties of 2D NSs-based
nanohybrid thin films.

» The photocatalytic activity of nanohybrid photocatalysts can be further explored by

use of various target molecules such as antibiotics and pesticide degradation.
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> Further investigation is required into the details of the change of pore size and
shape, the correlation between interlayer spacing and the interfacial characteristics
of hybridized components and their impact on the 2D NSs-based nanohybrids

performance.
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