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ABSTRACT

This study investigates the synthesis and characterization of multi-cation-incorporated
V205 compounds, specifically Sb-and Ni-incorporated V20s, to enhance their
structural, electronic, and photocatalytic properties for advanced applications in
energy storage, environmental remediation, and antimicrobial therapies. The
compounds V(1-x2Ni3xOs.5, V2.xSb2xOs.5, and V2xNi2xSbxOs.5 were synthesized via
high-temperature solid-state reactions, and their structural integrity and phase stability
were confirmed using X-ray diffraction, Raman spectroscopy, and X-ray
photoelectron spectroscopy. These analyses revealed the coexistence of orthorhombic
V20s, monoclinic NiV20g, and tetragonal SbVOg4 phases, with varying degrees of
lattice distortion and mixed oxidation states (V*/V>*, Ni2*/Ni*", Sb**/Sb’), which

significantly enhanced their defect densities and redox behavior.

The incorporation of Sb and Ni ions into the V2Os lattice altered the materials'
electronic properties, including their band gap restructuring, explained with Burstein-
Moss effect. These modifications were supported by photoluminescence spectra,
which showed defect-induced emissions. The compounds demonstrated substantial
improvements in dielectric properties, with frequency-dependent behavior suitable for
energy storage applications such as capacitors. AC conductivity was enhanced by
polaronic hopping mechanisms, although higher doping concentrations led to a

reduction in charge mobility due to increased structural defects.

The photocatalytic activity of Sb-Ni-V20s5,g-C3N4 heterostructures was significantly
improved, facilitating efficient visible-light-driven reactions for organic Methylene
Blue dye degradation. The Z-scheme photocatalysts exhibited enhanced charge
separation, leading to effective generation of reactive oxygen species, crucial for
pollutant mineralization. Additionally, the Sb-Ni-V-O compounds and
heterostructures displayed broad-spectrum antimicrobial activity, inhibiting both
Gram-positive and Gram-negative bacteria and fungal strains, attributed to oxidative
stress and membrane disruption. Overall, the incorporation of Sb and Ni into V205

yields multi-functional materials with enhanced electronic, photocatalytic, and



antimicrobial properties, paving the way for their application in energy storage
devices, environmental remediation, and biomedical fields. Future research should
focus on optimizing dopant concentrations, exploring their use in energy storage

applications, and assessing their cytotoxicity for potential biomedical use.

Keywords: Vanadium Pentoxide, XRD, Dielectric and AC Conductivity,

Photocatalysis, Antimicrobial
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PREFACE

The exploration of vanadium pentoxide and its derivatives, particularly when doped
with transition metals such as antimony (Sb) and nickel (Ni1), has garnered significant
scientific interest due to their unique and versatile properties. These multi-cations
incorporated V2Os compounds are studied for their enhanced properties and potential
applications in energy storage, photocatalysis, antimicrobial therapies, and electronic
devices. Chapter 1 introduces the fundamental properties of V2Os, particularly its
orthorhombic phase and its significance across diverse applications such as
photochromic and electrochromic devices, sensors, and lithium-ion batteries. The
structure of V205 is discussed in detail, highlighting its oxygen vacancy-induced
defect chemistry, which plays a crucial role in its electrical and catalytic properties.
This chapter also sets the context for synthesizing V20s based complex oxides by
incorporating Sb and Ni cations and studying its properties, including its electrical

conductivity, photocatalytic efficiency, and antimicrobial activity.

Chapter 2 claborates on the synthesis of the multi-cation based V205 compounds,
specifically V(x2NizxOs.5, V2xSbaxOs.5, and  VoxNixSbxOs.5, using a high-
temperature solid-state reaction. This chapter details the characterization techniques
employed to analyze the impact of Sb and Ni incorporation in to the V,Os matrix.
Techniques such as X-ray diffraction, Raman spectroscopy, X-ray photoelectron
spectroscopy, and scanning electron microscopy are described, alongside methods for
synthesizing V20s-based heterostructures with g-C3N4 via sonication-hydrothermal

processes.

In Chapter 3, the characterization of the Sb-V,05 compounds is presented. Structural
analysis reveals the coexistence of orthorhombic V,05 and Sb-related phases, while
the incorporation of Sb enhances surface area and dye adsorption capacity. This
chapter discusses the frequency-dependent dielectric behavior, AC conductivity, and
the impact of Sb doping on polaronic conduction. The antimicrobial activity of the
Sb-V-O compounds is also explored, demonstrating their efficacy against both

bacterial and fungal strains.



Chapter 4 investigates the incorporation of Ni into the V,0Os lattice. The structural
changes and formation of mixed phases are analyzed, and the effects of Ni doping on
the electronic properties are discussed. This chapter also highlights the compound's
potential in energy storage and catalysis, as well as its promising antimicrobial
activity, including the generation of reactive oxygen species that enhance microbial

damage.

Chapter 5 presents the synthesis and characterization of multi-cation Ni-Sb-V>0s
compounds. The chapter delves into the structural modifications induced by the dual
doping, revealing a combination of V20s, NiV20s, and SbVO4 phases. The resulting
material properties, including dielectric behavior, conductivity, and antimicrobial
activity, are analyzed, demonstrating the potential of these compounds for a wide

range of applications in energy storage and biofilm-targeted therapies.

Chapter 6 explores the synthesis and characterization of the V»Os-based
heterostructures with g-C3Ns4. The formation of a Z-scheme photocatalyst is
examined, with emphasis on improved charge separation and visible-light absorption.
The photocatalytic activity of these heterostructures, including the degradation of
methylene blue and antimicrobial efficacy, is discussed, highlighting their potential

for environmental remediation and biomedical applications.

In Chapter 7, the findings of the study are summarized, emphasizing the enhanced
properties of Sb and Ni-incorporated V>Os materials. The successful doping with
transition metals has been shown to improve the material's conductivity,
photocatalytic efficiency, and antimicrobial activity. The chapter also discusses the
potential applications of these materials in photocatalysis and biomedical therapies,

highlighting their multifunctionality.

Chapter 8 provides a roadmap for future research, focusing on optimizing Sb and Ni
concentrations in V,0s to further enhance photocatalytic and antimicrobial
performance. The chapter discusses the potential for these materials in high-frequency
devices, antimicrobial coatings, and pollutant degradation reactors. Future studies

should explore the cytotoxicity of these compounds for biomedical applications and



investigate their use in energy storage systems, such as supercapacitors and Li-ion
batteries. This thesis presents a comprehensive study of multi-cation doped V205
compounds, highlighting their potential across multiple domains. The findings
contribute to the development of next-generation materials with tailored properties for

energy, environmental, and biomedical applications.
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1.1 Introduction

Vanadium, a transition metal with atomic number 23, belonging to Group 5,
has an electronic configuration [Ar]3d4s?. It can exist in multiple oxidation states,
varying between -3 to +5, with +2, +3, +4, and +5 being most common [1]. This
multivalent nature of vanadium is the reason of it’s rich chemistry and color range,
with V3* compounds orange-yellow, V#" blue, and V3" green in color. Multiple oxide
phases include VO, V»03, V20s, VO,, and mixed phases, such as the Magneli phase
ViO2n-1(V30s, V407, V509, V6O11, and V7013), and the Wadsley phase ViO2n+1(V307,
V409, V5011, V6013, V7015, and VgOi7). In these compounds, vanadium is
coordinated by oxygen in various polyhedral geometries, such as VO¢ octahedra in
V203 and VOs square pyramids in V20s, and they crystallize in distinct lattice
structures; for instance, VO adopts a rock-salt structure, V203 crystallizes in a
corundum-type lattice, VO» exhibits a rutile-like monoclinic form at low temperatures
and transitions to a rutile structure at high temperatures. At the same time, V205
possesses a layered orthorhombic configuration. In general, higher V oxidation state
raises the band gap and oxidizing power, while lower V states yield narrower gaps or
metallic behavior. For instance, VO2 (V*") is a small-gap semiconductor (~0.6 eV
when insulating) [1] whereas V20s (V°*) is a wide-gap oxide (~2.3 eV) [2]. Vanadium
oxides exhibit distinct structure-dependent functionalities and pronounced sensitivity
to external stimuli, making them promising smart materials for energy conversion and

conservation applications [2].
1.2. Structure of V205

Polymorphic phases of Vanadium pentoxide includes a, B, v, £, {, 0, and ®
phases as per the reports in the literature. Among these, the a-V20s phase represents
the most stable form, whereas metastable or mixed V205 phases can emerge through
structural transitions of a-V20s under high-temperature, high-pressure, or
electrochemical conditions [2]. Within the vanadium oxide family, V>Os stands out
as the most thermodynamically stable compound, possessing the highest vanadium

oxidation state of +5. V205 crystallizes in a layered orthorhombic structure belonging
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to the Pmnm(59) space group, characterized by lattice parameters a=11.510 A, b =
3.563 A, and c = 4.369 A.

On analyzing the crystal structure of V2Os, the basic polyhedra consist of VOs5
pyramids, in which four oxygen atoms in the basal plane are interconnected to the
vanadium atom by weak V-O bonds of bond length 2 A, and the oxygen atom at the
apex point is coupled with the vanadium atom by a short V=0 vanadyl bond of 1.54
A. As shown in Figure 1.1 [7], the layered structure of V»0s is formed by
interconnecting the VOs pyramids, forming a continuous layer in the ab-plane that is
periodically stacked along the c-axis [3]. Double chains extending along the b-axis
are formed from the VOs pyramids, which share edges and are joined and oriented in
opposing directions. These double chains are oriented in the same direction and are
joined along the a-axis through the pyramids' corners. Additionally, along the a-axis,
the apices of these pyramids are arranged in an alternating pattern of up-up-down-

down [2],[4-6].
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Figure 1.1. Layered structure of Vanadium Pentoxide
1.3. Morphology of V205

Vanadium pentoxide can be synthesized into various forms, including
nanorods, nanowires, nanobelts, nanosheets, nanospheres, and complex three-
dimensional (3D) structures. The choice of synthesis method, ranging from
hydrothermal and solvothermal techniques to sol-gel processes, electrospinning,

chemical vapor deposition (CVD), and template-assisted methods significantly
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impacts the resulting nanostructures. For example, hydrothermal and sol-gel
approaches are commonly employed to produce one-dimensional (1D) nanorods and
nanowires. These methods rely on careful control of variables like precursor
concentration, pH, reaction temperature, and the use of surfactants or structure-
directing agents to achieve anisotropic crystal growth along specific crystallographic
axes. Furthermore, combining electrospinning with post-annealing yields uniform
nanowires with high aspect ratios and interconnected networks. Such 1D
nanostructures are especially suited for high-performance lithium-ion battery

cathodes, as they facilitate enhanced ion diffusion and electron transport [7].

Two-dimensional vanadium pentoxide, in the form of nanosheets and
nanobelts, can be produced by exfoliating vanadium oxide precursors. These
nanostructures have a high surface-to-volume ratio, which accelerates surface
reactions and enhances contact with the electrolyte in electrochemical systems. Their
layered structure allows different cations to intercalate, making them useful in zinc-
ion and lithium-ion batteries. More exposed active sites also boost their photocatalytic

activity [8-10].

Zero-dimensional V20s nanospheres, which are generally formed under
isotropic growth conditions such as CVD or solvothermal reactions with controlled
supersaturation, offer uniform morphology and high surface area [10]. V2Os zero-
dimensional (0D) nanospheres have a homogeneous shape and a large surface area.
They are often grown under isotropic conditions, such as CVD or solvothermal
processes with controlled supersaturation [11]. These characteristics are helpful in gas
sensing and catalytic applications, where surface adsorption and quick diffusion are
essential. Furthermore, microspheres made of aggregated nanoparticles or nanosheets
can serve as the foundation for more intricate structures. Precursor chemistry, pH, and
reaction kinetics are typically adjusted to form hierarchical 3D structures, such as
flower-like, urchin-like, or porous micro- and nanostructures, often without the use of
templates. These assemblages combine the functional benefits of their lower-

dimensional constituents to produce synergistic effects, such as improved stress
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tolerance during repeated charge-discharge cycles, increased ion/electron mobility,

and enhanced mechanical integrity.

When researchers alter the shape and structure of V,0s using different
synthetic methods, they can improve key properties, such as surface area, electrical
conductivity, stability, and interactions with other substances. Adjusting these
features not only improves V>0s’s basic performance but also makes it more useful
in real devices. Because these properties can be changed and scaled up, V2Os remains

a flexible and popular choice in nanotechnology and energy research [11-16].
1.4. Optical Properties

Pure V>0s is an n-type semiconductor that can show both direct and indirect
band gaps, depending on the conditions. Its electronic structure is complex and
depends on factors such as morphology, oxygen vacancies, and crystal phase [18]. At
room temperature, bulk a-V>0Os exhibits a direct bandgap of approximately 2.3-2.4
eV and an indirect bandgap of 1.9-2.0 eV. The valence-band widths were determined
to be 5.5 £ 0.5 eV for the bulk and 5.0 + 0.5 eV for the single-layer configuration.
Instead of a single band, the conduction band consists of two bands, a main CB and a
split-off CB. These split-off CBs, with a bandwidth of 0.75 eV, are localized 0.6 eV
below the main CB [2], [17]. Oxygen-vacancy-induced defects and, hence, non-
stoichiometry in V20ss leads to changes in the electronic and crystalline
microstructure. Removal of oxygen atoms or oxygen deficiency creates extra
electrons in the lattice. The V-O bonding environment alters in the crystal owing to
the regulated atomic structure and hybridized V3d-O2p orbitals. Subsequently, the
crystal's geometry is altered, forming mid-gap and surface states. Previous literature
reported a mid-gap at approximately 0.7-1.0 eV above the VB, caused by oxygen
vacancies. The experimental results showed that this gap is 1.8 eV above the valence
band. The mid-gap states formed due to O(1), O(2), and O(3) vacancies are identified
at 0.95, 0.75, and 0.69 eV, respectively [2]. The theoretical and experimental results
showed that the optical bandgap and inter-sub-band transition intensity in V205 were
influenced by numerous factors. In particular, in pure a-V20s with 3 bands, 4 optical

transitions identified are, VB to the main CB, VB to the split-off CB, VB to the mid-
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gap state and surface state, and the mid-gap state to the main CB. Therefore, in the
literature, the band-gap energy of the optical transition and that obtained from PL of

V>0s do not coincide.
1.5. AC Conductivity, Dielectric, and Impedance Studies

The AC conductivity, dielectric, and impedance spectroscopy analyses of
V>0s pellets and films are noteworthy, as they are significant for understanding and
improving its material properties for various uses. It provides insights into the
electrical behavior, charge-transport mechanisms, and dielectric properties of V20Os,
which are essential for applications in electronics, energy storage, and sensor devices.
This knowledge is inevitable for understanding the hopping conduction mechanism,
especially in multi-cation doped V20s. Charge-transport mechanism studies clarify
whether conduction occurs via polaron hopping or band conduction. AC conductivity
measurements can help reveal how intrinsic defects and extrinsic doping affect
electrical properties [18]. Incorporation of elements such as Ni, Mn, Bi, and Al can
alter conductivity by increasing the number of charge carriers or altering the band
structure of vanadium pentoxide. The dielectric constant (¢') and dielectric loss (€")
obtained from dielectric studies indicate the material's capacity to store and dissipate
electrical energy. High dielectric constants are suitable for capacitors, while low
dielectric loss materials with minimal energy loss are beneficial for high-frequency
applications. These studies also provide insights into different polarization
mechanisms, such as electronic, ionic, dipolar, and interfacial polarization, that
influence device performance in capacitors, varistors, and electrochromic devices

[18].

Impedance spectroscopy enables the identification of the electrical response
of V20s into contributions from grain boundaries, grains, and electrode interfaces.
This is achieved by fitting the data to suitable circuit models, which provide detailed
insights into the material's resistance, capacitance, and inductance [19]. The relaxation
processes can identify defect states in V2Os by analyzing Nyquist plots and Bode
plots. The presence of multiple relaxation times can indicate different defect types or

heterogeneous regions in the material, such as grain boundaries or phase separations
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[19]. The conducting properties can be altered by doping, and impedance
spectroscopy can be used to study the effect of doping on the overall conductivity and
relaxation behavior of V,0s. For instance, the addition of different cations alters the
impedance response, which can be correlated with changes in grain boundary
resistance or bulk conduction pathways [20], [21]. The dielectric and impedance
characteristics of V20s are essential for identifying its role in gas, humidity, and
actuator sensors. The sensitivity of these properties to environmental changes makes

V>0s a suitable material for sensing applications [22], [23].
1.6. Applications of V20s

Vanadium pentoxide is a versatile material with a wide range of applications
due to its unique physical, chemical, and electronic properties. Below are some of its

key applications:
1.6.1. Energy Storage

a) Lithium-ion Batteries: Vanadium pentoxide is attracting researchers
worldwide for its energy storage applications, especially in lithium-ion
batteries. Its high theoretical capacity and layered structure enable it to store
and release lithium ions efficiently, making it a strong candidate for cathode
materials. But it has a limited use in its pristine form due to poor cycling
stability and low conductivity. To address this, researchers have made their
particles smaller, to the nanoscale, which improves ion movement and
increases the surface area for better contact between the electrode and
electrolyte. Creating 2D nanosheets and other nanostructures has also
improved their electrochemical properties, like specific capacity, rate
capability, and cycling stability. Thus, V20s is now seen as a promising
material for high-energy-density uses in electronics, electric vehicles, and

renewable energy storage [8], [24].

Yanwei Li et al. [25] reported a facile, environmentally suitable, and cost-
effective synthesis method for producing 2D V:;0s nanosheets having leaf-like

morphology. These nanosheets exhibit distinctive nanoscale features, including a
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hierarchical porous architecture and a high specific surface area, which contribute to
their exceptional electrochemical performance as cathode materials for lithium-ion
batteries. These unique structural characteristics enhance specific capacity, rate
capability, and cycling stability, making them highly efficient for energy storage
applications. Yu Chen et al. [26] reported the synthesis of submicron-level spherical
V1,05 particles, synthesized by thermal decomposition of (NH4)2V4QOo, prepared by
chemical precipitation using commercially available V2Os. X-ray diffraction analysis
indicates the formation of V,0Os with lower crystallinity and larger lattice parameters
than its commercial counterpart. Electrochemical characterization indicated that the
as-prepared V205 sample synthesized at 400°C has an initial discharge capacity of
330 mAh g7, retaining 263 mAh g™ after 50 cycles, revealing its potential as a
noteworthy cathode material for lithium-ion batteries [26], [27]. Aegyeong Kim et al.
[28] developed a scalable synthesis method for in situ V2Os nanoparticles using citric
acid as a reducing and chelating agent. Nanoparticles annealed at 600°C exhibited
superior cycling stability and rate performance, due to an optimal amorphous surface
layer with vanadium oxides and C=C structures combined with high crystallinity. This
methodology could be extended to enhance the electrochemical performance of other
oxide electrode materials, such as Fe3Os and FexOs, during Li* insertion and

extraction.

(b) Supercapacitors: Supercapacitors, also known as electrochemical capacitors
or ultracapacitors, are rigorously studied as they can be considered as an
alternative to lithium-ion batteries with higher power density, faster
charge/discharge cycles, and longer cycle life. However, their low energy
density limits their use as standalone energy storage devices. High-capacitance
materials usually have large surface areas and excellent electrical
conductivity, which is directly connected to the electrochemical double-layer
capacitance and the surface area available for redox reactions, contributing to
pseudocapacitive behavior. Many high-surface-area carbon-based materials,
such as activated carbon, CNTs, and graphene sheets, have been investigated
as electrode materials for supercapacitors. Graphene, a 2D layer of carbon

atoms, has shown exceptional potential as a component for 3D structures,
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providing improved electrochemical performance essential for advanced

energy storage devices [15], [29].

There are reports on the preparation of conductive graphene
oxide/V20s composites using polyvinylpyrrolidone (PVP) as a carrier matrix,
yielding well-defined, structurally stable nanofibers. The formation of these
fibrous structures was confirmed through X-ray diffraction and scanning
electron microscopy. The electrochemical performance of the graphene
oxide/V20s nanofibers was tested in different electrolytes, with neutral KOH
showing the best response. These findings indicate that the electrospinning
method can improve electrode performance and can be adapted for other
transition metal oxides to develop high-efficiency supercapacitor electrodes
[30-33]. Many studies have examined V205 nanostructures for charge storage.
For example, highly stable V205 nanochains were synthesized via a simple
hydrothermal method using CTAB, achieving excellent supercapacitance

without conductive supports [34].

Arup Choudhury et al. [36] developed a nanohybrid material by growing
vanadium pentoxide nanofibers (VNFs) in situ on exfoliated graphene nanosheets for
supercapacitor electrode applications. Raman and FTIR analyses confirmed the
presence of non-covalent interactions between the VNFs and graphene, alongside
XRD showed a highly crystalline structure. The VNF/graphene hybrid exhibited a
good specific capacitance (218 Fg'), energy density (22 Wh kg™!), and power density
(3594 W kg!), outperforming pure VNFs. An asymmetric supercapacitor using this
hybrid as the positive electrode demonstrated exceptional performance, with a
capacitance of 279 Fg'!' an energy density of 37.2 Wh kg™!, and a power density of
3743 W kg [29]. Recent research developed a microwave-initiated method to
exfoliate alpha polymorphic orthorhombic V205 powders into wrinkled nanoribbons.
These nanoribbons were further combined with rGO using cation-assisted self-
assembly and thermal annealing to create a V20Os/rGO hybrid. The resulting material

showed a high specific capacitance of 423.6 Fg'!, maintained excellent cycling
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stability over 1800 cycles, and achieved an energy density of 58.8 Whkg,
highlighting its strong potential for scalable energy storage applications [36].

1.6.2. Chromogenic thin films

Vanadium pentoxide thin films are used in chromogenic applications,
especially in electrochromic devices. V20s thin films can change color when a voltage
is applied, as they can reversibly gain or lose oxygen. This property makes them useful
for smart windows, displays, and energy-saving devices. V20Os thin films also offer
high optical contrast, fast switching, and good cycling stability, making them

promising for energy-saving technologies, sensors, and displays.
(a) Electrochromic Applications:

V205 used in electrochromic devices changes color or transparency when an
electric current is applied. This phenomenon occurs due to reversible intercalation of
Li" ion within the V2Os lattice, altering its optical properties. Key applications include

[31]:

1. Smart Windows: V;0s thin films enable the dynamic modulation of light

transmission, reducing heating and cooling energy requirements in buildings.

il. Self-Dimming Rear-View Mirrors: In automotive applications,
electrochromic V20s thin films adjust the mirror’s reflectance based on

ambient light, enhancing driving safety.

1il. Low-Power Displays: Used in electrochromic displays for devices requiring
low power, V>Os enables displays that change color based on electrical

stimuli.

Cosmin Romanitan et al. [32] showed a direct relation between the texture
coefficient and electrochromism in orthorhombic V,0s nanostructured films
synthesized through spray pyrolysis. The larger the texture coefficient, the greater the
charge insertion and transmittance contrast, reaching —73.30 mC-cm™ on coloration
and 18.48% transmittance under =1V, highlighting its significance in optimizing

electrochromic performance. Mjejr et al. [33] reported the synthesis of V20s
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nanopowders prepared through the polyol process and the fabrication of V,Os thin
films using the Doctor Blade method. The resulting films exhibited noteworthy
electrochromism in Li- and Na-based electrolytes. Junyi Wang et al. [34] reported the
synthesis of porous and amorphous V2Os films through a room-temperature
photochemical process, with macropores attributed to a bubble-templating
mechanism. The films exhibit enhanced multicolored electrochromic properties,
attributed to a pseudocapacitive electrochromism that accelerates ion intercalation and

deintercalation [34].
(b) Photochromic Applications:

V>0s thin films show photochromic behavior, meaning they change color or

transparency when exposed to UV or visible light [2]. This makes them ideal for,

i.  Smart Windows and Lenses: Photochromic V;0s films can automatically
darken or lighten based on sunlight exposure, which is helpful in eyewear (like
transition lenses) and adaptive glazing for windows, enhancing user comfort and

energy efficiency.

ii.  Optical Data Storage: V,0s’s photochromic response to light can be applied in
optical data storage technologies where data is recorded and read using light-

induced changes.

Hidetoshi Miyazaki et al. [35] reported the fabrication of vanadium pentoxide-
based composite films by adding evenly dispersed sub nanometer sized V:0Os
particles. Upon exposure to ultraviolet light, the film exhibited a broad absorption
peak centered around 700 nm. Additionally, the optical band gap of the films
increased with prolonged UV irradiation, attributed to the corresponding rise in carrier
concentration. This band gap widening occurs due to the Burstein Moss effect, in
which an increased carrier concentration shifts the Fermi level into the conduction
band. The films reverted to their bleached state when left in darkness, demonstrating

reversible photochromic behavior.

10
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(¢) Thermochromic Applications:

V105 thin films exhibit thermochromic behavior, with their optical properties

changing with temperature. This capability allows for:

i) Temperature-Sensitive Smart Windows: In thermochromic windows, V205
films can adjust transparency with changing external temperatures, allowing

better regulation of heat and light.

ii) Heat Regulation Coatings: These films are used in coatings for energy-efficient
buildings, allowing the material to transition from transparent to opaque as

temperatures rise, reducing the cooling load in hot climates.

Sunil Kumar et al. [36] reported the synthesis of polycrystalline V205 films
that exhibit reversible thermochromism, changing from yellow to orange with
temperature, devoid of phase transitions, giving potential applications for tunable
thermochromic devices. In conclusion, V20s’s photochromic, thermochromic, and
electrochromic applications span a wide range of industries, from smart windows and

energy-efficient buildings to automobile safety and display technologies [2].
1.6.3. Photocatalysis

V20s is used as a photocatalyst in environmental remediation applications
such as water purification and the degradation of organic pollutants. Its ability to
generate reactive oxygen species under UV-Visible light enables it to break down
harmful substances in water and air. M.M. Sajid et al. reported the preparation of V205
nanoparticles through sol gel and hydrothermal methods, with the hydrothermally
synthesized particles exhibiting higher crystallinity. The hydrothermal V2Os
nanoparticles demonstrated a high surface area of 238.454 cm?/g and a pore size of
3.405 nm. Photocatalytic degradation of Congo Red (99.1%) and Methyl
Orange(82%) was achieved, highlighting the material's potential for visible light

driven photocatalytic and photoelectrochemical applications [37].

Sohaimi K. S. A. et al. [38] reviewed V20s as an efficient photocatalyst due to

its exceptional crystallinity, reusability, cost-effectiveness, photo-corrosion

11



Chapter 1

resistance, narrow band gap of 2.3 eV, and enhanced charge carrier mobility. Despite
its potential, V205 suffers from photogenerated carrier recombination, limiting its
photocatalytic efficiency. The review explores various synthesis methods, including
hydrothermal, sol-gel, co-precipitation, and solvothermal techniques, and focuses on
modifications to improve performance. V>Os has been primarily used for dye
degradation, though extensive research on its capabilities for pharmaceutical and other

pollutants remains underexplored [38].

Bapuso M. Babar et al. [39] reported the successful synthesis of vanadium
pentoxide nanoparticles using a straightforward hydrothermal method, where the
impact of annealing on the MB dye decomposition was explored. The structural
properties of V2Os were confirmed through XRD and Raman spectroscopy, while
FTIR spectroscopy identified the presence of functional groups. SEM revealed
agglomerated nanoparticle morphology, and the direct band gap of V>Os was obtained
from UV-Vis spectra varying between 2.63-2.81 eV. Calcinated V20s exhibited
enhanced photocatalytic activity, achieving 68% MB degradation within 80 minutes
with a rate constant of 9.9x10”° s [39]. Sanja J. Armakovié et al [40] reported that
conventional wastewater treatment processes fail to eliminate organic pharmaceutical
pollutants, leaving active pharmaceutical compounds, such as p-blockers, in water.
He explored the photocatalytic degradation of B-blockers-nadolol (NAD), pindolol
(PIN), and metoprolol (MET)—using V20s nanoparticles synthesized via the
hydrothermal method. The tunable band gap of V,0s, via structural manipulation or
external stimuli, enhances its photocatalytic potential, making it highly promising for
water purification applications [40]. Raj et al. [41] reported the synthesis of vanadium
pentoxide via surfactant-assisted hydrothermal methods and analyzed the products
using structural, morphological, electronic, and optical characterization techniques.
Electrochemical studies revealed that V2Os prepared with CTAB exhibited superior
charge-discharge cycle stability, while photocatalytic studies showed that V>Os
synthesized with SDS had the highest efficiency in degrading Methyl Orange dye
under UV light [41].

12
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1.6.4. Gas Sensors

The material's sensitivity to environmental changes, particularly to gases such
as ammonia, ethanol, and nitrogen oxides, makes it useful for gas sensing applications.
V>0s-based sensors are used for detecting toxic and hazardous gases. A. Dhayal Raj
et al. [41] successfully synthesized hollow spheres of vanadium pentoxide composed
of self-assembled nanorods using a solvothermal method. XRD analysis confirmed
the orthorhombic structure of the calcinated V205 nanorods, which formed hollow
spherical structures, as observed in SEM images. The hollow spheres had diameters
of 2-3 pm, while the nanorods within them measured 100200 nm in diameter and
several hundred nanometers in length. Gas sensing studies revealed that the resistance
of the V,0s nanorods varied with ethanol and ammonia concentrations over time.
Sensitivity increased linearly with the concentration of both gases, with the nanorods

showing a stronger response to ethanol than to ammonia [42].

Pankaj Singh Chauhan [43] reported the successful synthesis of novel V205
nanostructures exhibiting rod and floral morphologies via a simple, daylong
hydrothermal method using vanadyl sulfate hydrate and potassium bromate as
precursors. The V;0s nanostructures were used in thin-film form for room-
temperature detection of hydrogen gas, targeting trace levels, with a lower explosive
limit of 4% in air. Detailed investigations revealed a 40% increase in sensitivity when
transitioning from nanowires to nanostars [43]. Yuxiang Qin et al. [44] reported the
synthesis of advanced gas sensors based on hierarchical V,0s structures, synthesized
via a direct seed-induced hydrothermal process in which nanostructured V,0Os was
grown on substrates with patterned Pt electrodes. By varying the precursor
concentration, porous flower and honeycomb-like V>0Os architectures were fabricated.
The flower-like hierarchical network, composed of radially oriented ultrathin
nanoneedles, nanoribbons, and overlapping nanowires, exhibited an ideal
microstructure for gas sensing applications. Ethanol gas sensing was studied from
room temperature to 300°C, across a concentration range of 5 to 1000 ppm. The
sensor exhibited a temperature-dependent p-to-n transition, with dual response peaks
at 20°C and 250 °C. At 250 °C, the sensor showed heightened sensitivity to ethanol
and NH3, whereas at room temperature it demonstrated excellent ethanol selectivity
[44].

13
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1.6.5. Optoelectronic Devices

Vanadium pentoxide’s unique optoelectronic properties, including high
optical transparency, electrochromic capabilities, semiconducting behavior, and
potential for use in memory devices, make it an important material in optoelectronics.
Ko-Ying Pan et al. [46] synthesized V205 nanowires on Si substrates using the vapor-
solid method, confirmed by SEM, EDS, XRD, and HRTEM. The growth mechanism
involves screw dislocations on the (110) crystal plane. Electrical resistivity was 64.62
Q-cm. Cyclic voltammetry showed strong durability after 10 cycles, demonstrating
the potential of V,0s nanowires for optoelectronics and lithium-ion battery cathodes
[45]. Advanced electronic, optical, and optoelectronic devices have initiated
significant research into the preparation of vanadium oxide thin films. The optical
performance and electronic behavior of these coatings are heavily influenced by the
sample preparation methods and the films' resultant microstructure. Therefore, an
understanding of the relationship between the fabrication process and film properties

is crucial for optimizing their use in real-world applications [46].
1.6.6. Biomedical Applications

Vanadium pentoxide micro- and nanostructures are promising for many
biomedical applications due to their oxygen-deficient lattice sites, strong oxidative
potential, and good biocompatibility. These features make V,0Os useful in
antimicrobial, antioxidant, and anticancer treatments. V,Os nanoparticles exhibit
strong antibacterial and antifungal effects, primarily by generating reactive oxygen
species (ROS) that damage microbial membranes and disrupt key cellular processes
[47]. Their redox activity has also led to the creation of "nanoisozymes" that mimic
enzyme functions, enabling controlled catalytic activity in therapy. Modified V205
systems, such as those coated with mesoporous carbon, have shown promise for drug
delivery by improving drug loading, controlling release, and reducing toxicity,
supporting V20s's role in advanced therapies [48], [49]. Huang et al.[50] added V205
nanowires to electrospun alginate wound dressings, which worked well against S.
aureus and E. coli in lab tests and helped wounds heal faster in animal studies. V205

nanoparticles also showed antibacterial activity against several human pathogens,

14
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including Staphylococcus aureus, Escherichia coli, Pseudomonas aeruginosa, and
Proteus vulgaris, when tested by K. Karthik et al. Their results suggest that
ultrasound-assisted V205 nanoparticles could be useful in both environmental and
medical fields [51]. Although these results are promising in lab and animal studies,
more in vivo testing and toxicity studies are needed before V,0Os-based coatings can

be used in clinics [52].

1.7. Limitations of pristine Vanadium pentoxide

Despite its applications, pure vanadium pentoxide exhibits several limitations

that prevent its performance in various fields. These limitations include

a) Low Intrinsic Conductivity: V,0s possesses inherently low electrical
conductivity (~107 S/cm), which hinders its use in electronic devices and energy
storage applications. This disadvantage can lead to poor charge transport and slow
kinetics, especially in battery and supercapacitor electrodes, reducing their overall

efficiency [53].

b) Structural Instability: During lithium-ion intercalation and deintercalation in
batteries, V205 usually undergoes significant volume changes. This creates
mechanical stress, structural degradation, and material pulverization, leading to a

rapid decline in capacity and cycling stability [54].

¢) Phase Transition: V>Os undergoes phase transitions at relatively low
temperatures, which can adversely affect its structural integrity and performance

in high-temperature applications like catalysis and thermoelectrics [54-55].

d) Photocatalytic Limitations: Although V>Os possesses a band gap of ~2.3 eV,
enabling partial absorption of visible light, its absorption is largely confined to the
blue-green region of the visible spectrum. The limited utilization of longer-
wavelength visible light, together with rapid electron-hole recombination which
suppresses the generation of reactive oxygen species, such as hydroxyl (¢*OH) and
superoxide (*O>") radicals and hence restricts its overall photocatalytic efficiency

under solar irradiation [56], [57].
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e ) Mechanical Weakness: Pristine V,Os is brittle and lacks mechanical flexibility,

g)

h)

1))

which can be problematic in applications requiring durable and robust materials,

such as structural composites and coatings [58].

Chemical Stability and Corrosion: V,0s is chemically reactive and can be
corroded by acidic and basic environments, leading to dissolution or degradation
of the material. This limits its long-term stability and applicability in harsh

chemical conditions, such as in catalytic converters and chemical sensors.

Catalytic Limitations: V>Os often has limited selectivity and activity because of
its specific surface area and few active sites. This lowers its efficiency in selective
oxidation and other catalytic processes [56]. The low surface area of bulk V,0s
limits its catalytic performance. A high surface area is important for exposing

more active sites in catalytic reactions [57].

Thermal Stability Issues: V205 can decompose or lose oxygen at elevated
temperatures (>700°C), which affects its catalytic performance and stability in

applications such as exhaust gas treatment and high-temperature sensors [59].

Biocompatibility and Toxicity: The cytotoxic nature of V20Os limits its use in
biomedical applications, such as drug delivery and bioimaging. The release of
vanadium ions can be harmful to biological tissues, necessitating careful control

and modification of the material for safe use [60].

Optoelectronic Limitations: In optoelectronic devices, the low charge carrier
mobility in V205 can impede the efficient transport of electrons and holes,
resulting in suboptimal performance in applications like solar cells,

photodetectors, and electrochromic devices [61].

Vanadium pentoxide does not dissolve readily and is difficult to process,

which makes fabrication challenging. V205 does not dissolve much in common

solvents, so making films or coatings with solution-based methods is challenging.

This limits how easily it can be used in different device designs [62]. To address these

issues, researchers often use methods such as doping, creating composite materials,

forming heterostructures, or altering the material’s shape. These changes can improve
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V20s5’s electrical, structural, and chemical properties, making it more useful for

advanced applications.
1.8. Methods for Altering the Properties of Vanadium Pentoxides

To optimize its structural, electronic, and chemical properties, researchers
have employed a wide range of enhancement strategies. These go beyond traditional
doping, encompassing composite formation, heterostructure engineering, and a suite
of cutting-edge techniques, including defect engineering, morphology control, and
intercalation chemistry. Below is a comprehensive overview of the major approaches

used to enhance the performance of V20Os-based materials.
1.8.1. Multi-Cation Incorporation in V20s

Suitable cation elements may alter the band structure and modify the Eopt of
Vanadium Pentoxide. The color of the synthesized V,0Os varies with the dopant
element and concentration. The Eqp increased with increasing Ce-, Sm-, Dy-, and Mg-
doping in V20s, whereas Sn-, Nb-, Gd-, Ag-, and Li-doping led to a decrease in optical
band gap. For instance, Nd, F, La, Yb, and W incorporation, the optical band gap

varies with foreign ion concentration.

Eopt decreases when the V:W ratio is below 9:1, but increases again when the
ratio is above 7:1. Factors such as solvent, temperature, reaction time, and pressure
influence how dopants bind to vanadium precursors, thereby altering the properties of
V20s. The size and behavior of the dopant elements make them compete for positions
in the V20s layers, affecting the local and band structures. Dopants can either speed
up or slow down crystallization. If the dopant radius is smaller than the host lattice,
the lattice constant and crystal size become smaller. If the dopant radius is larger, both
increase. These elements can form V-M oxide or local vanadate (MVOa).
Experiments show that the unit-cell volume of M-doped V20s, where M = Na, Ba,
and Al, is different from pure V20s [2]. Dopants can also act as donors in V20Os,
creating new energy levels below the conduction band. This makes it easier for
transitions between the valence band and these new levels, lowering Eg. When there

are more donors, the new energy level fills up and E shifts to a higher energy. Adding
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an ionic element creates defects and oxygen vacancies, leading to lower oxidation
states like V4" and V3*. As the dopant concentration increases, the fraction of V4#/V>*
or (V¥*+V*)/V>* rises, which means there are more electron carriers. Electrons are
also produced when V is replaced by M*" where x is greater than 5. For example,
replacing V with Cr or W adds extra electrons. These electrons can move into the

split-off band, which increases Eg and changes the color [2].

Adding various metal cations, such as Mn, Ni, Sb, Al, and Li, to the V205
lattice alters its crystal structure, enhances redox activity, and improves conductivity.
This approach helps increase photocatalytic, antimicrobial, and electrochemical
performance. P. Kiran et al. [63] reviewed recent progress in using elemental doping
to improve the gas-sensing abilities of vanadium pentoxide sensors. Doping with
transition metals, rare-earth elements, and non-metals has been shown to make V205
sensors more sensitive, selective, and stable, and to speed up their response by altering
surface properties, the electronic structure, and catalytic activity. The effectiveness of
multi-cation incorporation depends on factors such as the type, amount, and
distribution of dopants, as well as the synthesis method and operating conditions.
Although doping can greatly improve performance, there are still challenges in
controlling the process, managing structural changes, and optimizing the optimal

dopant concentration [63].

Hong mei Zeng et al. [64] reported the synthesis of nanostructured Mn**
incorporated V20Os as a cathode material for lithium-ion batteries to improve charge
transport. They used a layered vanadium(IIl) jarosite compound as the precursor,
allowing Mn*" ions to be evenly distributed between the vanadium oxide layers.
Adding the larger Mn?" ions expanded the cell volume and made it easier for Li" ions
to move. The presence of multivalent cations created oxygen vacancies, thereby
increasing electronic conductivity. When tested, the Mn?* doped V>0s showed much
better performance than undoped V205 made from the same precursor. Further Ni-
V05 nanorods were prepared via a simple sol-gel method, as reported by V. Uma

Shankar et al. [65].

Microstructural analysis from XRD results confirmed the formation of an

orthorhombic V,0s phase in all samples, and SEM images show that Ni nanoparticles
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are uniformly distributed on the surface of the V205 nanorods. Raman spectra showed
V-0 vibrational modes without extrinsic phases arising from foreign cations. Both
pristine and Ni-incorporated V»Os electrodes exhibited pseudo capacitance, with
specific capacitances of 112 Fg! and 152 Fg! at a scan rate of 10 mV s,
respectively, indicating enhanced electrochemical performance upon Ni addition.
Zhou et al. [66] developed a high-performance Al-incorporated V,Os cathode for zinc-
ion batteries by using a rapid quenching method to induce Al doping and surface

oxygen vacancies.

1.8.2. Composite Formation

Many studies show that V20s can form composites with carbon-based
nanomaterials such as graphene, CNTs, polymers, and metal oxides. These
combinations improve conductivity, mechanical strength, and stability. As a result,
these composites are used in energy storage, photocatalysis, and biomedical coatings.
Sneha R. Bhosale and colleagues [67] developed a mesoporous carbo-V>0s composite
that works as a biogenic nanocarrier with better drug loading, antioxidant,
antibacterial, and anticancer properties. The combination of carbon and V:0s
increased surface area and improved interfacial interactions, making it more effective
than pure V20s for biomedical application. Arun Varghese and team developed a
polypyrrole-V205-MnQO: electrocatalyst for energy applications that performed well
in hydrogen evolution and supercapacitor tests. Their composite had a high surface
area of 136.3 m?/g, an overpotential of 192 mV, and a specific capacity of 1736.1 C/g
[68]. S. A. Ahamed and colleagues [69] used Morus alba leaf extract to make pure
and Fe-doped V»0s for better supercapacitor performance. Adding Fe improved redox
activity and stability, with VigFeo20s reaching a capacitance of 719.25 F/g at 2 A/g.
A symmetric device kept 94% of its capacitance after 10,000 cycles and delivered an

energy density of 49 Wh/kg, showing promise as a sustainable electrode material.
1.8.3. Heterostructure Engineering

Creating heterojunctions with materials such as g-C3Ns4, MoSz, or TiO2 can
enhance charge separation, light absorption, and photocatalytic activity. V2Os-based

heterostructures are promising for many applications because their electronic structure
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and redox activity can be readily adjusted. These materials improve photodetector
performance by increasing light absorption and charge transport, and they offer high
capacitance and stable ion intercalation for energy storage. In electrochromic devices,
V>0s enables rapid, reversible color changes. Its photocatalytic activity under visible
light helps break down pollutants, and its ability to generate reactive oxygen species
gives it antimicrobial effects. Combining V20s with materials such as MXene,
graphene, or TiO> further improves conductivity, stability, and surface reactivity,
making it valuable for new optoelectronic, energy, environmental, and biomedical
devices. Junjie Huang and colleagues [70] developed a dual-ion electrochromic
capacitor (EDIC) with a V2Os/MXene anode and a PANI/TiO> cathode, enabling fast
ion exchange and improved charge transfer. Their device exhibited multicolor
switching, 51% optical modulation, fast response times (2.4/7.2s), and high
coloration efficiency (111 cm2 C™), outperforming traditional systems and offering a

promising approach for efficient electrochromic energy storage.

A. G. Roman and his team made V2Os/porous silicon heterostructures for
photodetectors using a simple, low-cost process. They produced porous silicon by
electrochemical anodization and grew V2Os structures using solvothermal or
hydrothermal methods. Their analysis found aligned pores (about 1.4 um wide and
22 um long) and V705 in the form of nanosheets, nanobelts, or hollow microspheres.
XRD and Raman studies confirmed the orthorhombic V>Os phase, with crystallite
sizes of 31.5 and 16.4 nm. Photoluminescence showed emissions at 550 nm and
707 nm, and the optical band gaps were 1.5 eV and 2.1 eV. Electrical tests showed
both rectifying and ohmic behavior, along with a clear photocurrent response,
supporting their use as simple, efficient photodetectors [71]. Hu and his team designed
a 0-V205-H>0/rGO (VOG) heterostructure as a cathode for zinc-ion batteries to solve
the conductivity and structural problems of layered vanadium oxides. The VOG
electrode showed strong interfacial coupling, improved ion diffusion, and delivered
342mAhg! at 1 A g with good rate performance [72]. A.E. Hassan and his team
[73] created V20s/N-deficient g-C3N4 heterostructures that showed efficient visible-
light-driven bifunctional photocatalysis for hydrogen production (5892 p-mol g''h-
1,6.5% quantum yield) and pollutant degradation. The improved performance stems
from N defects and S-scheme charge transfer, which enhance charge separation, light

absorption, and stability.
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1.8.4. Defect Engineering

Generating oxygen vacancies or other structural defects in materials creates
mid-gap states and improves electronic conductivity, which enhances photocatalysis,
battery performance, and gas-sensing capabilities. Ahmed Badreldin and his team [74]
produced black V20s via an eco-friendly reduction method that generated oxygen
vacancies, thereby improving its photocatalytic activity under visible light. Their
experiments and DFT studies revealed that charge separation improved because of a
type-II heterostructure with pure V20s. The new material eliminated 92% of
methylene blue in 60 minutes and worked well with other dyes, with surface defects
linked to structural changes. Adding sulfur to V20Os has also improved its energy
storage and conversion. Sabna et al. team [75] prepared 2D sulfur-doped V05 flakes
via a hydrothermal method, creating lattice defects that narrowed the band gap and
improved conductivity. DFT and electrochemical tests showed better ion movement,
lower charge resistance, and a high specific capacitance of 749 F/g with strong cycling
stability. The doped material also showed about a 4.7 times increase in photocurrent
density, making it a strong candidate for advanced energy devices. N. Brijadar [76]
reported the making of vanadium pentoxide with maleic acid as a surfactant, then
adding palladium nanoparticles onto the surface. They tested different amounts of Pd,
including 0.5 wt%, 1 wt%, 3 wt%, and 5 wt%, and compared how plain and Pd-
decorated V>Os worked as resistive gas sensors. The 1 wt% Pd@V20s sample had the
best response and selectivity for NOx, namely NO and NO; gases, performing better
than other samples tested with organic vapors like SOx, NH3, methanol, ethanol,
acetone, trimethylamine, triethylamine, and formaldehyde. They tested the sensors at
about 30°C, 100°C, and 150°C, with the best results at 150°C. The sensor responded
quickly, within about 1 second, and recovered in 2 minutes, detecting NOx
concentrations ranging from 10 to 1000 ppm. The improved sensing after adding Pd

was similar to previous studies, showing good progress in NOx gas detection.
1.8.5. Surface Functionalization

Incorporating organic ligands, polymers, or biomolecules into V2Os enhances

its dispersion, interfacial charge transfer, and biocompatibility. These materials are
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commonly used in biosensors, drug delivery, and tissue engineering. L. T. B Mendoca
et al. [77] created V20s/PANI nanocomposites using laser ablation in water. With
PANI, the interlayer spacing increased from 7.95 to 13.6 A. Adding H,O» changed
the material’s shape, leading to fiber formation in V20s/PANI. Raman and
electrochemical tests showed a strong interaction between V20s and PANI, with
changes in redox behavior and a stronger current response. A.Shoukat et al. [78]
prepared a flexible PVA/V20s/BaTiO3 nanocomposite film with improved optical,
dielectric, and mechanical properties. The film had a lower bandgap of 2.61 eV and a
higher Young’s modulus, making it suitable for optoelectronic applications. G.J.
Thangamani et al. [79] produced poly vinylalcohol(PVA)/polypyrrole/
vanadiumpentoxide nanocomposite films using solution casting. Mechanical tests
showed the films were flexible and strong. For gas sensing, PVA/WPPy/V,0s
nanocomposites containing 15% V20s showed the highest sensitivity of 1.16% to
liquid petroleum gas at 600 ppm at room temperature, with quick response and
recovery times of about 10 and 8 seconds, respectively. This combination also showed
excellent selectivity for LPG over other volatile organic compounds, suggesting it

could be effective as a chemi-resistive sensor for LPG detection.

Yen-Lin Pan [80] developed a new ammonia gas sensor by combining a radio-
frequency-sputtered vanadium pentoxide thin film with platinum nanoparticles. The
Pt NP/V20s sensor exhibited unusual p-type conductivity, likely due to an inversion
layer of holes at the n-type V205 surface. Adding Pt nanoparticles increased the
surface area and catalytic activity, which increases ammonia detection. The sensor
achieved a high response ratio of 83.2% at 1000 ppm NHa/air and could detect as little
as 100 ppb, with fast response times at 300°C. The device was also selective, simple,
stable, and easy to make, making it a strong candidate for high-performance ammonia

sensing [80].

1.8.6. Ion Intercalation / Layer Engineering

Intercalating ions like Li*, Na®, or Zn?>" between V,Os layers increases
interlayer spacing and improves ionic/electronic conductivity, particularly in batteries
[81]. Incorporating multiple metal cations, such as Mn, Mg, Ni, Bi, Al, Li, and Sb,

into Vanadium Pentoxide can significantly enhance its physical, chemical, and
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electronic properties [82]. These multi-cation incorporations can induce modifications
in the crystal structure, improve electrical conductivity, boost catalytic performance,
and increase the thermal and chemical stability of V2Os-based metal oxide complexes.
Such synergistic tuning of V,0s’s properties enhances its suitability for advanced
applications across fields such as photocatalysis, energy storage, antimicrobial
systems, and sensing technologies. Each incorporated cation contributes uniquely to
the structural and functional enhancement of the V,0s matrix, offering a versatile

platform for performance optimization.

1.9. Objective of the Study

. Unraveling Electrical and Dielectric Properties: Conduct A.C. conductivity
and dielectric studies on Sb and Ni-incorporated V205 compounds, providing
insights into their suitability for advanced electronic and energy storage

applications.

. Advancing Adsorption Capabilities: Examine the adsorption properties of
Sb-V>0s compounds to understand their potential for adsorbing the cationic

Methylene Blue dye.

J Enhancing Photocatalytic Performance: Explore the enhanced
photocatalytic  activity of Sb-Ni-V20s/g-C3Ns  heterostructures  for
environmental remediation, leveraging their unique structural identity for

efficient light-driven reactions

o Exploring Antimicrobial Potential: Investigate the antimicrobial efficacy of
Sb-V-0, Ni-V-O, and Sb-Ni-V-O multi-cation incorporated oxides, along
with Sb-Ni-V20s5/g-C3N4 heterostructures, to uncover their potential as next-

generation antibacterial agents.
1.10. Relevance of the study

The present investigation is of substantial scientific relevance, as it bridges
fundamental materials science with advanced functional applications. By elucidating
the electrical and dielectric behavior of Sb- and Ni-incorporated V>Os compounds, the
study provides crucial insights into charge transport and polarization mechanisms,

with implications for next-generation electronic and energy-storage devices.
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Furthermore, exploring the adsorptive properties of Sb—V>Os for cationic methylene
blue reveals its potential for wastewater purification through efficient dye
sequestration.  The  photocatalytic = performance of  Sb—Ni—V20s5/g-C3N4
heterostructures highlights the synergy between multi-cation oxides and graphitic
carbon nitride in enhancing visible-light-driven catalytic efficiency, offering
sustainable solutions for environmental remediation. Additionally, the assessment of
antimicrobial activity in Sb—V-0, Ni—V-0, and Sb—Ni—V-0 systems, as well as in
their g-C3N4 composites, expands the material’s functionality toward biomedical and
hygienic applications. Collectively, this research advances the multidisciplinary
understanding of doped V205 systems, aligning structural modification, optical
response, and surface reactivity with the design of high-performance, eco-efficient,

and multifunctional materials.
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Synthesis And Characterization Techniques
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2.1 Introduction

Multi-cation metal oxide compounds have attracted significant interest in
materials science due to their unique physical, electrochemical, and catalytic
properties. These compounds, which have more than one metal cation in the oxide
lattice, exhibit greater stability and adjustable electronic properties, and benefit from
the interactions among the different cations. There are several ways to synthesize
multi-cation metal oxides, each with its own pros and cons for composition, phase
purity, and structural control. Of these methods, the high-temperature solid-state

reaction is considered the most suitable
2.2. High Temperature Solid State Reaction Method

The high-temperature solid-state reaction method starts by selecting high-
purity solid precursors (NiO, Sb203, and V20s) in the correct ratios, then grinding
them thoroughly to ensure uniform mixing. The mixture is pre-calcinated by heating
at a moderate temperature (usually 300 to 500°C) to remove volatile parts and make

it more reactive.

SYNTHESIS OF MULTI-CATION OXIDES BASED ON VANADIUM PENTOXIDE
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Figure 2.1: Flow chart of the high-temperature solid-state reaction method

After this step, the powder is ground again and calcined at a higher temperature

(typically 500 to 700 °C) for several hours to help the materials react and mix fully
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[83]. Additional grinding and heating cycles can be done to improve the purity and
structure of the final product. The powders are pressed into 14 mm pellets and sintered
at high temperature to improve pellet density and homogeneity. Finally, the product
is cooled to room temperature, ground into a fine powder, and stored for later use or
analysis[84]. The flow chart of high-temperature solid-state reaction is shown in

figure (2.1).

2.3. Types of solid solutions

2.3.1. Substitutional solid solution

Substitutional solid solutions among the transition-metal oxides enable foreign
cations such as Ni, Mn, Al, Li, Bi, and Sb to substitute for host metal ions within the
lattice, occupying specific crystal sites while retaining a single-phase structure. Such
dopants can occupy tetrahedral or octahedral sites in layered vanadium pentoxide
frameworks, often triggering charge-compensation mechanisms that create
cation/anion vacancies or alter adjacent cation valences. The structural and electronic
perturbations from cation doping, including lattice distortions, defect formation, and
valence-state adjustments, critically influence material behavior. For example, Ni**
substitution for Mn®" in a spinel-like LiMn»O4 raises the average Mn oxidation state
by converting Mn*" to Mn*', thereby suppressing Jahn-Teller distortion, stabilizing
the structure, and enhancing battery cyclability [3]. In sum, cation doping in transition
metal oxides tailors and optimizes the lattice and electronic structures, enabling the
design of materials with enhanced catalytic activity, energy storage performance,
sensor responsiveness, thermoelectric efficiency, and tunable magnetic/electronic

functionalities.
2.3.2 Interstitial solid solutions

An interstitial solid solution in transition metal oxides is formed when small
atoms or ions, such as hydrogen, lithium, or oxygen anions in excess, occupy the
interstitial sites of the oxide lattice without swapping the primary metal or oxygen
ions from their lattice positions. These interstitial cations and anions can significantly
modify the oxide's structural, electronic, and ionic transport properties. For example,

Ni interstitials in transition-metal oxides can alter electronic conductivity and induce

38



Chapter 2

changes in valence states of cations, while interstitial oxygen in oxides such as TiO»-
x or WOs3.x contributes to non-stoichiometry and enhances carrier mobility [87]. The
formation of such interstitial solid solutions is strongly governed by factors such as
the size of the interstitial species relative to available lattice voids, defect chemistry,
surface chemistry, and thermodynamic stability. Importantly, interstitial solid
solutions find applications ranging from solid oxide fuel cells (SOFCs), hydrogen
storage, and catalysis to electrochromic devices, where interstitially accommodated

ions play a decisive role in determining functional performance.

2.3.3 Hume-Rothery rule for the selection of precursors in forming solid

solutions

The Hume-Rothery rules are a set of well-defined rules used for the selection
of precursors in solid solutions, checking if two elements will form a solid solution
when mixed, either by one element substituting for the other in the crystal lattice
(substitutional solid solution) or by occupying interstitial sites (interstitial solid
solution) [4]. These rules, originally formulated by William Hume-Rothery, provide
guidelines based on atomic size, crystal structure, electronegativity, and valence for
achieving significant solubility in alloys. Below, we discuss the rules for both

substitutional and interstitial solid solutions [87].

a) Atomic Size Similarity: The atomic radii of the two species must be within
about +15% of each other. A small size mismatch minimizes lattice distortion.
If the size difference exceeds ~15%, solubility will be limited because a large
size mismatch induces significant lattice strain, making extensive substitution

energetically unfavorable.

b) Crystal Structure Compatibility: The solvent and solute should share the
same (or at least highly similar) crystal structure. For example, two face-
centered cubic (FCC) metals or two body-centered cubic (BCC) metals can
more likely form a substitutional solution than an FCC metal with a BCC
metal. A common lattice framework allows the solute atoms to fit into the host
lattice without creating a new phase. If the crystal structures differ, only
limited solubility or formation of a separate phase, e.g., intermetallic

compound tends to occur.
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C) Valency Factor: Ideally, the two elements should have the same valence or at
least not vastly different valencies. Metals with the same valency tend to be
more soluble in each other. If other factors are favorable, complete solubility
is often observed when the solvent and solute have identical valence.
Additionally, a metal can typically dissolve another metal of higher valency
more readily than one of lower valency. A significant difference in valence
can limit solubility because it often drives the formation of electron-

compensating compounds.

d) Electronegativity Similarity: The electronegativities of the two elements
should be similar. When there is a large electronegativity difference, the
elements tend to form intermetallic compounds or other ordered phases rather
than a random solid solution. A small difference (close to zero) in
electronegativity favors the formation of a disordered solid solution as neither

element strongly attracts electrons from the other to form ionic like bonds.
2.4. Characterization Techniques and Studies

In this thesis, the various characterization techniques used to analyze and
calculate the parameters and properties of V20Os-based multi-cation compounds and

heterostructures are discussed.
2.4.1. X-Ray Diffraction and Bragg’s Law

When X-rays interact with a crystalline solid, the periodic atomic arrangement
causes constructive interference, resulting in scattered radiation in specific directions.
Unlike individual atoms, which scatter X-rays weakly, the crystal lattice amplifies
scattering in certain directions and cancels it in others, resulting in X-ray diffraction
(XRD). The powder technique, used in X-ray diffractometers with monochromatic
radiation, enhances experimental results, aiding in the determination of the structural
properties of crystalline materials [8]. A simple yet powerful way to understand this
scattering is through Bragg’s Law, which considers the crystal as a set of parallel
planes of atoms (fig. 2.2). There occurs constructive interference when the path
difference between rays reflected from successive planes equals an integer multiple

of the X-ray wavelength [90]

nA=2dsin0 (1)
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Here, n is the order of reflection, A is the wavelength of the incident X-rays, d
is the interplanar spacing, and 0 is the angle between the incident X-ray and the lattice

plane.
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Figure 2.2: Schematic illustration of Bragg’s diffraction. Incident X-rays reflect from
successive atomic planes separated by a distance d.

Figure 2.3: AERIS Panalytical X-ray Diffractogram Instrument

We analyzed the crystal structures of the prepared samples using X-ray
diffraction (XRD) with Cu Ko radiation (A = 1.541 A). Measurements were taken over
a 20 range of 15 to 55 degrees using an AERIS PANalytical instrument. (fig. 2.3).

2.4.1.1. Structure Factor and Intensity of Diffracted Beams

Although Bragg's Law defines the angles at which diffraction peaks occur, the
intensity of these peaks is governed by the structure factor Fnx which depends on the

arrangement and types of atoms in the unit cell [§9]

Fw= X, fj exp[2mi(hxj + kyj + 1z))] (2)
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where:

. f; is the atomic scattering factor of the j'" atom

. Xj, Vj, Zj are the fractional coordinates of that atom within the unit cell

. h,k,1 are the miller indices of the corresponding diffracting plane and Ink &

|Fhial?

This means that even if Bragg’s Law is satisfied, a reflection may be absent or
weak if the structure factor approaches zero. Hence, both geometric and atomic
considerations are essential in interpreting XRD patterns and determining crystal
structures [91]. The line broadening value gives the measure of the average size of the

crystallites by using the Scherrer formula [91],
Grain Size = KA/f3 cos® 3)

Where D is the average particle size, A is the wavelength of the radiation and
B is the FWHM (full width at half maximum) of the reflection peak that has the same
maximum intensity in the diffraction pattern (integral breadth of the peak located at
angle 0). K is the Scherrer constant in the formula, which accounts for particle shape
and is generally taken to be 0.9. The grain size obtained from the Scherrer equation

gives the average particle size of a material [10].
2.4.1.2. Rietveld Refinement: Relevance and Quality Indicators

While X-ray diffraction provides qualitative insights into the phase
composition and crystal structure of materials, it also yields quantitative, highly
accurate structural information, such as lattice parameters, atomic positions, site
occupancies, and microstructural features, which requires additional computational
analysis. This is achieved through Rietveld refinement, a powerful technique that fits
a calculated diffraction pattern to the experimentally observed pattern by minimizing
the difference between them via least-squares optimization [94]. Hugo Rietveld
developed the Rietveld refinement in 1969. This method models the diffraction profile
rather than just individual peak positions, enabling more accurate analysis of

crystalline materials, even in complex multiphase systems [95].
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Key Objectives of Rietveld Refinement:

. Accurate determination of unit cell parameters

. Refinement of atomic positions, occupancies, and thermal factors
. Estimation of crystallite size and microstrain

. Quantitative phase analysis in multiphase mixtures

In practice, the calculated intensity lcac at each point in the diffraction pattern
is obtained from a structural model and compared with the observed intensity Iobs. The
refinement process adjusts model parameters to minimize the residual through

repeated calculations, usually the weighted sum of squared differences:

ReSidual:ZWi(Iobs,i_Icalc,i)2 (4)

where w; is a weighting factor for each data point.

J Goodness of Fit and Quality Indicators

In Rietveld refinement, several statistical parameters, known as R-factors and

the goodness-of-fit indicator (y*\chi?), are used to assess the quality of the fit: [96]

1. Profile R-factor (Rp)

__ Ylobs—-Icalc

Rp Ylobs

x100% (5)

Represents the absolute value of the difference between observed and calculated

intensities. Lower values indicate a better fit.

2. Weighted Profile R-factor (Rwp)

xwi ILg(obs)

(1: _1. 2
pr — \/ZWI(IL(ObS) I,l(calc)) X 100% (6)

Represents the statistical weight of each data point, offering a more reliable measure

than Rp.

3. Expected R-factor (Rexp)

N—-P+C

Rexp =
Wi I ops)

x100% (7)
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Where:

N is the number of observations (data points),

. P is the number of parameters refined.

. Number of constraints applied during the refinement process
4. Goodness of Fit (GoF or y*\chi?)

The chi-squared value is crucial for evaluating the quality of the refinement.
A value of * equals 1 suggests a statistically good fit, and larger values may indicate
issues such as low-quality background correction, problems in phase identification, or

incorrect peak shape modelling function used for fitting the experimental data [96].
2.4.1.3. Rietveld Refinement Using Full Prof Suite

The FullProf Suite is a widely used software package for Rietveld refinement,
suitable for both powder and neutron diffraction data. It offers good control over
background modelling, peak shape functions like pseudo-Voigt, Thompson-Cox-
Hastings, and allows simultaneous multiphase refinement in compounds having

multiple phases [97].

During refinement using FullProf, attention must be given to [97]:

a) Convergence criteria: Minimal changes in parameters during consecutive
iterations

b) R-factor values: Low Rp, Rwp, and a %2 value close to 1.

9) Difference plot: The residual curve, that is observed — calculated, should be
flat

Rietveld refinement, especially when using tools like FullProf Suite, plays a
key role in modern materials science by helping researchers get detailed structural

information from powder XRD data [98].
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2.4.2. Raman Spectroscopy

Raman spectroscopy uses inelastic light scattering to analyze gases, liquids,
and solids, whether amorphous or crystalline. This method can study very small
samples, even under high temperatures or pressures. In a typical experiment,
monochromatic light shines on the sample, and the resulting inelastic scattering
creates a spectrum showing intensity versus wavenumber shift. Each peak in the
spectrum corresponds to a specific vibrational mode, revealing details about bonding,
strain, and molecular structure. This makes the spectrum a unique fingerprint for each

material [99].

In a Raman experiment, a sample is exposed to monochromatic laser light, and
the scattered light is measured with a spectrometer to detect intensity changes
corresponding to the Raman spectral shift in cm™. Each peak in the Raman spectrum
corresponds to a different vibrational phonon mode, and its position and intensity
provide details about chemical bonds, molecular symmetry, and crystal structure.
Whether a Raman-active mode appears depends on the molecular or crystal

symmetry.

4

Figure 2.4: Image of JASCO NRS 4100 Raman Spectrometer used in the study

Some vibrational modes might not be detected if their signals are too weak or

overlap with others. Raman spectroscopy is especially useful for studying solid
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materials, identifying crystal phases, structural disorder, and small changes in bonding
[99]. It works well in extreme conditions, requires little sample preparation, and
complements X-ray diffraction by providing information on short-range order,
defects, and local distortions. This makes it very useful for studying nanomaterials
and complex systems [100]. For this study, Raman measurements were recorded using
a JASCO-B005161822 micro spectrometer, with a laser power of 2.9 mW, an
exposure time of 2 seconds, and an excitation wavelength of 540 nm as depicted in

figure 2.4
2.4.3 Infrared Spectroscopy

Infrared (IR) spectroscopy is a powerful technique for identifying and
studying chemical substances by analyzing how their molecules vibrate. When
molecules absorb infrared light, their chemical bonds vibrate in specific ways, such
as stretching, bending, or twisting. These vibrations are unique to certain bonds and
functional groups, giving each compound its own molecular fingerprint [101]. The IR
part of the electromagnetic spectrum ranges from about 4000 to 400 cm™ and is
divided into three sections: near-infrared (14000-4000 cm™'), mid-infrared (4000—400
cm™), and far-infrared (400-10 cm™). Most IR spectroscopy uses the mid-IR region
because it is best for detecting the main vibrations of molecular bonds [102]. In an IR
spectrometer, IR light is shone on the sample under study. The molecules in the
sample absorb light at certain frequencies that match their vibrations, and a detector
measures the intensity of the light that passes through or is reflected from the sample.
This process, as shown in the schematic diagram in figure 2.5, produces an IR
spectrum. The spectrum shows transmittance or absorbance versus wavenumber,

which helps identify the functional groups and bonding within the compound [102].

IR spectroscopy is especially useful for studying metal oxides and doped
materials. It helps identify metal-oxygen bonds, hydroxyl groups, and other vibrations
in the material’s structure. Changes in peak positions or intensities can indicate
structural changes due to doping or phase transitions. Because of this, IR spectroscopy
is an important method for understanding the chemical structure, bonding, and

composition of advanced materials [99]. FTIR studies were carried out using
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IR Affinity-1S(A221353), Shimadzu spectrometer within the range, 500 to 4000 cm™!

(fig. 2.6)
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Figure 2.5. Schematic representation of an FTIR spectrometer[103]
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Figure 2 6. IRAffinity-1S(A221353), Shimadzu spectrometer

2.4.4. X-Ray Photoelectron Spectroscopy

X-ray Photoelectron Spectroscopy is a technique used to study the surface

science of materials. It helps to identify the elements and their surface chemical and

electronic states. To obtain the XPS spectra, a material is shone with X-rays, and the

photoelectron spectrometer instrument measures the energy and number of electrons

emitted from the top 0 to 10 nanometers of the surface [104]. XPS works on the

principle of the photoelectric effect. When X-rays fall on a material sample, they
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knock out core-level electrons from its atoms. The spectrometer then measures the
kinetic energy of these electrons. You can find the binding energy of the electron with

this equation [99]:
BE =hv - KE — ¢ (8)

Where hv is the energy of the photon of x-ray, and ¢ is the work function of
the spectrometer. The binding energy is characteristic of a specific element and its

chemical state.

Figure 2.7. Thermoscientific ESCALAB equipment equipped with Al Ka
monochromator

By analyzing the binding energies and intensities of the photoelectron peaks,
the elemental composition and chemical states of the sample can be determined [99].
XPS analysis was recorded with Thermo Scientific ESCALAB equipment using an A/
Kamonochromator (1486 A°), as shown in figure 2.7. Survey scans were performed
at a constant pass energy of 100 eV, and high-resolution measurements were
performed at 20 eV. The schematic diagram of the X-ray Photoelectron Spectroscopy
setup is shown in figure. 2.8 [104]. Casa XPS software was used to examine the XPS

data, and mixed Lorentzian-Gaussian curves were employed to fit the data.
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Figure 2 8: Schematic diagram of X-Ray Photoelectron Spectroscopy

Information Obtained from XPS

a)

b)

d)

Elemental Composition: XPS can identify all elements present on the sample

surface, except for hydrogen and helium.

Chemical State Identification: The chemical state of an element is identified
by the binding energy of its core-level electrons. Slight variations in this
energy, known as chemical shifts, reveal details about the element’s oxidation

state and bonding environment [105].

Quantitative Analysis: The photoelectron peaks' intensity is directly
proportional to the concentration of the element in the sample. By quantifying
the peak areas, the elemental composition of the sample can be easily
identified [99].

Depth Profiling: By the variation of the analyzing angle, the depth-dependent
sample’s compositional variations within the sample could be identified. This
method, known as angle-resolved XPS, is particularly effective for

investigating thin films and layered materials [106].

2.4.5. Scanning Electron Microscopy and Energy Dispersive Spectra

The scanning electron microscopy imaging technique is widely used to study

surface morphology and composition at high magnification. A focused electron beam

is used to scan the sample surface, and the resulting interactions create detailed images
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of the sample. SEM finds applications in all fields, including materials science,

biology, and nanotechnology for analyzing materials.

Figure.2.9: Gemini SEM 300, Carl Zeiss, Scanning Electron Micrograph

When the electron beam reaches the sample surface, it produces secondary electrons,

backscattered electrons, and X-rays. Secondary electrons originate at the surface and reveal

the topography of materials. Backscattered electrons depend on the sample's atomic number.

X-rays are produced when the beam removes core electrons, which helps to identify the

elements. In this study, surface morphology was examined using a Gemini SEM 300 (Carl

Zeiss), and chemical composition was measured with energy dispersive spectra (VEGA-

TESCAN analyzer) at a 30-KeV accelerating potential (Fig.2.9). Figure 2.10 shows the SEM

schematic diagram [107].
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Figure. 2.10: Schematic Diagram of Scanning Electron Microscopy[107]
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Signals and Image Formation

a)

b)

c)

Secondary Electron Imaging: SE imaging is the most common mode of
image formation using SEM. SEs provide high-resolution images of the
sample's surface topography. Variations in the number of secondary electrons
emitted from different areas of the sample create contrast in the image,

revealing details about the surface features [108].

Backscattered Electron Imaging: BSE imaging shows what elements are in
a sample. Areas with heavier elements look brighter because they produce
more backscattered electrons, while regions with lighter elements look darker

[109].

Energy-Dispersive X-ray Spectroscopy: Besides imaging, SEM can work
with EDS to analyze elements. EDS finds X-rays coming from the sample and

identifies the elements by their unique X-ray energies [109].

Figure 2.11 represents the Schematic Diagram of Energy Dispersive X-ray

Spectroscopy [109].
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Figure 2.11: Schematic Diagram of Energy Dispersive X-ray Spectroscopy
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Information Obtained from EDS

a) Qualitative Analysis: An EDS spectrum usually appears as a graph showing
X-ray intensity against energy. The peaks on this graph match the energies of
the characteristic X-rays given off by the elements in the sample. By finding

where these peaks are, you can tell which elements are present [99].

b) Quantitative Analysis: The strength of each X-ray peak matches the amount
of that element in the sample. Measuring the peak areas lets us figure out what
elements are present. For accurate results, it is important to consider matrix

effects like absorption and secondary excitation [111].

c) Elemental Mapping: EDS can create elemental maps that show where
different elements are found in a sample. To do this, the electron beam scans
over the sample’s surface, and an X-ray spectrum is recorded at each spot. The
intensity of X-rays for each element is then used to build a map showing how

that element is spread across the sample [111].
2.4.6. UV Visible Spectroscopy

UV-Visible spectroscopy is a common technique in chemistry and materials
science for studying how materials absorb and transmit light in the ultraviolet and
visible parts of the spectrum. This method provides important details about a
material’s electronic structure and is useful for both qualitative and quantitative
analysis. In this technique, UV or visible light is passed through a sample under
investigation, and the absorption at different wavelengths is measured from the
device. When electrons are excited from the ground state to higher energy levels, they
absorb photons with energy equal to the energy difference between the ground and
excited states. The main parameters measured are absorbance (A), transmittance (T),
and reflectance (R) [101]. In the samples under present investigations optical
reflectance or absorbance was measured from 200 to 700 nm using a Perkin Elmer
Lambda 365 UV-Vis spectrophotometer (fig. 2.12). Figure 2.13 shows the schematic
diagram of the UV-Visible spectrometer [99].
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Figure 2.12: Perkin Elmer Lambda 365 UV-Vis spectrophotometer
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Figure 2.13: Schematic diagram of the experimental setup of UV-Visible
Spectroscopy [99].

Information Obtained from UV-Vis Spectroscopy

e Qualitative Analysis: UV-Vis spectra help identify certain compounds by
showing their unique absorption patterns. The position and strength of these

absorption bands depend on the molecule’s electronic structure [112].

e Quantitative Analysis: The Beer-Lambert law explains that a solution’s
absorbance increases with both the amount of the substance present and the
distance the light travels through it. This makes it useful for finding out how
much of a substance is in a sample [113].

e Band Gap Determination: UV-Vis spectroscopy helps measure the optical
band gap in solid-state materials. This band gap is the smallest amount of
energy needed to move an electron from the valence band to the conduction

band [114].
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a) Tauc Plot Method

The Tauc plot method is a widely used technique to estimate the optical band
gap of semiconductors from their UV-Visible absorption spectra. It is based on the
Tauc relation, which describes the dependence of the absorption coefficient (o) on the

photon energy (hv) [115]:
(ahv)'=A(hv—Eg) 9)

Where: o is the absorption coefficient, hv is the photon energy, A is a
proportionality constant, Eg is the optical band gap, n depends on the nature of the

electronic transition:
. n=1/2 for direct allowed transitions,
o n=2 for indirect allowed transitions.

To determine the band gap:

1. Calculate the absorption coefficient from the absorbance data.
2. Plot (ahv)" versus hv.
3. Extrapolate the linear portion of the plot to intersect the energy axis, and the

intercept corresponds to the band gap energy, Eg.
b) Kubelka-Munk Plot Method

The Kubelka-Munk (K-M) function is particularly useful for determining the
band gap of powdered or highly scattering materials using diffuse reflectance spectra

(DRS). It transforms the reflectance data into an equivalent absorption spectrum using

the Kubelka-Munk function [115]:

(1-R)?
F(R) == (10)

Where R is the reflectance of the sample and F(R) is proportional to the absorption

coefficient o for sufficiently thick samples.
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To determine the band gap:

I. Measure the diffuse reflectance (R) using a UV-Vis spectrophotometer

equipped with an integrating sphere.
2. Convert the reflectance data into F(R).
3. Apply the Tauc relation by replacing a with F(R): [F(R)-hv]"=A(hv—Eg)

4. Plot [F(R)-hv]" versus hv, and extrapolate the linear region to the x-axis to

obtain Eg.
2.4.7 Photoluminescence Spectroscopy

Photoluminescence spectroscopy is a non-destructive, contactless method for
investigating the electronic structure and properties of materials by analyzing the light
emitted after a material absorbs photons. It is based on the phenomenon where a
material absorbs light (or other electromagnetic radiation) and then re-emits light
[116]. Photoluminescence analysis was conducted using an FP-8300 JASCO

spectrofluorometer with an excitation wavelength of 330 nm (fig. 2.14).

Figure 2.14: FP-8300 JASCO spectrofluorometer with an excitation wavelength of
330 nm used for PL measurements.

In photoluminescence (PL) spectroscopy, a sample is excited with

monochromatic light, elevating electrons to higher energy levels. As the electrons
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return to lower states, they emit photons. The emitted light is analyzed by a

spectrometer to determine its intensity and wavelength, revealing the material’s

electronic and defect characteristics. Figure 2.15 shows the schematic diagram of PL

spectrophotometer [117].
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Figure 2.15: Schematic diagram of Photoluminescence Spectroscopy[117]

Information Obtained from PL Spectroscopy

a)

b)

¢)

Energy Levels and Band Gaps: The wavelengths (or energies) of the emitted
photons provide information about the energy levels within the material. In
semiconductors, PL spectroscopy can be used to determine the band gap
energy, which is a crucial parameter for characterizing their electronic

properties [118].

Defect and Impurity Identification: PL spectra often reveal the presence of
defects and foreign particles within a material. These imperfections can
restructure the energy levels within the band gap, leading to additional
emission peaks at specific wavelengths. By analyzing these peaks, one can

identify the types and concentrations of defects present [119].

Material Quality Assessment: The intensity and shape of the PL peaks are
sensitive to the quality and purity of the material. A high-quality material with
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few defects will typically exhibit a strong, narrow PL peak, while a defective

material will show weaker and broader peaks [119].

d) Surface Properties: PL is sensitive to surface properties and can be enhanced

or modified by surface treatments.

2.4.8. BET Surface Area Measurements

2.4.8.1. Principle of BET Method

The Brunauer—Emmett—Teller (BET) theory is an important method in surface
science for measuring the specific surface area of porous and finely divided solids by
gas adsorption, usually with nitrogen at 77 K [120]. Unlike Langmuir’s model, which
considers only a single layer, BET accounts for multilayer adsorption, making it a
more realistic model for describing gas adsorption on surfaces. The theory assumes
the first layer of adsorbate attaches with the heat of adsorption, while the next layers
form with the heat of liquefaction. This approach accounts for the fact that surfaces
are not uniform and have different types of sites. In practice, a degassed sample is
exposed to different pressures of an inert gas, and the amount adsorbed is measured
as the relative pressure (P/Py) changes [121]. Since this method avoids chemical
interactions, it provides accurate surface area measurements, which are important for

studies in catalysis and adsorption [122].

The BET equation is given as[122].:

1 c—1 P+ 1 (11)
= * — ;
Py Ve Py UpC
v(7_1> " "

Where v is the volume of gas at equilibrium pressure P, vm is the monolayer adsorbed
gas volume, Po is the saturation pressure of adsorbate gas at 77K, and c is the BET

constant related to the heat of adsorption.
2.4.8.2. Surface Area Calculation

The specific surface area (S-BET) is calculated from the monolayer capacity

using the following formula [41]
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_ vmNpgA
SBET -

(12)

Vimxm

Where, Sper = surface area (m?/g), vi, = monolayer volume of gas adsorbed (cm?
STP/g), Na = Avogadro's number (6.022 x 10> mol™), A = cross-sectional area of a
N2 molecule (~0.162 nm?), Vi, = molar volume of gas at STP (~22414 cm?/mol), m =

mass of the adsorbent (g).
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Figure 2.17: BET surface area, pore volume, pore diameter analyzer: BELSORP-
MAX instrument.

A typical BET surface area analyzer includes a degassing unit to remove
moisture and pre-adsorbed gases, and a sample holder suitable for powders or pellets.
A liquid nitrogen bath maintains the standard 77 K measurement temperature, while
vacuum and pressure transducers regulate gas flow. The gas inlet system introduces
high-purity nitrogen as the adsorbate. Advanced instruments, such as the

Micromeritics ASAP 2020, Quantachrome Autosorb, or BELSORP-max, integrate
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automated software to record adsorption isotherms and compute BET parameters,
pore volume, and pore size distribution efficiently(fig. 2.17) [125]. Figure 2.16

presents a schematic diagram of the BET surface area measurement instrument [125].

2.4.8.3 N2 Adsorption—Desorption Isotherms

The adsorption—desorption isotherm is a graphical representation of the
amount of gas adsorbed (v) as a function of relative pressure (P/Po). The [IUPAC

classifies isotherms into six types [126]:

Type 1 : Microporous solids (high affinity at low P/Py).
Type 11 : Non-porous or macroporous solids (monolayer

multilayer adsorption).

Type 111 : Weak adsorbent—adsorbate interactions (no point
of inflection).

Type IV : Mesoporous solids (capillary condensation).

Type V : Weak interaction + mesopores (with hysteresis).

Type VI : Stepwise multilayer adsorption (uniform non-

porous surfaces).

Hysteresis loops in Types IV and V indicate mesoporous structures and can

provide information about pore shape and adsorption mechanisms [127].

2.4.8.4. Applications

BET analysis is widely used to [46] :

a) Quantify surface area of nanomaterials, adsorbents, catalysts, and electrode
materials.

b) Analyze pore filling mechanisms.

9) Assess adsorption capacity and photocatalytic performance.

d) Evaluate changes in porosity and surface area due to doping, calcination, or

composite formation.
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In this study, the BET surface area of multi-cation-doped V.05 was measured

to correlate porosity and surface area with enhanced photocatalytic efficiency.

2.5. Application Studies
2.5.1. AC Conductivity and Dielectric Studies

2.5.1.1. Principles of AC Conductivity and Dielectric Studies

AC conductivity and dielectric studies reveal how materials behave
electrically, which is important for devices such as capacitors, sensors, and batteries.
These studies explain how charge moves, how energy is stored, and how it is lost
when an alternating current is applied. AC conductivity tells us how well a material
carries an alternating current, which depends on the current’s frequency and the
material’s properties, such as conductivity, permittivity, and temperature. This is
especially important for materials used in energy storage, semiconductors, and
conductive polymers [130]. Dielectric studies examine how a material reacts to an
electric field and how well it stores energy. Dielectrics are insulators that become
polarized in an electric field. These studies provide information about a material’s
dielectric constant, loss tangent, and relaxation times, which are important for making

capacitors, insulators, and other electronic parts.
2.5.1.2 Dielectric Properties

Capacitance (C) is the basic property that describes the ability of a material to
store electrical energy in the presence of an electric field. The capacitance of a parallel
plate capacitor is given by the equation [130],

€0ErA

€= (13)

Here, €, is the permittivity of free space (8.85 x 10712 F/m), & is the relative

permittivity, A is the area of the plates (in m?), and d is the distance between the plates
(in meters). Capacitance goes up when the dielectric constant €. of the material
increases. Materials with higher dielectric constants can store more energy per unit

volume. Dielectric constant (g;) is a measure of the material’s ability to store
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electrical energy relative to a vacuum. It is given by the ratio of the material's
capacitance (C) to the capacitance of a vacuum(Cy) [131]:

& = — (14)

Co

where C, is the capacitance of a vacuum, which is typically 8.854 x 102 F/m.
Dielectric loss (tan 8) measures the energy dissipated as heat in the dielectric material.

The loss tangent is the ratio of the imaginary part of the permittivity (&") to the real
part (¢'):

tané = % (15)

where €' is the real part (dielectric constant) and €" is the imaginary part (dielectric
loss) of the complex permittivity. A higher value of tan § indicates a material with

more loss and lower efficiency in energy storage.
2.5.1.3. Impedance and Electric Modulus

Impedance (Z) is a complex quantity that describes the total opposition to

current flow in a material. It is given by [132]:

Z=R+jX (16)
where, R is the resistance, and X is the reactance (which can be inductive or
capacitive). j is the imaginary unit (j* = -1). The impedance is frequency-dependent
and provides valuable information about the charge transport and relaxation processes
in the material. Electric Modulus (M) is the reciprocal of the complex permittivity and
is particularly useful for describing materials with non-Debye-type relaxation

behavior. It 1s defined as:

M*(w)=1/¢e*(®) (17)
where €*() is the complex permittivity of the material, which can be expressed as:
e¥(w) = &'(0) - je'"(0) (18)

The modulus provides a more direct way of analyzing the material’s response

in cases of complex dielectric relaxation and charge transport phenomena.
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2.5.1.4 AC Conductivity

AC conductivity (o,c) represents a material's ability to conduct an alternating
current, which varies with frequency. It is related to the impedance of the material and

is given by [133]:
Cac=(0 *gy*&)/Z (19)

where, o is (2nf) is the angular frequency, €¢ is the permittivity of free space, €, is the
relative permittivity of the material, Z is the impedance. The conductivity increases
with frequency in many materials, reflecting the frequency-dependent behavior of

charge carriers.
2.5.1.5. LCR Meter

An LCR meter measures the inductance (L), capacitance (C), and resistance
(R) of a material. It works by applying a small AC signal to the material under test
and measuring the resulting response. The meter measures the sample's impedance
and determines its dielectric properties. The LCR meter can measure the real and
imaginary components of the impedance and, in turn, the dielectric constant, loss

tangent, and other material properties [134].

t®Eooe® =T

Figure 2.18: Agilent 42944 Precision Impedance Analyzer for the AC conductivity nd
dielectric studies of pellet samples

LCR meters are widely used in dielectric studies because they provide high-
precision measurements of capacitance and resistance across a range of frequencies.
The instrument typically provides data that can be used to calculate the frequency-

dependent behavior of the dielectric constant and loss [134]. AC conductivity and
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dielectric studies of the prepared pellets were also carried out using an Agilent 4294A
Precision Impedance Analyzer at room temperature, with measurements taken over a

frequency range from 10 Hz to 10 MHz (fig. 2.18).
2.5.1.6. Impedance Spectroscopy

Impedance Spectroscopy is a spectroscopic technique in which an AC voltage
is applied to a material, and the resulting current is measured to determine the
impedance at various frequencies. By looking at a wide range of frequencies, this
technique helps us understand how a material responds electrically. It is especially
helpful for studying complex materials, since their behavior is not just resistive or
capacitive but can also involve relaxation, charge movement, and diffusion.
Impedance spectroscopy enables separating the effects within the material from those
at its surface, making it useful for studying ionic and electronic conductors,
semiconductors, and dielectrics. By analyzing how impedance changes with
frequency, we can determine properties such as relaxation times and conductivity

[134].
2.5.2. Adsorption Studies

Adsorption is a basic physicochemical process in which atoms, ions, or
molecules from a liquid or gaseous phase adhere to the surface of a solid, called the
adsorbent [135-136]. Unlike absorption, which involves a substance spreading
throughout the material, adsorption occurs only on the surface and is therefore a
surface phenomenon. Features such as porosity, surface area, surface energy, pore
volume and temperature are important for the efficiency of adsorption [137].
Recently, adsorption has become more popular because it is simple, affordable, and
effective in many areas, including environmental remediation, catalysis, and sensor
technology. It is commonly used to remove pollutants such as heavy metals, dyes, and
organic contaminants from wastewater, as well as for gas separation, purification, and

storage.

Several factors influence adsorption mechanisms, including the interaction

between the adsorbent and adsorbate at the interface, pH, temperature, contact time,

63



Chapter 2

and the initial concentration of the adsorbent. Researchers use models like Langmuir,
Freundlich, Temkin, and Dubinin—Radushkevich to study equilibrium behavior [138].
Carbon-based materials such as activated carbon, graphene, nanotubes, and biochar
are becoming popular adsorbents because they have large surface areas, well-defined
pores, and strong stability. Looking ahead, scientists are focusing on adding metal
oxides, polymers, or biomolecules to these materials and combining them with
systems like membrane filtration and photocatalysis. These approaches aim to develop

eco-friendly, reusable, and scalable solutions for wastewater treatment [139].

2.5.2.1. Adsorption Isotherm Equations with Explanation

2.5.2.1.1. Langmuir Isotherm

Assumptions:
. Adsorption occurs at specific homogeneous sites on the adsorbent surface.
. Once a site is occupied, no further adsorption can occur at that site (monolayer
coverage).
. No interaction between adsorbed molecules [137].
_ 9maxKLCe

q, = 2l 20)
Explanation of Terms:
Qe — Amount adsorbed at equilibrium (mg/g)
Qmax — Maximum monolayer adsorption capacity (mg/g)
KL — Langmuir constant related to binding affinity (L/mg)
Ce — Equilibrium concentration (mg/L)
2.5.2.1.2. Freundlich Isotherm
Assumptions:
o Empirical model for heterogeneous surfaces.
J Surface sites have different affinities (heterogeneous energy distribution).
J Suitable for multilayer adsorption [139].
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Equation:
qe = KpC,”" @1)
Explanation of Terms:
de — Amount adsorbed at equilibrium (mg/g)
Ce — Equilibrium concentration (mg/L)
Kr — Freundlich constant indicative of adsorption capacity

1/n — Heterogeneity factor; adsorption intensity

2.5.2.1.3. Temkin Isotherm
Assumptions

e Heat of adsorption of all molecules in the layer decreases linearly with coverage
due to adsorbent—adsorbate interactions.

e Valid for moderate ranges of adsorption concentrations [139].

Equation:
RT
ge = (5) In(K:C,) (22)
Explanation of Terms:
Je — Amount adsorbed at equilibrium (mg/g)
R — Universal gas constant (8.314 J/mol-K)

— Temperature in Kelvin (K)

b — Related to heat of adsorption (J/mol)
Kr - Temkin isotherm constant (L/g),
Ce — Equilibrium concentration (mg/L)

2.5.2.1.4. Dubinin—Radushkevich (D-R) Isotherm

Assumptions:

J Useful to distinguish between physical and chemical adsorption.

J Does not assume a homogeneous surface or constant adsorption potential
[139].
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Equation
de = qs exp(—Be?) where, & = RTIn(1 + Ci) (23)

Explanation of Terms:

ge — Amount adsorbed at equilibrium (mg/g)

qs — Theoretical saturation capacity (mg/g)

B — Constant related to adsorption energy (mol*/kJ?)
€ — Polanyi potential

R — Universal gas constant

T — Temperature in Kelvin

Ce — Equilibrium concentration (mg/L)

Mean Free Energy of Adsorption (E):

1

E=

(23)

. If E<8 kJ/mol, the adsorption is physisorption.
. If E>8 kJ/mol, the adsorption is chemisorption.

In the context of V207 based adsorbents, studies have shown good agreement
with both Langmuir and Freundlich models, indicating the coexistence of mono and
multilayer adsorption phenomena, depending on surface morphology and

functionalization.
2.5.2.2. Adsorption Kinetic Models

Understanding the kinetics of adsorption is essential to decipher the
mechanism and rate-limiting steps of the process, whether they involve film diffusion,
pore diffusion, or surface chemical interactions. Kinetic models are mathematical

tools used to interpret experimental adsorption data and evaluate the rate at which
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adsorbate molecules are removed from a solution by the adsorbent. The following are
the most commonly applied adsorption kinetic models in research involving metal

oxides and doped vanadium pentoxide systems [137].
2.5.2.2.1. Pseudo-First-Order Kinetic Model

Proposed by Lagergren in 1898, this model assumes that the rate of occupation
of adsorption sites is proportional to the number of unoccupied sites. It is often applied
to the initial stages of adsorption where the driving force is the concentration gradient

[138].

Equation:
In(qe — qo) = In(qe) —ky * t (24)
Explanation of Terms:
Qe — Amount of adsorbate adsorbed at equilibrium (mg/g)
Je — Amount of adsorbate adsorbed at time t (mg/g)
kq — Rate constant of pseudo-first-order adsorption (1/min)
t — Contact time (min)

Limitations: This model often fails to accurately predict behavior throughout the

adsorption process, especially at longer time scales and for chemisorption systems.
2.5.2.2.2. Pseudo-Second-Order Kinetic Model

This model assumes that adsorption follows second-order kinetics based on
the assumption that chemisorption is the rate-controlling step, involving valence

forces through electron sharing or exchange between adsorbent and adsorbate [139]

Equation:

t 1

t
= +— 2
a:  k2q% qe (23)
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Explanation of Terms:

Je — Amount of adsorbate adsorbed at equilibrium (mg/g)

qe — Amount of adsorbate adsorbed at time t (mg/g)

ko — Rate constant of pseudo-second-order adsorption
(g/mg-min)

t — Contact time (min)

Advantages: It provides a better fit for chemisorption processes and is widely

accepted in describing the adsorption of dyes and heavy metals by metal oxides.

2.5.2.2.3. Intra-Particle Diffusion Model

This model evaluates the influence of intra-particle diffusion on the overall
adsorption rate. And explains the role of pore diffusion as a rate-limiting step.
Adsorption is not necessarily limited to a single phase; solute molecules can diffuse
into the internal structure of the adsorbent. If the plot of q. versus t’ is linear and
passes through the origin, intra-particle diffusion is the sole rate-limiting step. If not,

multiple mechanisms are involved [138].

Equation
qc = kit +C (26)
Explanation of Terms:
e — Amount of adsorbate adsorbed at time t (mg/g)
ki — Intra-particle diffusion rate constant (mg/g-min®°)
t — Contact time (min)
C — Intercept related to boundary layer thickness

2.5.2.2.4. Elovich Kinetic Model

The Elovich equation is helpful in describing adsorption on highly

heterogeneous surfaces. It assumes that the adsorption sites increase exponentially
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with adsorption, leading to a decrease in the adsorption rate over time. This model is
applicable when chemisorption is the dominant process and is often observed in
systems involving activated carbon, metal oxides, or hybrid materials [139].
1 1
q: = Eln(a/?) + 5 In(t) (27)

Explanation of Terms:

qe — Amount of adsorbate adsorbed at time t (mg/g)

o — Initial adsorption rate (mg/g-min)

B — Desorption constant related to surface coverage (g/mg)
t — Contact time (min)

2.5.3. Photocatalytic Studies

Photocatalysis is a catalytic process that uses light to speed up chemical
reactions, leading to decomposition, and is important for cleaning the environment
and converting solar energy. Photocatalyst materials absorb light and create electron-
hole pairs, which help break down pollutants and produce clean fuels. Many industrial
wastewaters, especially from textile, leather, and paper factories, contain organic dyes
that are difficult to remove and can harm the environment and health. Dyes such as
methylene blue (MB), rhodamine B (RhB), and methyl orange (MO) do not readily
break down due to their complex structures. As a result, they stay in water for a long
time, blocking light, slowing photosynthesis, and harming aquatic life, causing an

acute danger to living organisms [140].

Photocatalysis is thus an advanced oxidation process (AOP), offering an eco-
friendly and sustainable method for degrading organic dyes into harmless end
products such as Carbon di oxide water. Metal oxides such as TiO2 [141], ZnO [142],
and V20s5[66] have been widely studied for this application due to their photochemical
stability, low cost, and non-toxic nature. However, their large bandgap energies and
high electron-hole recombination rates limit their photocatalytic efficiencies under
visible light. To overcome these limitations, the formation of heterojunctions with

polymeric semiconductors has been proposed [143-145].
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Graphitic carbon nitride (g-C3Na4), a polymeric semiconductor with a narrow
bandgap (~2.7 eV), has emerged as a promising candidate for visible-light-driven
photocatalysis. Because of its layered structure and the positions of its conduction and
valence bands, this material is well-suited for making heterostructures with metal
oxides. Creating these heterojunctions helps separate charges and increases light
absorption, which boosts photocatalytic activity. Systems such as TiO2/g-C3Ny4 [142],
Zn0/g-C3N4[146], and BiVO4/g-C3N4[76] have demonstrated improved performance
in degrading dyes, drugs, and other toxic substances under visible light. When a
photocatalyst absorbs photons with energy equal to or greater than its bandgap,
electrons in the valence band move to the conduction band, leaving holes in the
valence band. This process can be summarized as: Excited-photocatalyst + hv = e—
(CB) + h+ (VB). These charge carriers then participate in surface redox reactions
whereby electrons reduce molecular oxygen: and holes oxidize water or hydroxide
ions. Photocatalysts can be classified into several categories based on their chemical
composition, dimensionality, bandgap energy, and heterostructure configuration.

Main categories of photocatalysts are Type I, Type II, Z scheme, S-scheme etc
2.5.4. Antimicrobial Studies of Metal Oxides

Metal Oxides as Antimicrobial Agents: Metal oxides, such as ZnO, TiO,, CuO, and
Ag>0, have attracted attention as potential antimicrobial agents due to their intrinsic
properties. These materials exhibit a wide range of antimicrobial activities against
both bacteria and fungi, with some also demonstrating antiviral effects. The
antimicrobial action of metal oxides is attributed to several mechanisms that can be
influenced by factors such as particle size, morphology, surface charge, redox

potential, electronic heterogeneity, and the rate of electron-hole recombination [149],

[150].

1. Generation of Reactive Oxygen Species (ROS): The mechanisms by which
metal oxides exert antimicrobial activity is the generation of reactive oxygen
species (ROS), such as hydroxyl radicals (*OH), superoxide anion (O2*7), and
hydrogen peroxide (H20z). These ROS can damage bacterial cell components,
including the cell membrane, DNA, and proteins, leading to cell death. ROS
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are generated when metal oxide particles are exposed to light, remarkably UV

light, or when they come into contact with moisture or biological fluids [151].

Membrane Damage and Disruption: Metal oxide particles can interact
directly with microbial cell membranes, causing mechanical damage.
Positively charged metal ions, such as Zn*" or Cu?’, can bind to the negatively
charged microbial cell membrane, disrupting its integrity. This can lead to

leakage of cellular contents and ultimately to cell death [151].

Metal Ion Release: Metal ions such as Cu?*, Ag", Zn*" and V°" released from
metal oxides can exert antimicrobial effects by interfering with microbial
metabolic pathways. For example, copper ions can bind to proteins and
enzymes, disrupting their normal function, while silver ions can inhibit

cellular respiration by interacting with sulfur-containing proteins [152]
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Chapter 3

3.1. Introduction

Among the various oxides of vanadium, the orthorhombic phase of V205 (a-
V1,05) is notable for its high degree of crystallinity and strong absorption in the
ultraviolet (UV) and visible regions of the electromagnetic spectrum which renders a-
V20s particularly suitable for use as a UV-blocking material in coatings and
sunscreens, along with its widespread applications in photochromic and
electrochromic devices, sensors, supercapacitors and Li-ion batteries [1-4]. The
structure and properties of V2Os are determined by the three types of oxygen atoms in
its lattice: vanadyl oxygen atoms O(1), which are coordinated to a single vanadium
atom, and bridging oxygen atoms O(2) and O(3), which are coordinated to two and
three vanadium atoms, respectively. The equilibration of gas-phase oxygen with
vanadium oxides leads to the formation of the intrinsic defect structure of V20s,
characterized by the presence of oxygen vacancies [5]. Oxygen vacancies are
equilibrium defects in the vanadium pentoxide system that facilitate polaronic
hopping transport via V*' charge-compensating defects. These vacancies are
generated at the surface and migrate into the bulk, with a corresponding reduction in

metal cations.

During reoxidation, V,0Os replenishes these vacancies with oxygen from the
gas phase, potentially at different sites, which then diffuses through the oxide lattice.
The interaction of reacting molecules with the surface induces surface reconstruction,
governed by the intrinsic defect structure of the solid and oxygen vacancies are
generally considered the primary point defects in the V,0Os lattice [6-5]. The formation
of oxygen vacancies in the V20s lattice results in the appearance of nonstoichiometry,
which may be expressed by the formula V,0s.5[5]. The addition of n-valent impurity
cations, where n can be +2, +3, +4, +5, or +6 allows for the creation of compounds
with different oxidation states, as these cations can either replace vanadium ions in
the lattice or occupy interstitial sites [7-11]. Incorporating n-valent impurity cations
into the layered vanadium pentoxide matrix, leveraging its capacity to accommodate
nonstoichiometry, results in a versatile and promising area of research that produces

multi-cation, phase-pure, and mixed-phase compounds with varied structural and
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electrical properties, potentially leading to novel defect structures and applications.
V205 based multi-cation compounds are thus used in solar cells, optoelectronic
devices, electrochromic devices, microelectronics, gas detectors, and as antimicrobial

agents [8], [10], [12].

Previous reports have elucidated the electrical conduction mechanism in
V,0s-based materials, attributing it to the hopping of unpaired 3d1 electrons between
V# and V°' valence states, which contributes to AC conductivity [13]. Studies have
also shown that doping with alkali metal oxides can alter vanadium's oxidation state,
creating oxygen vacancies and altering electrical conductivity [14]. Structural
changes, such as those induced by the addition of Bi2Os and NiO have also been
reported to impact dielectric constant and electrical conductivity [10], [15]. Notably,
AC conductivity studies have consistently shown a decrease in conductivity with
increasing MgO concentration in V2xMgxOs.5 systems [16]. According to Savidh
Khan et al., the incorporation of Li2O into V24LixOs.5 samples resulted in an
enhancement of both AC and DC conductivity at a temperature of 450°C, highlighting
the increased hopping sites [17].

Amid its captivating practical uses, the adsorption and photocatalytic prowess
of bulk V20s also make it a compelling candidate for effectively eliminating
methylene blue, methyl orange, rhodamine 6G, acetone, crystal violet, and various
other deleterious dyes and hydrocarbons from water [18]. The narrow band gap (of
approximately 2.3-2.8 eV), high exciton energy, magnificent light absorption
capacity, excellent carrier transportation, and electronic structure invigorate V,Os as
a favorable candidate for the adsorption mediated degradation of dyes [19]. Despite
its strong catalytic properties, V20s's performance can be hindered by a high
recombination rate, low adsorption capacity for hydrophobic contaminants, and a
tendency to aggregate, which leads to decreased adsoptive/photocatalytic efficiency
due to heat conversion. To address these limitations, V2Os is frequently combined
with other metal oxides, inorganic semiconductors, and polymers. Ahmed
Kangmenna et al [20] reported V»Os-functionalized starch grafted polyacrylonitrile

(PAN) adsorbent to remove methylene blue dye from water. This method achieved
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90% removal efficiency of methylene blue at pH 9 using an optimal dose of 200 mg
in 50 mL of 50 mg/mL methylene blue solution. Bernice Y. Danu et al [21] also
reported V»Os/chitosan graft sodium alginate nanocomposite for the adsorption of
model dye, methyl violet, from water and the effects of adsorption parameters were
investigated and analyzed by different adsorption isotherms [21]. V2Os compounds
intercalated with alkylimidazolium, the cation of an ionic liquid, exhibit lower
adsorption capacities for dyes such as methyl orange and rhodamine B. However, their
adsorption efficiency for methylene blue is higher, reaching 81 wt% within a short
time frame, and they completely removed 10 ppm of methylene blue within 80
minutes [22]. Smriti Bansal et al [19] investigated the adsorption and photocatalytic
properties of chitosan and its alkylated derivative integrated with vanadium pentoxide

which was stabilized using gallic acid, specifically focusing on methylene blue.

According to a review of existing literature, V20Os-based compounds
demonstrated optimal performance in the adsorption of methylene blue. Thus we
chose methylene blue as the model pollutant in our studies. Methylene Blue (MB), a
widely employed cationic thiazine dye in diverse industries and medical applications,
showcases a stable structure due to its three aromatic rings, defying natural biological
degradation processes. When these dyes interact with other pollutants in wastewater,
they engender deleterious by-products that pose threats to both aquatic ecosystems
and human well-being. Regrettably, water tainted with MB often reaches water bodies
without undergoing proper treatment, exacerbating the environmental predicament
and so these dyes are to be removed from wastewater for safety [23-27]. For this
purpose, biological, physical as well and chemical methods like coagulation,
flocculation, biodegradation, adsorption, ion exchange, photocatalysis, and advanced
oxidation are usually used [28]. Among these methods, adsorption is recognized as
one of the most efficient and cost-effective way, as it is easy to operate and can be
adapted to various scales, from small laboratory setups to large industrial applications.
Many adsorbents can be regenerated and reused, reducing waste and operating costs
[29]. Adsorbents such as fly ash [30-31], charcoal [32], peat [33], sawdust [34], lignite
[35], wood [36], chitosan [37], [21] have attracted greater interest, mainly because of

their natural availability and low cost. In addition, graphene-based materials [25],
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polymers [38], zeolites [39] and structurally and morphologically engineered
semiconducting metal oxides like NiO [40], Fe2O3 [41], MnO> [42], ZnO [43], V205
[27], [44-45], Co304 [46], CuO [47-48] are another category of adsorbents/catalysts
which possess better physicochemical stability when compared to classical adsorbents
and have found various applications in the removal of cationic/anionic dyes [45],[27],

[49], [51].

The bactericidal and fungicidal properties of metal oxide nanoparticles, such
as CuO [52], ZnO [53], MgO [54], TiO2[55], CeO2 [56-57], V205 [58] and carbon
nanotubes [59] have been extensively researched due to their potential applications in
wastewater treatment and the preparation of practical application surfaces involving
the production of reactive oxygen species (ROS) destroying genetic material within
the micro-organism. Given the inefficacy of commercial antimicrobial drugs and the
rapid spread of bacterial infections, these metal oxides offer promising solutions due
to their non-toxicity, stability, direct bandgap, low cost, and excellent chemical and
thermal stability, making them effective bactericidal agents [60]. Human pathogenic
bacteria, including Escherichia coli (associated with diarrhea and urinary tract
infections), Staphylococcus species (causing skin, bloodstream infections, and food
poisoning), Vibrio species (responsible for acute intestinal diarrheal infections), and
Pseudomonas species (linked to infections of the blood, ear, and eye), are known to
cause a range of illnesses. The primary spoilage fungi include Aspergillus sp.,
Fusarium sp., Penicillium sp., and Candida sp., which can produce toxic mycotoxins,
posing significant health risks to humans and animals [58]. These fungi cause grain
discoloration, alter chemical and nutritional properties, and reduce germination in
plants. Aspergillus species, particularly 4. fumigatus, A. flavus, and A. niger, are
notorious for causing invasive aspergillosis, with high mortality rates. The rise of
antifungal-resistant Aspergillus strains underscores the urgent need for novel
antifungal therapies, potentially leveraging nanomaterials to combat resistant fungal
pathogens [61]. In summary, the interaction of metal oxides (MOs) with the cell
surface induces morphological alterations in the membrane, initiating the activation
of membrane phospholipases. This enzymatic activity compromises the integrity of

the outer membrane, leading to pore formation and subsequently releasing metal ions
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(M") through both spontaneous processes and enzyme-mediated reactions. These ions
penetrate the plasma membrane via ionic transport proteins and once internalized, M+
engage with various intracellular enzymes, inhibiting their function and triggering a
cascade of metabolic disruptions. This series of events elevates intracellular reactive
oxygen species (ROS) levels, causing oxidative stress, metabolic dysregulation,
leakage of cellular components, and ultimately, cell death [62]. One of the promising
metal cation studied is vanadium found in blood plasma at around 200 nM and in
tissues at approximately 0.3 mg/kg, with higher concentrations in the liver, kidney,
and bone, and while most dietary vanadium is excreted through feces, minimizing the
risk of accumulation-related hazards. its various oxidation states play crucial roles in
numerous biological functions, including respiratory and enzymatic activities, in both

eukaryotes and prokaryotes [63].

Vanadium Pentoxide with pentavalent vanadium, with their high cytotoxicity
and antitumor activity, hold significant therapeutic potential demonstrated in anti
microbial, anti-diabetic properties, anti-cancer activity, leading to further
investigation into their anti-angiogenic properties, and are extensively used in various
biomedical applications including drug delivery, imaging, diagnosis, cell separation,
purification, and cancer treatment [63]. P.Suma. et al. [64] elucidated the anti-cancer
efficacy of vanadium pentoxide nanoparticles, demonstrating their activity against
triple-negative breast cancer cells. Sunil Kumar et al. [65] highlighted the promising
prospects of vanadium complexes as antitumor agents, noting their high selectivity
and low toxicity, which surpass the limitations of conventional platinum-based
chemotherapeutics. Vanadium complexes are also being increasingly recognized as
potent metal-based antimicrobial agents, as reviewed in recent literature [66]. In
another study, Ali J. Hadi et al. [67] showcased the antibacterial and anti-proliferative
potential of V»0s nanoparticles against MCF-7 breast cancer cells, further
underscoring their therapeutic versatility. Moreover, Selvaraju Nivetha et al. [68]
reported that nickel-doped vanadium pentoxide (Ni@V20s) exhibits antibacterial
potential and excellent cytotoxic activity against skin cancer cells, inducing apoptosis
in B16F10 melanoma cells as well as in BALB/c mice models. Additionally, Sourav

Das et al [63]. explored the anti-angiogenic properties of vanadium nanoparticles,
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demonstrating both their in vitro and in vivo anti-cancer activities. Collectively, these
findings underscore the diverse biomedical applications of vanadium compounds,

positioning them as valuable candidates for next-generation therapeutic agents.

On an added account introduction of foreign cation to V20Os is always a
versatile area of research [69-71], and there are plenty of reports on Li, Ni, Bi, Co,
Mn, and Mo-doped vanadium pentoxide systems creating single-phase as well as
mixed-phase compounds, composites and alloys with enhanced physical and catalytic
properties [7], [11], [72-73]. But there are no much reports on AC conductivity,
dielectric studies, enhanced dye adsorption and antimicrobial studies of Sb
incorporated V20s based multi-cation compounds synthesized through traditional

high-temperature solid-state reaction technique.

The synthesis process involves the integration of trivalent antimony ions into
an orthorhombic vanadium pentoxide matrix, following a formulated chemical
empirical formula denoted as V2xSb2xOs.5, where 0.05 < x < 0.08. Crystallographic
parameters were determined via X-ray diffraction (XRD) coupled with Rietveld
refinement, providing detailed structural insights, while phonon modes and lattice
vibrational dynamics were probed through Raman spectroscopy. Furthermore,
electronic transitions and band-gap characteristics were systematically investigated
using UV-visible absorption spectroscopy. Further elucidation of the structural
morphology, the weight percentage of constituent atoms and elemental mapping were
attained through Scanning Electron Micrograph (SEM) and Energy Dispersive X-ray
Spectroscopy (EDS). A comprehensive analysis of textural characteristics and the
adsorption properties of Sb-V-O catalysts for methylene blue, utilized for water
purification, were conducted through N> adsorption isotherm studies, BET analysis,
and FTIR spectra. This process involved a thorough examination of absorption spectra
of catalyst-embedded MB dye solution using a UV—visible spectrophotometer. The
adsorption kinetic studies and isotherm studies were carried out using the adsorption
data. Alongside X-ray photoelectron spectroscopy was employed for determining
elemental oxidation states, and AC conductivity and dielectric measurements were

done for evaluating their electrical performance. Herein we also present an application
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study of the compound involving comprehensive antimicrobial evaluations,

elucidating its multifaceted properties and potential applications
3.2.  Materials and Methods

V2xSbaxOs.5 powders were synthesized by high temperature solid state
reaction for 0.05 < x <0.08 using V205 (99.99% trace metal basis) and Sb203(99.99%
pure,) as precursors from Sigma-Aldrich Chemicals Co. USA. As per Hume Rothery
rules, the stoichiometric proportion of Sb2Os3 solute is adjusted so as not to exceed
12% with respect to solvent concentration [75]. Initially, the materials were finely
ground for 2 hours with an agate mortar and pestle before being transferred to alumina
crucibles for calcination in a programmable high-temperature furnace at 550°C for 12
hours under controlled heat flow [76]. The finely ground powders were then
compacted into circular disc pellets of 14 mm diameter with thicknesses of 2 mm
using coaxial pressing and subsequent sintering at 650°C for 12 hours. Finally, the
resulting pellets were ground again to achieve uniform powder samples. The ground
powder was again compressed into a 1.5 mm thick, 13 mm diameter disk by adding
poly vinyl alchohol (PVA) as the binder. After polishing, the pellet was positioned
between two copper electrodes, and frequency-dependent measurements of
capacitance, dissipation factor, impedance, and phase were recorded over a frequency

range from 10 Hz to 1 MHz.
3.2.1. Adsorption experiments

Methylene Blue (MB, C16H18CIN3S2-:3H,O, M.W: 319.85), from Merk
Chemical Reagent Company, was used as received. The MB dye adsorption
experiments of all samples were carried out in the dark. Firstly, the adsorbent
concentration was optimized for 10 ppm Methylene Blue dye concentration. In a
typical experiment ~ 75 mg and 50 mg of pristine V20s microcrystals were added to
50 mL of 10 ppm MB aqueous solution and 50 mg was the optimized adsorbent
amount selected. The experiment was repeated for 50 mg of Sb-V-O compounds for
dye solution concentration varying from 5 ppm to 40 ppm, with a step size of 5 ppm.
To gauge MB adsorption onto microcrystals, beaker wall adsorption of the dye was

examined without Sb-V-O catalysts as a reference followed by the assessment of dye
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concentration changes spectrophotometrically with catalysts, at 664 nm within the
Lambert-Beer regime. Dye removal percentage (R%) was determined using the

specified equation.

0

)X100 (1)

Co and Ce are the initial and equilibrium concentrations of dye solution
respectively in (mg/L ) [23]. The amount of the adsorbed MB, ge (mg/g) was obtained

using the equation given below

_ (Co—Ce)V

Qe =7 2)

m

The variable 'm' represents the weight of the adsorbent in grams (g), and V
indicates the solution volume in liters (L) [23], [77]. To gain insights into the intricate
features of the adsorption process, researchers typically employ a range of kinetic
models, including the pseudo—first—order, pseudo—second—order, Elovich, and
Weber's intraparticle diffusion models. The first and second-order pseudo-kinetic
models were used to assess the dynamics indicating whether the reaction process is
chemical or physical and unveil a connection between the quantity of adsorbate
eliminated and the duration needed for its removal from an aqueous solution. The
pseudo-first-order model (PFO) was introduced under the assumption that the
adsorption rate is directly related to the count of unoccupied adsorption sites. Here,

the adsorption rate was calculated using the linear form of PFO [23] given by eqn (3)

In(qe — q¢) = In(qe)-k1t 3)

where qe (mg/g) and q: (mg/g) denotes adsorption capacity at equilibrium and at time
t respectively and K; (min™') is the first order rate constant. The pseudo-first-order
model is typically employed for rapid adsorption, achieving equilibrium within 20-30
minutes, while the second-order model is reserved for slower adsorption mechanisms,
as is the case in our study [50]. As documented in existing literature, the pseudo-
second-order kinetic (PSO) model posits the occurrence of a chemisorption process

and was introduced under the assumption that the adsorption rate is directly
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proportional to the square of the unoccupied adsorption sites and the interactions
between the adsorbate and adsorbents result from the adsorbate's robust binding to the
surface of the adsorbent. The linear representation of this model can be expressed as

equation 4 [50].

t 1 t

+= 4)

ac kea%  qe

where k; is the pseudo-second-order rate constant (g mg™' min™)
The linear form of Intra Particle Diffusion model is given as
e = kigt'? +C (%)

where kiq is the intraparticle diffusion rate constant (mg g™! min""?), and C is a constant
for any experiment (mg/g) The linear form of the Elvoich model of adsorption is

given as,

- iln(aB) + %ln(t) (6)

a is the initial adsorption rate and [ is the desorption constant during each
experiment. The basic assumptions of the Elovich model are the increase in the
activation energy with adsorption time and that the surface of the adsorbent was
heterogeneous. The linear form is given in eqn. (6) is the most frequently applied form
of the Elovich model, which has been successfully used for modeling the adsorption
of metal ions and organic pollutants on adsorbents [78]. Mechanisms of adsorption
encompass chemical adsorption, involving chemical bond formation, physical
adsorption driven by Van der Waals forces, and ion exchange. Understanding these
mechanisms is pivotal for designing both adsorbents and adsorption systems. Various
investigative approaches such as modeling of adsorption equilibrium data,
characterization of adsorbents pre- and post-adsorption, molecular dynamics studies,
and density functional theory calculations have been employed. Among these,
isotherm model-based data modeling is particularly prevalent and convenient,
offering insights into maximum adsorption capacity, crucial for assessing adsorbent

performance. The adsorption data obtained from 50 mg of Sb-V-O-8 compound in 5
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ppm to 40 ppm (5 ppm step size) of MB dye solution was fitted to the Freundlich,
Langmuir and Dubinin-Radushkevich (D-R)and Temkin adsorption isotherm models

[21].

Langmuir isotherm model showcases a uniform surface adsorption. The linear
form is [79]

Ce _ Ce 1 1

+ == 7

de  dm  dmKL
where Ce is the residual dye concentration at equilibrium (mg/L), qe is the amount of
MB removed at equilibrium per unit mass (mg/g), qm is the monolayer adsorption
capacity of the adsorbent and Ky is the Langmuir constant (L/mg). In Freundlich
adsorption isotherm model the absorbates form a mono molecular layer as well as
multilayer on the surface of the absorbent. The Freundlich model expression shows
the heterogeneity of the surface of the molecules as well as the exponential

distribution of active sites and their energies [79]. The linear equation is

log q., = %logce + log Kr (8)

where qe is the quantity of dye adsorbed at equilibrium per unit mass (mg/g), C. is the
residual concentration at equilibrium (mg/L), Kr is the adsorbent capacity
(mg/g)(L/mg) and 1/n is the heterogeneity factor. A linear plot of log g against log

C. determines the value of 1/n and Kg.

Dubinin-Radushkevich (D-R) isotherm is used to ascertain the mean free energy and
nature of adsorption as to whether it is physical or chemical in nature. The linear form

1S:

Ing, = Ingqpg — Be” 9)
where qpr 1s the D-R maximum monolayer adsorption capacity (mg/g), B is the

activity coefficient (mol® J?) related to the mean adsorption energy and & can be

estimated using the relation:

e = RTIn(1 + ) (10)
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where R is the molar gas constant (8.314 J/mol-K), T is the temperature (K) and Ce is
the residual concentration of the adsorbate at equilibrium (mg/L). The mean free

energy E, can be determined using

1
E=— 11

Vap (It

B and qpr values can be obtained from a plot of In g against 2. E is frequently

applied to determine whether the adsorption is dominated by a physical process (E <

8 kJ-mol-1) or a chemical process (E > 8 kJ-mol ™) [80].

The Temkin isotherm model posits a linear decrease in adsorption heat with
increasing surface coverage, assuming uniform binding energy distribution up to a
maximum value. It incorporates the impact of indirect adsorbate/adsorbate
interactions and is valid only for an intermediate range of ion concentrations. The

linear form of the Temkin isotherm model is given by the following [79], [80].
qe = BInA+ BlogC, (12)

qe is the amount adsorbed at equilibrium(mg/g), ce is the equilibrium concentration
(mg/L), A is the Temkin isotherm constant in L/g, B=RT/b, B is the constant related
to heat adsorption, b is the Temkin constant (J/mol), T is the absolute temperature in

kelvin and R is the gas constant (8.314 J/mol-K).

3.2.2. Antimicrobial Studies

The antibacterial and antifungal activities of the Sb-V-O compound were
evaluated against various microorganisms, including Gram-positive bacteria
(Staphylococcus aureus, Bacillus cereus, Staphylococcus agalactiae), Gram-negative
bacteria (Escherichia coli, Pseudomonas aeruginosa, Vibrio species), and fungi
(Penicillium and Aspergillus niger). The antibacterial test was conducted using the
agar well diffusion method on Mueller Hinton Agar (MHA) plates. Bacterial cultures
were grown in Luria Bertani broth at 37°C for 24 hours to ensure purity. These
cultures were then swabbed onto the MHA plates, and wells (6 mm in diameter) were
created with sterile cork borers. The Sb-V-O compound, dissolved in DMSO at 5
mg/ml concentration was added to the wells at volumes of 50, 100, 150, and 200 uL.
Streptomycin (10 pg) served as the positive control, while DMSO was used as the

negative control. Following incubation at 37°C for 24 hours, the inhibition zones were
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measured to evaluate antimicrobial activity. The minimum inhibitory concentration
(MIC) was identified as the lowest concentration of the compound that prevented

visible bacterial growth.

For antifungal testing, Penicillium and Aspergillus niger were inoculated into
sterile saline and vortexed to achieve a uniform suspension, adjusted to a 0.5
McFarland standard. Sabouraud’s dextrose agar (SDA) plates were prepared and
sterilized. The Sb-V-O compound was transferred to sterile discs, which were placed
onto the SDA plates along with Fluconazole as a positive control and a DMSO solvent
disc as a negative control. After incubation, the inhibition zone diameters were
measured. All tests were performed in triplicate, and average values were used for

analysis.

3.3. Result and Discussion
3.3.1. Structural Analysis: X-ray Diffractogram

The XRD pattern of the samples shown in figure. 3.1, can be indexed as the
orthorhombic V>0s phase with excellent crystallinity (ICDD No. 41-1426) in Pmmn
space group symmetry and all concentrations of V2.xSb2xOs.5 (0.05 < x < 0.08) are
plotted along with the pure V205 [73]. The pattern exhibits distinct peaks at various
20 angles, including 15.46°, 20.37°, 21.83°, 26.26°, 29.01°, 31.05°, 32.33°, 33.27°,
34.29°,41.25°,42.01°,45.46°,47.29°, 47.89° and 48.80°, corresponding to reflection
directions along different crystal planes, such as (200), (001), (101), (110), (301),
(400), (011), (111), (310), (002), (102), (411), (600), (302) and (012), respectively
with prominent orientation along the thermodynamically stable surface (001) of V205
[81-82]. V205 has a unique crystal structure that is orthorhombic in shape, with lattice
parameters of a = 11.48 A, b=3.58 A, and ¢ = 4.36 A [73]. The crystal structure is
composed of VOs pyramids arranged in alternating double chains along the b-axis.
These chains are made up of pyramids facing up and pyramids facing down, connected
laterally by bridging oxygens to form a sheet or ribbon in the a-b plane. The planes
are held together by van der waals bonds, which are relatively weak, resulting in easy
cleavage along these planes [83]. There are three different oxygen atoms, O1, O2, and
03, in a single layer of V20s, and a weak vanadium-oxygen interaction is responsible
for connecting adjacent V,Os sheets, creating an interlayer space suitable for guest

ions to intercalate [84]. As the mole fraction x increases, the XRD peaks show a shift
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towards lower 20 values. This shift is attributed to the substitution of Sb>* cation at
the vanady]l site, which induces lattice strain and causes an increase in the interplanar
spacing. To compensate for this increase, the diffraction angle 26 decreases, resulting
in a shift of the position of 20 towards lower angles after the substitution of Sb>* [11].
The lattice parameters, grain size, micro-strain, and dislocation density were

calculated and recorded in Table 3.1.

The Debye-Scherrer equation and the uniform deformation model, using the
Williamson-Hall (W-H) plot, were employed for these estimations [85]. The addition
of Sb** induces variations in the lattice constants, showing slightly expanded lattice
along both a- and c-axes, and constant along the b-axis. The increase in lattice
constants and strain in the substituted V,0Os lattice is attributed to the larger ionic
radius of Sb*"ions compared to V>*. The accommodation of Sb** ions may stabilize
the VOs layers and potentially improve the intercalation properties within the V205
layers [86]. Hence, the introduction of Sb2O3 into V205 results in the substitutional
incorporation of Sb®" ions into the vanadium position within the crystal lattice
(CCDC: 2357624-2357627). The increase in molar concentration leads to a noticeable
change in grain size within the micrometer range. This variation is primarily caused
by the collective influence of lattice distortions, strain, and limited atom mobility

during the process of grain growth [7].
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Figure.3.1: XRD pattern of V1.xSb2:Os.s compounds for 0.05 <x < 0.08 indicating
orthorhombic structure in pmmn space group symmetry
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Table.3.1: Structural parameters of V>.xSb2xOs.5 compounds estimated from Scherer
equation and WH-plot

X Sherrer Equation Uniform Deformation Model, Lattice
values W-H plot parameters
Micro CCDC
Grain | Dislocation | Grain | Dislocation .
3 ! 3 ] strain Number
size D | Density (9) x | size D | Density (3) © a(A) |b(A)|c(A)
(nm) 107 nm? (nm) x10° nm™ 3
x10
0.05 | 72.60 0.190 63.87 0.245 0.171 |11.48|3.56|4.36 (2357624
0.06 | 64.94 0.237 69.30 0.208 0.188 |11.55|3.57|4.38 (2357625
0.07 | 62.66 0.254 63.00 0.252 0.049 |11.56|3.57|4.39|2357626
0.08 | 60.35 0.275 66.95 0.223 0.137 |11.55|3.57|4.38|2357627

3.3.2. Rietveld Refinement using FULLPROF

For a more thorough structural analysis, Rietveld refinement was performed
on the X-ray diffraction (XRD) data of the V2.xSb2xOs.5 compounds (where 0.05 < x
< 0.08). Figure 3.2(a) presents the graphical output of the Rietveld refinement,
displaying both the experimental and calculated diffraction patterns. The calculations
were performed over 15 cycles using FULLPROF software, with symmetry
considerations for space group Pmmn (No. 59) and space group P42/mnm (No. 136).
For the refinement process, the Thompson-Cox-Hastings pseudo-voigt* axial
divergence asymmetry was employed as the peak shape function, as depicted in Figure
3.2(a) with red dotted lines. The refinement yielded a satisfactory alignment of the
peak positions, encompassing the peak profile, atomic positions, lattice parameters,
background parameters, instrument factors, and site occupancy parameters [74]. Table
3.2(b) displays the important reliability factors, like goodness factor (y*), R expected
(Rexp), profile factor (Rp), and weighted profile factor (Rwp), which are employed in
the quantitative analysis of X-ray diffraction (XRD) patterns using Rietveld
refinement to assess how well the refined parameters and the proposed structural
model explain the experimental results [87-88]. The final Rwp value should come close
to Rexp but it should not exceed it. From the data, it is clear that Ry, is greater than
Rexp and they are in good agreement, which indicates that the refined structure is

credible [89].
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At a molar fraction of x=0.05, the compound exhibited phase purity,
displaying a well-defined orthorhombic crystal structure with symmetry consistent
with the Pmmn space group. Although a low-intensity, indistinct peak associated with
the SbVO. phase was observed at 20=27.21°, its prominence remained minimal and
increasingly diverged during refinement for x=0.05, indicating a negligible presence
of the SbVO, phase. The y* value for this composition excluding the SbVO4 phase is
notably lower at 3.04 compared to higher concentrations, suggesting that, x = 0.05
represents the solubility limit of SbyOs; within the V20s matrix (Table 3.2(b)).
However, as the molar fraction increases from x = 0.06 to 0.08, the appearance of the

tetragonal SbVO4 phase becomes more pronounced.
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Figure.3.2 (a): Rietveld Refined XRD Pattern of V>Sb2:Os.5 (0.05<=x<=0.08)

The compositional percentage of this secondary phase rises from 3.61% at x =
0.06 to 5.74% at x = 0.08, signifying a progressive deviation from phase purity and
indicating the onset of phase separation as the solubility limit is exceeded. The

refinement result indicates that the orthorhombic phase of V205 and tetragonal phase
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of SbVO4 coexist for mol fractions x=0.06, 0,07, 0.08, and ¥ value of dual-phase
refinement of the sample decreases again as the concentration of the Sb atoms
increases (Table 3.2(b)). As the molar fraction x increases from 0.05 to 0.06, the lattice
parameters and cell volume of the orthorhombic V20s phase decrease initially,

allowing for the emergence of the distinct SbVO4 phase at x=0.06.

With further increase in x from 0.06 to 0.08, a linear relationship develops
between the molar fraction, lattice parameters and unit cell volume, in both the
orthorhombic V,0s and tetragonal SbVOs4 phases, reflecting a systematic structural
adaptation in response to Sb incorporation (Table 3.2(a)). Table 3.2(c) presents the
Miller indices (hkl) along with their corresponding 26 values and microstructures of

the prominent XRD reflections for V2-xSb2xOs-5 compounds at x=0.06.

Table.3.2(a) Structural Parameters, Cell volume & Compositional Percentage of
Orthorhombic V>0s and Tetragonal SbVO4 obtained from Rietveld refinement of V>-
WSb2x0s.s for (0.05< x <0.08) compounds

Mol V205 orthorhombic SbVO4 Tetragonal
fraction Lattice Parameter(A) Cell Lattice parameters Cell
X Phase% Volume | Phase% A) Volume
a b c A% a b c (A%
0.05 100 11.504 | 3.562 | 4.369 | 179.049 0 - - - -

0.06 96.39 11.496 | 3.559 | 4.366 | 178.606 3.61 4.636 | 4.636 | 3.033 | 65.191

0.07 95.73 11.513 | 3.564 | 4.372 | 179.406 4.27 4.641 | 4.641 | 3.033 | 65.320

0.08 94.26 11.517 | 3.565 | 4.373 | 179.513 5.74 4.640 | 4.640 | 3.037 | 65.377

Figures 3.2(b) & 3.2(c) depicts the crystal structure obtained from the
refinement of V2.xSb2xOs.5 (0.05sx<0.08) compounds at concentrations x=0.05 and
x=0.08 respectively. Figure 3.2(b) represents orthorhombic V205 with space group
Pmmn and in figure 3.2(c) the Orthorhombic phase of V05 with Pmmn space group
and tetragonal phase of SbVO4 with space group symmetry P42/mnm is found to
coexist. The structure has edge and corner-sharing VOs octahedral square pyramidal
shapes, with edge-sharing VOs octahedral pyramids sharing an edge having an
opposite orientation in the b-direction. In contrast, corner-sharing pyramids have the

same orientation [90]. The Wyckoff position, atomic coordinates, and occupancy of
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each atom of Sb,03-V20s ceramics with different concentrations are tabulated in
Table 3.2(e). In V205 one vanadium atom is connected to six oxygen atoms with five

bond lengths.

Table 3.2.(b) Reliability factors obtained from Rietveld refinement of XRD pattern of
V2.:8b2:Os.5 (0.05< x <0.08) compounds

Mol fraction Rietveld Refinement Parameters
1 Rexp Rwp Rp
0.05 3.0424 10.89 19.0 20.4
0.06 4.6803 10.83 234 24.8
0.07 4.0950 12.40 253 28.7
0.08 4.0705 13.07 26.4 30.9

The vanadyl oxygen atom (Ol), bridging oxygen atom (O3), coordinated
oxygen atom (0O2) and vanadium atom (V1) occupy 4f, 2a, 4f and 4f Wyckoff
positions respectively [90]. At a low molar fraction of x=0.0, the V2xSbxxOs.5
compound exhibits phase purity with an orthorhombic V,0s structure, where the O1
atom at the 4f position is double-bonded to V1 along the c-axis, displaying the shortest
bond length of approximately 1.604 A. There is a nonlinear trend in the variation of
this bond length with increase in mol fraction from x=0.05 to 0.08. The O3 atom at
the 2a position, bonded to two vanadium atoms along the a-axis, shows a bond length
of 1.784 A for x=0.05, which decreases to 1.757 A as x increases to 0.06, and then

slightly increases as the molar fraction escalates.

The coordinated oxygen O2 at the 4f position forms two shorter bonds, V-O2;
and V-02,, with lengths of 1.855 A, which also decrease with rising x before
increasing to around 1.876 A at x=0.08. The longer V-O2 bond along the a-axis,
initially 2.054 A, follows a similar trend, first decreasing then increasing with the
higher Sb molar fraction [91]. This behavior reflects how the orthorhombic V205
lattice adjusts to the incorporation of antimony, particularly at lower concentrations
(x=0.05), where the structure remains intact but begins to show slight reductions in
V-0 bond lengths as Sb partially substitutes vanadium sites. When x reaches 0.06, a

mixed-phase structure emerges, introducing the tetragonal SbVO4 phase alongside
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orthorhombic V>0s. Thus further incorporation of Sb induces local lattice strain,
resulting in slight elongation of the V—O bonds as the lattice balances expansion and

contraction forces.

Table.3.2(c). Prominent XRD reflections with Miller indices (hkl), corresponding 260
values and microstructure of V>xSb2xOs.s compounds at x=0.06

SL. No 20° (hkl) Phase(Microstructure)
1. 15.46° (200) Orthorhombic V05
2. 20.37° (001) Orthorhombic V05
3. 21.83° (101) Orthorhombic V05
4. 26.26° (110) Orthorhombic V05
5. 27.21° (110) Tetragonal SbVO4
5. 29.01° (301) Orthorhombic V205
6. 31.05° (400) Orthorhombic V05
7. 33.27° (011) Orthorhombic V05
8. 32.33° (111) Orthorhombic V205
9. 34.29° (310) Orthorhombic V205
10. 41.25° (002) Orthorhombic V05
11. 42.01° (102) Orthorhombic V05
12. 45.46° (411) Orthorhombic V205
13. 47.29° (600) Orthorhombic V205
14. 47.89° (302) Orthorhombic V05
15. 48.80° (012) Orthorhombic V20s

Table 3.2 (d) Bond lengths of Orthorhombic V>Os in V2.xSb2:Os.s for (0.05< x <0.08)

Bond Length(A)

Bond Type x=0.05 x=0.06 x=0.07 x=0.08
V-02 1.855 1.854 1.869 1.876
V-02 2.054 2.042 2.046 2.058
V-03 1.784 1.757 1.764 1.784
V-01 1.604 1.591 1.576 1.604

At higher Sb concentrations (x=0.07 to 0.08), the SbVO4 phase becomes
increasingly dominant, leading to a more systematic trend in bond length
modifications within the orthorhombic V,0s phase. Here, the lattice parameters

exhibit a linear relationship with increasing x, resulting in gradual adjustments in V-
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01, V-02, and V-0O3 bond lengths. The bond length details for the orthorhombic

V1,05 phase across all concentrations are summarized in Table 3.2(d) [91] [92].

Table.3.2(e) The Wyckoff positions, atomic positions, and occupancy of each atom

of V2S8b2xOs.5 (0.05< x <0.08) compounds

Atomic coordinates

Mol fraction Atoms Wy‘cl.(off Occupancy
X Positions X y z
02 4f 0.323 0.250 -0.009 0.500
03 2a 0.250 0.250 0.002 0.250
00 01 4f 0.146 0.250 0.472 0.500
V1 4f 0.157 0.250 0.105 0.500
02 4f 0.323 0.250 -0.011 0.641
03 2a 0.250 0.250 0.010 0.303
01 4f 0.144 0.250 0.469 0.601
0.06 V1 4f 0.149 0.250 0.105 0.598
01 4f 0.704 0.704 0.000 0.286
Sb1 2a 0.000 0.000 0.000 0.062
V1 2a 0.000 0.000 0.000 0.062
02 8g 0.321 0.250 -0.006 0.499
03 8g 0.250 0.250 0.00980 0.235
0O1 8g 0.143 0.250 0.46611 0.440
0.07 V1 8g 0.148 0.250 0.10759 0.463
01 4f 0.311 0.311 0.00000 0.352
Sbl 2a 0.000 0.000 0.00000 0.062
V1 2a 0.000 0.000 0.00000 0.062
02 8g 0.322 0.250 -0.00084 0.678
03 8g 0.250 0.250 0.00482 0.326
0.08 0O1 8g 0.142 0.250 0.46758 0.638
V1 8g 0.148 0.250 0.10698 0.646
0O1 4f 0.303 0.303 0.00000 0.420
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(b)

Figure 3.2 (b) Orthorhombic crystal structure of V2..Sb2.Os.5 compounds at x=0.05
(c) Orthorhombic V>0s and Tetragonal SbVOy coexisting in V>.xSb2xOs.s at x=0.08

3.3.3. Surface Morphology and Chemical Composition
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Fig. 3.3 Scanning Electron Micrographs of V2-xSb2.Os.s compounds for 0.05 <x <0.08
showing the dense growth of plake and rod like particle (a) x=0.05 (b) x=0.06 (c)
x=0.07 and (d) x=0.08

Morphological studies of Sb-V-O compounds were done by SEM microscopy.
The SEM micrograph of V2.xSb2xOs.5 (0.05 < x < 0.08) compounds, (figure.3.3),

reveals the presence of microrods of compact and dense morphology along with
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randomly distributed flakes. The frequency polygon in Figure 3.4 shows up the
particle size distribution in terms of diameter of the rods obtained through ImageJ
software. For x=0.05, the average diameter of rods is 0.69 um (Figure 3.4a) [93]. As
the value of x increases, the diameter of rods shrinks and for the mol fraction x=0.06,
rods have lowest diameter, that is 0.66 um and are distributed more densely. The non-
linear variation in the diameter of rods with mol fraction x can be attributed to the
inhomogeneous mechanical ball milling and the agglomeration of rods is observed in
higher concentrations. Comparing grain size calculated using XRD data and particle
size from SEM, the as-prepared samples contain particles with polycrystalline
microrod-like structures [94]. The micro rods are projected straight up and several
non-ordered voids can be observed in the SEM micrograph, which can accommodate
gas molecules and act as a porous material [95]. The elemental constituents obtained
from the EDS spectrum (Table 3.3) revealed the weight ratios of the precursors in

stoichiometric proportions as per the formulated chemical empirical formulae [82].

Average particle size = 0.69 um| (b Average particle size = 0.66 um

Count

04 0.6 08 1.0
Particle size (um)

04 0.6 08 1.0
Particle size (um)

Average particle size = 0.67 ym Average particle size = 0.68 ym
N

{

0.4 0.6 0.8 10 0.4 0.6 0.8 ‘ 1.0
Particle size (um) Particle size (um)

Figure. 3.4.(a,b,c,d) Average particle size of V2..Sb2:Os.s compounds for 0.05 < x <
0.08 from SEM images

Figure 3.5 shows the elemental scanning image of the Sb-V-0O-8 compound,
in which figure 3.5(a, b & ¢) indicate the presence of elements Vanadium, Oxygen,

and Antimony, respectively, and figure 3.5(d) presents the EDS spectrum of the Sb-
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V-0-8 compound system [60]. The elemental mapping results indicate that the
estimates derived from the EDX measurements are consistent with the elemental

compositions used in the study.

The EDX spectrum (Figure 3.5 d) of Sb-V-O microparticles displays
characteristic peaks corresponding to vanadium (V), oxygen (O), and antimony (Sb).
The absence of extraneous peaks in the EDS spectrum further confirms the
compound's purity [74].

Table 3.3: Elemental Constituents V2.xSb2xOs.s compounds obtained from the EDS
spectrum

X values 0.05 0.06 0.07 0.08

Elements Wt % At% Wt% | At% Wt % At% | Wt% At %

o 22.05 |47.61 |21.38 |4696 |2281 39.76 | 23.96 | 45.12
Sb 1.16 0.33 3.00 0.87 3.62 1.12 4.69 1.39
v 76.79 | 52.06 | 5.62 52.17 | 73.57 | 59.12 | 71.35 | 53.49

Figure.3.5. Elemental Mapping showing the presence of (a) Oxygen (b) Antimony (c)
Vanadium and (d) EDS spectrum of V2.xSb2xOs.s compounds for x=0.08
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3.3.4. X-ray Photoelectron Spectroscopy

The elemental state and surface chemical composition of V2.,SbaxOs.s
compounds were investigated using X-ray Photoelectron Spectroscopy (XPS). The
analysis of the narrow scans of core-shell electron emission spectra from the V2p
region of vanadium, the Sb3d region of antimony, and the O/s spectra are illustrated
in Figures 3.6 and 3.7. The absence of satellite peaks in the spectrum indicates that
the synthesized Sb-V-O compound retains its stability, showing no notable chemical
shifts or signs of decomposition. Figure 3.6(a) illustrates the asymmetrical V2p
spectrum, featuring peaks at 517.23 eV and 524.78 eV, which correspond to the V2p3,>
and V2p;energy levels, respectively [96]. The binding energy of the V2ps/2 core level
electron is influenced by the oxidation state of the vanadium cation. To identify the
various oxidation states of vanadium cations in Sb203-V20s ceramics, curve fitting of
the V2p32 and V2p12 XPS signals was performed using CASA XPS. Fig. 3.6(a) shows
the result of the fitting in the Sb-V-O5 compound, showing up distribution of V>*, V*4*

ions.
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Figure.3.6: XPS spectra of V2p in V>.x8b2Os.s compounds at (a) 0.05, (b) 0.06, (c)
0.07, and (d) 0.08.
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The deconvoluted spectral components reveal the presence of minor quantities
of V*' ions alongside a predominant population of V' ions, with their respective
V2ps.2 peak positions appearing at 517 eV and 516 eV. In the V2p,2 spectral state V4
and V> ions are identified at 523.5eV and 524.86 eV. The V*" ions identified from
the deconvolution of V2p3» and V2p;» spectral states might be generated from the
partial reduction of V>* to V# during the solid-state reaction process. In Fig. 3.7, the
asymmetrical peak centered around 530 eV and symmetrical peak at 540.4 eV
correspond to the Sb 3ds» and Sb 3d3/» binding energies, respectively. In the Sb-V-O-
5 compound, the XPS spectrum (fig. 3.7a) displays a photoemission line at 530.12 eV,
which is resolved into two distinct components: a line at 529.9 eV corresponding to
the combined Sb**3ds;2 and O1s levels, indicating antimony ions in the +3 oxidation
state, and a separate line at 530.9 eV, representing the O /s electron exclusively [22],

[97].
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Figure 3.7: XPS spectra of Sb3d and Ols regions of V>.xSb2xOs.s compounds at
x=(a) 0.05, (b) 0.06, (c) 0.07 and (d) 0.08

108



Chapter 3

The overlap of the Sb 3ds» binding energy with the O/s binding energy signals
a substantial presence of antimony oxide, making the Sb 3d3, binding energy more
reliable for chemical state analysis. In the Sb-V-O-5 compounds, the Sb 3d3/; peak for
SboO3 appears at 540.4 eV, indicating an oxidation state of +3 for Sb. This value is
consistent with literature reports, which cite a similar binding energy of 539.35 eV
[97-101].

The valence state of the Sb ions in the compound is confirmed as Sb>" for all
mole fractions from x=0.05 to 0.07(figures 3.7.a, b & ¢) in V2xSbyxOs.5 compounds.
Figure 3.7(d) presents the deconvoluted spectrum of Sb 3d and O/s spectral levels in
the Sb-V-0-8 compound indicating the photoemission lines at 528.6 eV (Sb3ds2) and
539.2 eV (Sb3ds) attributed to the presence of metallic antimony as well (Sb®) [96-
97], [102-103]. In this study, the binding energies of V2p, Sb3d, and O/s in the Sb-
V-0 compounds showed a slight blue shift with increasing molar fraction x, attributed
to the size effects of trivalent antimony as a foreign particle within the V205 host
matrix. This shift is consistent with established findings in the literature [101], [104-
105].

3.3.5. Raman Spectroscopy: Phase, crystallinity, and molecular interactions

Figure 3.8(a) represents the Raman spectra of the samples. The Raman peak
position and intensity coincide with the reference peaks of the a-polymorphic phase
of orthorhombic V,0Os material. Ten Raman bands observed at 102, 143, 197, 285,
307, 406, 482, 530, 703, and 998 cm™ correspond to the Raman characteristic
vibrations modes of the orthorhombic structure of V,0Os in the as prepared Sb-V-O
ceramics and is in well agreement with the polycrystalline nature of the Sb-V-O layer.
The major vibrational modes of V2Os were in the range of 1001100 cm™. This region
consisted of 3 parts, including the V—-O terminal stretching in the range of 520-1100
cm’!, the V-O-V stretching region in the range of 300-500 cm™!, and bending mode
in the range of 200-300 cm'. In addition, the lattice vibrations were present at 150
cm™' which is attributed to the crystalline nature of V205 [106]. Ten Raman active
phonon modes attributed to the Sb-V-O compounds are represented as V2.xSb2xOs.5:
[-Raman = 6 Ag+2Bg+1B2gt1B3,.

In Figure 3.8, the prominent Raman peak observed at 143 cm™ is attributed to

the Bsg skeletal bending vibration mode, while the weaker intensity band at 102 cm™,
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corresponding to the Ag mode, provides evidence for the layered structure of the V-
Sb2xOs.5 compounds. Additional Raman peaks identified at 197 cm™ and 287 cm™
are ascribed to the Ag and Bag modes, respectively, and are associated with the bending
vibrations of the O-V-O bonds. Furthermore, the bands at 307 cm™! and 703 cm™ are
linked to V-O bending and stretching vibrations in the A and B,, modes, respectively.
V-O-V bond’s bending and stretching vibrations corresponding to the Ag modes are
distinctly observed at 406 cm! and 530 cm’, reinforcing the vibrational
characteristics of the compound's lattice structure. The Ag mode corresponding to the
symmetric stretching of the V—O—V bridging bond was found at 482 cm ™' [106]. The
other sharp peak located at 998 cm™ originates from V=0 stretching mode, which is
also a confirmation for the layered structure of Sb-V-O ceramics [102]. No Raman

bands associated with Sb-O vibration are observed in the figure 3.8(a).

As the compositional percentage of the V20Os phase exceeds 94% for all
concentrations, no significant Raman bands attributed to Sb can be excited in the
Raman spectrum which was however evident in the XRD [74] (CCDC:2357624-
2357627). The progressive reduction in peak intensity of the Sb-V-O Raman spectra,
as illustrated in figure 3. 8(b), correlates with increasing concentrations of Sb dopant

cations for all prominent Raman bands.
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Fig.3.8. (a) Raman spectra and (b) The relative intensity of four prominent Raman
bands at 143cm™, 285 cm™, 702 cm™ and 998 cm™ in V>.:Sh2:Os.5 for 0.05<x<0.08.

110



Chapter 3

This decline is likely due to a reduction in the aggregation and crystallinity of
vanadium pentoxide species as the molar fraction (x) of Sb increases. The pronounced
skeletal bending vibration at 143 cm™', along with the strong stretching vibration at
998 cm!, serves as a definitive fingerprint, confirming the presence of a well-ordered
layered structure within the Sb-V-O matrix. Table 3.4 exhibits the comparison of the
Raman bands observed in a-V205[107], Bi-V20s[11], Ni-V20s5[10], Cr-V205[108],
and the present Sb-V-O compound. The Sb-V-O Raman spectra thus exhibited only
slight deviations from the characteristic vibrational modes of V205 corresponding to

the increasing concentration of Sb>* cations (Table 3.4) [102], [109].

Table 3.4: Comparison of Raman active phonon modes (in Wavenumbers, cm™)
obtained for o-V>0s, Bi-V>0s, Ni-V>0s, Cr-V>0s, and experimental Raman data of Sb-
V-O compound.

Single crystal of V205[107] . Va-x2 NizOs -5 Sb-V-0O
Experimental Calculate | V2 ]?112"05'5 ( ;=0.04 Cn_;.lleOs x=0.05
Mode cm’! cm?! em[11] em![10] cm [108] cm™!
104 97 98 99 - 102
304 315 304 302 303 307
A 404 406 406 406 406 406
¢ 480 489 480 476 483 482
526 527 528 527 527 530
994 1001 997 995 995 998
B 146 149 143 142 143 143
e 700 700 702 700 698 703
B, 200 191 196 193 196 197
€ - 848 - 856 - -
B 280 297 283 283 282 285
e 701 701 - 787 - -

3.3.7 Optical Analysis: UV- Visible Spectroscopy

Pure V205 is a semiconductor characterized by an ionic configuration, with occupied
O2p orbitals and vacant V3d orbitals in its band structure, with a band gap of 2.3eV.
This structure gives rise to three distinct bands above the valence band (O2p states),
which include V3d states, V3d split-off states, and mid-gap states. A strong deviation
of VOg octahedra from the cubic coordination led to a narrow split-off conduction
band [110]. These states exhibit varying electron transition properties and when Sb20O3
is doped in V20s the coexistence of different valence phases can occur, such as a

mixture of V**, V3" along with Sb** phases.
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This will influence factors like morphology, ionic configuration and
carrier trap centers that will eventually lead to alterations in the absorption band
[111]. The diffuse reflectance spectra of V2.xSb2xOs.5 compounds for 0.05 < x <
0.08 are shown in figure 3.10(a). All compounds shows intense absorption in
visible region (400—-520 nm) with slight blue-shift in the absorption threshold
edge, with increase in concentration of antimony ions. Band gap energy of the

samples is obtained from the Kubelka—Munk model [10] (eqn. 13 ),

[F(R)hv]? = A(hv — Eg) (13)
where R is the absolute reflectance of the samples. The Kubelka monk plot of V.
xSb2x0s5.5 compounds for 0.05 < x < 0.08 is shown in figure 3.10(b). The energy
band gap of Sb-V-O samples rises proportionally with an increase in Sb ion
concentration. The introduction of trivalent Sb ions into the V0Os lattice is
anticipated to create impurities with energy levels resulting from the hybridization

of Sb's 5p orbitals and oxygen's 2p orbital, situated between the valence band

(VB) and conduction band (CB).
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Figure.3.10. (a) Diffuse Reflectance Spectra obtained from the Sb-V-O compounds
for various x values (b) Showing the optical band gap estimated using K-M theory

Consequently, alterations in optical absorption are due to the emergence
of band edge states induced by the bonding and antibonding molecular Sb—O
orbitals. The Sb ions occupying vanadyl site in the O=V=0 double bonds, will

have deficiency of electrons making holes as the majority carriers. As the mole
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fraction x increases from 0.05 to 0.08, a large number of holes are created,
dragging fermi level down, below the top of the valence band. As a result, the
band gap energy experiences a slight increase from 2.28-2.32 eV with a rise in Sb
ion concentration. The shift in the band gap, however, is marginal, likely
attributable to the low doping rates. Nevertheless, the impact of the foreign cation,
Sb is clearly manifested in the structural and electronic properties of V,0Os. Here,
this leads to altered optical gap with Eg = Eg0 + AEg, where Ego is the optical band
gap of pure V20s, and AE, is the Burstein Moss shift due to the presence of Sb**
ions [112-113].

3.3.6. Photoluminescence Spectroscopy

The photoluminescence characteristics of V20s are widely recognized for their
sensitivity to imperfections present in the materials. Within V>Os materials, the
photoluminescence phenomenon encompasses both phosphorescence and
fluorescence, with their respective values being linked to the vibrational states of the
V=0 double bond. Specifically, when light shines on a V=0 double bond situated on
the surface, an electron is transferred from oxygen to vanadium ions, which leads to
the formation of excited singlet and triplet states. These states subsequently recombine
with the ground hole states, resulting in the fluorescence and phosphorescence

processes [114].

PL spectroscopy was carried out on V2.xSb2xOs.s compounds, to confirm
the band gap energy, electron-hole pair generation dynamics and electron-
trapping due to defects production by doping [115]. V205 has a V3d split-off
conduction band structure with gap widths of 0.6 eV and 0.75 eV from the higher
conduction band level. Oxygen vacancies (V—02) are the most significant defects
in the V7205 crystal and lead to the wide formation of defect levels between the
conduction band and the valance band [116]. Therefore, many recombination
paths have been identified among the conduction band, valence band and defect
levels. The conduction band and valence band of V20Os contribute to the 3d bands
of vanadium (V3d) and the 2p bands of oxygen (O2p), respectively [117]. Figure
3.9(a,b,c & d) depicts the room temperature photoluminescence spectra of V.
xSb2x0s.5 compounds recorded from 400 to 600 nm at an excitation wavelength of
330 nm.
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The PL emission spectrum of V,0s exhibits prominent bands, including a
blue-green emission at 450 nm, 466 nm, 481 nm, and 492 nm, as well as a broad green
emission at 546 nm and 564 nm. The emissions at 450 nm, 466 nm, 481 nm, and 492
nm are attributed to band-to-band transitions, specifically involving electronic
transitions from the shallow donor levels of vanadium interstitials to the valence band
[118-119]. The defect formations due to the induction of foreign Sb atoms catalysis
the splitting of such bands in Sb203-V20s ceramics and more peaks are observed in
this region with slightly varying intensities. The strong PL emissions at 546 nm and
564 nm which is created by point defects correspond to the radial recombination of
the electron-hole pair from the lowest split-off V3d conduction bands to the top of
the O2p valence bands [118-120]. T.K. Le et al. [121] identified a photoluminescence
peak at 530 nm (2.34 eV) in V;0s, attributing it to the band edge transition consistent
with its bandgap energy range of 2.3-2.4 eV. In Sb-V-O compounds, the
corresponding PL peaks are observed at 563—564 nm (2.20 e¢V) and 540-546 nm
(2.27-2.29 eV), indicating band edge transitions in Sb-incorporated V205 compounds
with a bandgap energy of 2.2-2.3 eV.
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Figure. 3.9. Photoluminescence spectrum of V2.SbxxOs.s compounds for
(a)x=0.05 (b)x=0.06 (c)x=0.07 & (d)=0.08
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This aligns with the bandgap values derived from Kubelka-Munk plots for
Sb-V-O compounds, as reported in prior studies [74]. The slight shifting in the
band edge peak with increase in the Sb ions (increase in x value) confirmed the

existence of doping states of V,0s.

3.3.8 Adsorption studies of Sb-V-O compounds

The potential of Antimony Trioxide (Sb203) to enhance the capacity of
V1,05 to adsorb methylene blue is investigated here. To initiate the investigation,
the absorbance spectra of pristine 50 mg and 75 mg V20s powders were
determined as catalysts, in 50 ml Methylene Blue dye solutions with a
concentration of 10 ppm. Within 210 minutes, an efficacy of 60% and 65% in dye
removal was respectively observed for the samples. The absorbance spectrum of
the 50 mg V,0s catalyst under these conditions is illustrated in figure 3.11(a),
leading to the optimized condition of concentration of Sb-V-O compounds as 50
mg. The experiment is standardized by fixing 50 mg of Sb-V-O microcrystals to
50 ml of a 10 ppm Methylene Blue aqueous solution for the adsorption kinetic
studies. This solution had an initial concentration of 2.3x10 M, a basic pH of
7.5, and was maintained at room temperature. Magnetic stirring at 1000 rpm for
10 minutes ensured proper dispersion of Sb-V-O powder within the dye solution.

Identical adsorption tests were conducted concurrently for each sample.
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Figure.3.11. (a) MB dye Absorbance spectrum of pure V>0s compound (b) Plot of c/co
vs time for V>xSb2xOs.a compounds for 0.05 <x <0.08

At 10-minute intervals, 3ml of the aliquots was collected, and after
centrifugation at 10000 rpm for 5 minutes, the catalysts were separated and the

remaining dye concentration was then measured from the absorbance spectrum
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using a spectrophotometer, and the amount of dye removed was calculated [45].
Figure 3.11(b) presents the effect of varying concentrations of antimony ions to
the V2.xSb2xOs.s micro-composites on MB dye removal. The initial dye
concentration(10 ppm), contact time(120 minutes), and catalyst loading(50 mg),
were examined as influences on the adsorption process [122]. Figure 3.12
divulges the bar diagram indicating the MB dye removal percentage of
V2.xSb2x0s.5 compounds for 0.05<=x<=0.08 for a contact time of 120 minutes. It
can be seen that the increasing level of doping translates into higher percentage
of dye removal in 120 min of contact time attaining 100%, 93%, 82%, and 61%
for mol fractions x = 0.08, 0.07, 0.06, and 0.05 respectively [23]. The study
highlights that Sb2O3 modification significantly augments the adsorption capacity
of V205 microcrystals, wherein, an increase in the concentration of Antimony ions

corresponds to an escalation in the MB dye adsorption rate.

x=0.08

100 x=0.07

] x=0.06

80 4
| x=0.05

60
1 x=0.0

40 4

20 4

0 ) v205

V2.xSb2x05.4
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Figure.3.12. Bar Diagram depicting % Dye removal of V>.Sb2xOs.s compounds for
x=0.0 and 0.05 <x <0.08

This trend culminates in 100% dye removal for V2xSb2xOs.s compounds at x=0.08
(Fig. 3.12). This heightened adsorption can be ascribed to the expanded surface area
of Sb-V-O compounds, as confirmed by BET analysis when contrasted with pure
V>0:s. It is also noted that as per the previous studies, the efficiency of dye adsorption
decreases with increasing solution temperature. This is because the active sites on the
adsorbent shrink and change at higher temperatures, reducing the active adsorbent

surface. The dyes then leach into the solution due to the increased separation between
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the dye molecules and the adsorbent at high temperatures. We studied this
experimentally with the Sb-V-0-8 compound which showed 100% adsorption within
a contact time of 90 minutes., We observed a 5% leaching of dye back into the solution
at a temperature of 40'C which increased to 20% when the temperature was increased
up to 80°C[123].

3.3.9. FTIR Spectroscopy

To qualitatively assess adsorption, we procured FTIR spectra for both Sb-
V-O samples and Sb-V-O samples infused with adsorbed MB, which are
elucidated in Figure 3.13 (a) and (b) respectively. In the FTIR spectra of Sb-V-O
samples as depicted in Figure 3.13 (a), two prominent absorption bands are
discernible at 813 and 1003 cm™!, corresponding to the asymmetric stretching
modes of V-0-V, and the stretching vibration of V=0 respectively. Noteworthy
is the absence of notable IR excitations attributed to Sb-O bonds, attributable to
the relatively low concentration of Sb** cations within the Sb-V-O compounds
[38], [124]. In Figure 3.13 (b) the FTIR spectra of MB-adsorbed Sb-V-O catalysts
scanned between 1200 cm™! to 1800 cm™! reveal IR modes linked to Methylene
Blue.
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In essence, it is plausible that the removal of color is primarily attributable to
adsorption and not to the degradation of the chromophore group [45], [51]. The
adsorption behavior was readily discernible by observing the C=C stretching mode of

Methylene Blue (MB) at approximately 1605 cm™ [41]. The emergence of this
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spectral band post-adsorption unmistakably confirmed the successful sequestration of

MB. This characteristic band was consistently evident across all samples [50].

The identified functional groups related to the MB absorption peaks
encompass C=C side ring stretching within the range of 1500 cm ™! to 1400 cm ™!,
—~CH2 /~CHB3 stretching spanning from 1400 cm™! to 1300 cm™!, as well as C-N
and N—N stretching absorption peaks at 1287 cm ™! and 1227 cm™!, respectively.
Additional MB absorption peaks include C—H out-of-plane bending vibrations of
the ring, observed between 800 cm™! and 900 cm™' [125], [126]. From figure
3.13(b) when we look at the data, it's clear that for mol fraction of x=0.05, the IR
bands related to the MB dye are not very distinct. This matches the lower dye

adsorption as seen in the bar diagram (fig. 3.12). But as x goes up from 0.06 to

0.08, the strong band at 1605 cm™! becomes more visible.
3.3.10. N2 Adsorption Isotherms

While the molecules penetrate a three-dimensional matrix in absorption,
the molecules attach to a two-dimensional matrix usually between phase
boundaries in adsorption [30], [42]. And hence surface area is an important
parameter in determining the adsorption rate. The International Union of Pure and
Applied Chemistry (IUPAC) classified N2 adsorption isotherms into six types,
type I to type VI and the detailed description provided by the IUPAC classified
hysteresis loops into four types, each representing a different pore shape [127].
Out of the hysteresis loops, Type HI1 represents cylindrical pores in which both
ends are open and capillary condensation occurs in the middle of the relative
pressure; Type H2 is associated with ink-bottle-shaped pores with poor
connectivity and uneven pore structure, Type H3 is attributed to wedge-shaped
pores formed by the loose stacking of flaky particles, and Type H4 is a result of

slit-shaped pores resulting from internal parallel pore structure [128].

In figure 3.14 (a, b, c, and d), the N> adsorption isotherms, reveals that all Sb-
V-0 micro-rods/flakes, to be typical IV-type curves with a clear Hz-type hysteresis,
which resulted from capillary condensation in the mesopores (diameter, 2 < d <7 nm)

at the relative pressure range of 0.45—-0.9 P/Py [128]. The adsorption isotherms of all
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the investigated samples rose progressively during the relative pressure range of 0—
0.7 P/Po, which means mono-molecule layer adsorption occurring on the Sb-V-O

surface.

Table.3.5: Textural parameters of Sb-V-O compounds from N> adsorption isotherms
and BET analysis

V248Sb2x05-5 x=0.05 x=0.06 x=0.07 x=0.08
Pore Volume(cm®/g) 0.0284 0.0295 0.0326 0.0356
Pore Diameter(nm) 6.83 5.958 5.37 4.96

BET surface area(m?*/g) 16.67 19.83 24.32 28.74
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Figure.3.14. (a, b, c & d): N: adsorption isotherm of V1.xSb2:Os.amicro-flakes for 0.05
<x <0.08 showing type IV curve with Hs hysteresis

Then, the adsorption curves rose steadily, resulting in the saturation of mono-molecule

layer adsorption followed by the multi-molecular layer adsorption. When the relative
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pressure was 0.7-0.9 P/Po, the desorption branch was obviously higher than the
adsorption branch, along with the appearance of capillary condensation, which
resulted in the hysteresis loop. At the relative pressure of 0.9—1.0 P/Po, the adsorption
branch and desorption branch suddenly rose and coincided at the end. Therefore, the
occurrences of hysteresis loops indicate that all Sb-V-O compounds had a lot of

mesopores [45], [129].

This trend is characteristic of mesoporous materials, suggesting that the Sb-V-
O samples is in the form of non-rigid aggregates of platelet-like particles or rods in
agreement with the result of SEM [38], [128], [130-131]. Similarly, the smaller
adsorption amount at P/Pg < 0.4 and the large adsorption amount at P/Po > 0.9 show
that all Sb-V-O compounds had a certain number of macropores (d > 50 nm) and a
small amount of micropores (d <2 nm) [81]. The table 3.5 shows the specific surface
area, calculated using BET method, increases from 16.67 m?/g to 28.74 m?*/g for
0.05<x<0.08. Here there is an enhancement in the surface area of Sb-V-O compounds
as compared to BET surface area of 6-7 m?/g for pure V,Os microparticles as per the
previous reports [122], [132-133]. Thus greater adsorption rate for the Sb-V-O-8
compound can be attributed to the increase in specific surface area. An increase in
pore volume from 0.0284 to 0.0356 cm?®/g with increase in Sb ion concentration also
supplements the increase in adsorption (Table 3.5). Thus, the enhanced porosity
characteristic of V2.xSb2xOs.5 composites is revealed by the increased specific surface
area. A higher pore volume will boost adsorption activity owing to more available

active sites at the surface [27], [38].
3.3.11. Kinetic Studies on MB Adsorption

Adsorption kinetic modeling is an especially useful tool to interpret the
mechanism of the MB adsorption to Sb-V-O compounds. To determine the sorption
mechanism in detail, various models can be deployed. Here, we made comparative
studies of pseudo-first-order, pseudo-second-order, intra particle diffusion and
elvoich models [27], [45], [78], [122]. Table 3.6 shows the kinetic constants (qe, Ki,
K>, Kig, 0, B) derived from the slope and intercept of the four regression equations of

adsorption models.
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The pseudo-first-order kinetic response is obtained as a linear relationship
between log(q: —qe) with time t (eqn.3) and gives a low value for regression
coefficient, R? for all the mol fractions (Table. 6). The plot of q; vs t'? as per the Weber
and Morris Intra particle diffusion model (eqn. 5) is a straight line that do not pass
through the origin for the MB adsorption by Sb-V-O compounds giving R? between
0.91 to 0.93 [122] (Table 3.6). The plot of g vs In(t), (eqn. 8), the linear form of
elvoich model gives R? in the range 0.85-0.89 (Table 3.6), which gives the worst fit
among all the discussed models. The pseudo-second-order (PSO) adsorption kinetic
model reveals a positive relationship between t/q; and time (eqn.4), with 0.99 as R?
(Table. 3.6) for x=0.05, 0.06, 0.07 & 0.08 in V2xSb2xOs.5 compounds (Fig. 3.15. a, b,
c and d). Thus PSO is the best fitting kinetic model for representing the adsorption
kinetics of Sb-V-O catalysts on MB dye [78]. The PSO model operates under the
premise that the determining factor in the rate of adsorption is chemisorption process
and offers predictions that are applicable across the entire spectrum of adsorption. In
this scenario, the rate of adsorption hinges on the adsorption capacity rather than the

concentration of the adsorbate [23], [78], [134].

The plot of t/q: as a function of time gives a linear relationship (Fig. 3.15).
From the slope, 1/q. and the intercept, 1/(k2qc?), the amount of adsorbate adsorbed at
equilibrium (qe) and k2, the second-order rate coefficient (Table 6) were calculated.
Here the equilibrium adsorbate concentration qe (mg/g) exactly matches with the
experimentally observed values for all concentration. Sb-V-O-8 compound shows
highest ge of 21 mg/g in comparison with 4.8 mg/g for V20s/MWCNTs composites
[135]. Alessandro Di Mauro et al [50] reported the equilibrium adsorption capacity of
pure V20s as 7 mg/g and SnO»/Ti0; modified V>0s as 7.4 mg/g. Sb modification on
V>0s5 enhances both the adsorption rate and equilibrium adsorbate concentration when
compared to pristine V20s. We studied the Langmuir (eqn 7), Freudlich (8), D-R (eqn
9,10,11) and Temkin (eqn 12) adsorption isotherm models for Sb-V-O-8 compound
[26], [80], [136]. Sb-V-O-8 compound was selected as it showed maximum
adsorption with minimum contact time and the comparatively best adsorption
isotherm that fits the data was Freudlich adsorption isotherm model with the

regression coefficient value of R? =0.98 [37],[136] .
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Table 3. 6: Adsorption parameters for Pseudo first order, Pseudo second order, Intra-particle Diffusion and Elvoich kinetic models for

Sb-V-O compound

x=0.05 x=0.06 x=0.07 x=0.08

Sb-V-0

ge (exp)=17.60mg/g qe(exp)=18 mg/g qe(exp)=20 mg/g qe(exp)=20.5 mg/g
Parameters R2 K e R K e R K e R K e

mg/g mg/g mg/g mg/g

Pseudo First order Kinetic | 084 | 0.038 | 968 | 091 | 005 | 988 | 080 | 0.04 | 11.12 | 0.88 | 0.031 | 837
Model
Pseudo Second order 0.99 | 0.008 | 183 | 0.99 | 0.017 | 18.73 | 0.99 | 0.0065 | 20.96 | 0.99 | 0.0077 | 21.18
kinetic model
Parameters R? Kig C R? Kig C R? Kid C R? Kid C
Intra particle model 092 | 045 | 1257 | 091 | 044 | 1349 | 093 | 062 | 1354 | 092 | 051 | 14.87
Parameters R? B o R? B A Ro B o R? B o
Elvoich 085 | 1922 | 069 | 0.89 | 4058 | 0.71 | 0.89 | 3410 | 0.598 | 0.87 | 4191 0.63

122



Chapter 3

The value of K#=3.52 indicates extend of interaction between adsorbate and
the surface. All other compounds in the Sb-V-O series shows the same trend. Waldir
Avansi Jr et al [45] reported the synthesis and adsorptive/photocatalytic study of 1D
vanadium pentoxide nanostructures prepared under hydrothermal conditions at
temperature of 180 and 200 °C and the mechanism of adsorption was reported to occur
via interaction of NMe?" of the MB dye with the negatively charged surface of the
1D-V>0s samples. Previous investigations suggest that the efficiency of adsorption on
vanadium pentoxide-based compounds is based on the electronic characteristic of the
pollutants given by cationic dye (MB) > neutral dye (RhB) > anionic dye (MO) [45],
[50].
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Figure.3.15. (a, b, ¢ & d). Pseudo second order kinetic model, linear fit of V>xSbax
Os.s for 0.05<x<0.08 giving R°=0.99 for all compounds
3.3.12. AC conductivity and Dielectric studies

To investigate the frequency-dependent dielectric dispersion of the

V2.xSb2x0s.5 (0.05<x<0.08) compound, the dielectric constant was plotted against
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frequency, as shown in figure. 3.17(a). The dielectric constant for each composition

was calculated using the following equation (14) [137]

Cpd

45()14

!
r

(14)

where €, represents the dielectric constant, d the thickness of the pellet, &, is the
electric permittivity of free space, C,, is the parallel capacitance obtained directly from
the impedance analyzer instrument, and A is the cross-sectional area of the pellet.
Across all concentrations from x=0.05 to x=0.08, the dielectric measurements of the
samples display consistent behavior, offering valuable insights into the material's
electrical properties. At low frequencies, the dielectric constant begins at a high value
and decreases as frequency increases, eventually stabilizing at a lower constant value

at higher frequencies.

400000

4000000

(a)
350000

300000
250000

200000

—a—x=0.05
e x=0.06
=g x=0.07

——m—x=0.08

(b)

3500000
3000000
2500000

2000000

150000

Dielectric loss

1500000

Dielectric Constant

100000 1000000

boann 500000

10 10° 10* 10° 10° 10
Frequency(Hz)

Frequency(Hz)

Tand
ac conductivity(Sm™)

10! 10° 10

10° 10° 10* 10° 10° 10
Frequency(Hz)

Frequency (Hz)

Figure.3.16: Frequency-dependent variations of Sb2.V>xOs. 5 samples for all mole
fractions a) dielectric constant b) dielectric loss factor c) dissipation factor d) ac
conductivity
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This phenomenon is attributed to the behavior of charge carriers in response
to the applied alternating electric field. At lower frequencies, the field changes
direction relatively slowly, allowing charge carriers within the material sufficient time
to align with the electric field direction, leading to higher values of &, . However, as
frequency increases, the rapid reversal of the electric field direction outpaces the
carriers' ability to realign synchronously with the field, causing a drop in the dielectric
constant. At even higher frequencies, when the alignment of carriers is effectively

frozen due to the quick oscillation of the electric field, &, stabilizes [88], [138- 140].

In the low-frequency range, the grain boundaries, known for their high
resistivity, dominate the dielectric response. Their resistive nature impedes the flow
of charge, which enhances polarization within the boundaries and results in a high
dielectric constant &,.. In contrast, at high frequencies, the response shifts toward the
highly conductive grains, which promote conduction and reduce the dielectric
constant. This frequency-dependent transition aligns with the boundary-grain model,
which postulates that at lower frequencies, conduction is controlled by resistive grain
boundaries, while at higher frequencies, conductive grains govern the behavior of the
material's dielectric response [141-142]. From figure 3.16 (a) it is evident that the
value of the dielectric constant at 10 Hz decreases from 309640 to 40712 as x varies
from 0.05 to 0.08. When Sb** ions replace V°* ions, the lattice structure may be
distorted due to the dissimilar ionic radii and oxidation states of antimony in
comparison to vanadium along with the formation of the SbVO4 phase at higher mol
fractions. These distortions in the lattice due to Sb substitution lead to a reduction in
the material’s overall polarizability. As the ionic size and charge of Sb** differ
significantly from those of V> the replacement disrupts the alignment of electric
dipoles, lowering the ability of the material to polarize under an electric field. This
lowered polarizability, in turn, reduces the dielectric constant &, of the material,
particularly noticeable at higher frequencies, where only intrinsic polarization

contribute to the dielectric behavior [143].

The dielectric loss factor & is the imaginary component of the complex

permittivity. When a material is subjected to an electric field, it causes displacement
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of charge carriers, leading to energy loss. This lost energy is converted into heat, a
phenomenon referred to as dielectric loss [144]. Figure 3.16 (b) represents the
frequency dependence of the dielectric loss factor. The dielectric loss behavior
resembles the real part of electrical permittivity. The variation of the loss factor with
frequency can be explained by ion migration within the material at low frequencies.
At moderate frequencies, the dielectric loss values are influenced by ion jumps,
conduction losses due to ion migration, and ion polarization losses. As frequency
increases, the dielectric loss factor falls from a relatively high value in the low-
frequency zone. Migrating charge carriers are the source of substantial dielectric loss
in the low-frequency area; charge carrier migration decreases as frequency rises. This
frequency-dependent behavior is characteristic of charge carrier-dominated dielectric

relaxation processes [8], [144].

As the loss factor is much greater than the dielectric constant, it can be deduced
that the Sb-V-O compounds have lossy properties in the low-frequency range (10 Hz
to 1 kHz). On the other hand, for frequencies greater than 10 kHz, all molar fractions
&, values stay constant, indicating reduced energy dissipation in the dielectric system
[145]. This phenomenon underscores the potential of SboO3-V20s ceramics for energy
storage applications, where materials with high dielectric constants at low frequencies
are favorable for capacitors and high-energy storage devices. At low frequencies,
grain boundaries impede conduction, leading to a high dielectric constant, while at
high frequencies, the grains dominate, promoting conduction and decreasing the
dielectric constant. This frequency-dependent transition aligns well with Koop’s
phenomenological theory and suggests potential applications in multi-layer ceramic

capacitors, where high dielectric permittivity is essential [8], [143].

The behavior of tan & with frequency is depicted in Figure 3.16 (c). The term
tangent loss (tand) describes the energy dissipation in dielectrics. The tangent loss
(eqn. 15) is defined as the ratio of the imaginary part of the permittivity to the real
part of the permittivity [140], [146].

tans = = (15)

€r
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Impurities, flaws, and irregularities in the crystal lattice are typically the
source of tangent losses in materials, which cause polarization to lag behind the
applied external field. At higher frequencies, the Maxwell-Wagner model of
polarization and Koop's phenomenological theory predict that energy loss and
dielectric constant are nearly frequency-independent. This phenomenon indicates that
polarization in any polycrystalline material arises from well-conducting grains
separated by weak grain boundaries. At lower frequencies, space charges can follow
the applied field due to their longer relaxation times, but at higher frequencies, they
cannot keep up with the field. As a result, both tangent loss and dielectric constant
increase at lower frequencies, but they exhibit frequency-independent behavior at
higher frequencies [8], [142]. It is also noticed that tand decreases as Sb concentration
increases since the incorporation of Sb into the V2Os lattice can decrease the material's
overall polarizability. This frequency-independent behaviour at elevated frequencies,
as per the Maxwell-Wagner polarization and Koop’s theory, indicates reduced energy
dissipation, suggesting that Sb203-V20s compounds is suitable for high-frequency
applications such as RF and microwave devices. Here, minimal dielectric loss is
essential to maintain signal integrity and avoid unwanted energy dissipation.
Additionally, the incorporation of Sb in V205 leads to a decrease in tan 9, likely due
to the reduced polarizability within the lattice. This reduction in dielectric loss
minimizes dielectric heating, enhancing the material’s suitability for dielectric
resonators, particularly in frequency-stable, low-loss filters used in

telecommunication systems [147-148].

The AC conductivity spectra demonstrate high-frequency dispersion that
adheres to a power-law [150] while at lower frequencies, the conductivity remains
fundamentally flat and frequency-independent. Typically, the AC conductivity
follows the Almond-West formalism, which is expressed as [151],

w n
o(w) = gy, [1 + (—) ] (16)
Wy
Here, o, represents the DC conductivity, wy is the crossover or hopping frequency

of charge carriers that separates the DC regime from the dispersive region, and n is
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the frequency exponent, which typically falls within the range of 0 to 1 and indicates
the interaction between ions. The values of 0., wy, and n were estimated by fitting
the experimentally measured frequency-dependent conductivity data at different mole

concentrations using equation (16) [144], [145].
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Figure.3.17. Almond West fitted Conductivity when a) x=0.05 b) x=0.06 c) x=0.07 d)
x=0.08

To comprehend the frequency dependency of the material's electrical
properties, ac conductivity measurement is performed. Information on the
characteristics of charge carriers can also be obtained from the frequency dependence
of AC conductivity. The empirical formula (eqn.17) used to compute the AC electrical

conductivity is [149]

Oge = WEQ €y (17)

where w is the angular frequency, €, is permittivity in free space and is the €,.d

ielectric loss factor. Figure 3.16.d shows the variation of room temperature ac
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conductivity with frequency for all Sb concentrations. The frequency-dependent
conductivity consists of two distinct regions. The first region occurs at low
frequencies, where o(®) remains nearly independent of frequency. The second region

is characterized by a strong frequency dependence of o().

The Almond west fits to the experimental data are shown in Figure 3.17( a, b,
¢, and d). It describes the flow of ions in the material when an alternating electric field
is present. As illustrated in Figure 3.17, the experimental data for all samples were
well-fitted with the universal power law, achieving a high parameter fit adj.(R?)
between 0.997 and 0.999 and a least square fit error factor (Chi-square) ranging from
1.157x107!! to 9.42x 1072, The Almond West formalism was found to be applicable
to all the samples studied in this work. The Almond fit yields the hopping or crossover
frequency values for each mole fraction and is tabulated (Table 3.7). At 10MHz, o,
decreases from 5.08x10™* S/m to 2.40x10™* S/m as x values vary from 0.05 to 0.08
while ;. decreases from 7.22x10° S/m to 1.55x10° S/m. This decrease in ac
conductivity is due to the result of structural changes brought about by the substitution

of Sb>" ions for V> ions and the formation of new SbVOs phase.

Table 3.7. Parameters derived from Almond West fit for different mole fractions

3;‘;:::&::;“ Fitted x=0.05 | x=0.06 | x=0.07 | x=0.08
odc(Sm™) 720E-5 | 6.58E-5 | 5A48E-5 | 1.55E-5
WH 770978 | 132000 | 923525 | 153105
n 07037 | 07051 | 04961 | 0.7018
Chi-square 1.157E-11 | 942E-12 | 3.84E-12 | 4.26E-12
Adj. R-Square 0.998 0997 | 0998 | 0999

This substitution causes a large reduction in the number of nearest free pair Oz
ions and interferes with the polaronic conduction of vanadium ions. Therefore, the
obstruction that polarons experienced on their journey can be responsible for the
decrease in sample conductivity [16]. At low frequencies, conductivity remains nearly

frequency-independent, indicating a stable DC component, which is valuable in
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applications requiring consistent charge retention, such as batteries and
supercapacitors. At high frequencies, however, conductivity exhibits a significant
frequency dependence, which could be advantageous in applications that rely on
tunable conductivity. This behavior of AC conductivity not only aligns with known
models of charge transport but also highlights the potential for Sb>O3-V,05 ceramics
in applications where controlled conductivity is essential, such as in electrochemical

sensors and resistive switching devices [152-153]
3.3.13. Antimicrobial Studies

V2.xSb2x0s.5 compounds (0.05<x<0.08) was tested for its antibacterial activity
against the Gram positive bacteria (Staphylococcus aureus and agalactia, Bacillus
cereus), Gram negative bacteria (Escherichia coli, Pseudomonas aeroginosa Vibrio
harveyi and Vibrio cholerae) and Fungus (Pencillium, Aspergillus niger) by using
Agar well diffusion method on Mueller Hinton Agar (MHA) plates for bacteria and
Disk diffusion method for fungi as shown in figure 3.18. The broth cultures of a single
bacterial species were uniformly inoculated onto the surface of Mueller-Hinton agar
(MHA) plates using the sterile cotton swab technique. The wells of 6 mm are made
out of sterile cork borers in those plates. The compound dispersed in DMSO solvent
media is introduced into the wells in the concentration of 50, 100, 150 and 200 micro
litres. The positive control used was streptomycin disc (10 mcg) and the negative
control was pure DMSO solvent media. After 24 hours of incubation at 37°C,
measurement of the diameter of inhibition zones was taken. The antimicrobial
activities of the Sb-V-O microflakes were assessed by evaluating the zone of growth
inhibition against the employed bacteria and by adjusting the concentration of the

synthesized compounds in DMSO solvent [60].

Bacteria are characterized by distinct structural components, including the cell
membrane, cell wall, and cytoplasm. The cell wall, located external to the cell
membrane, primarily consists of peptidoglycan—a robust matrix of amino acids and
sugars that confers mechanical strength and maintains osmotic balance. In Gram-
positive bacteria, the cell wall is notably thick and multilayered, measuring

approximately 20-80 nm, with a single underlying cytoplasmic membrane. In
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contrast, Gram-negative bacteria exhibit a thinner peptidoglycan layer (7-8 nm),

situated between an outer membrane and an inner plasma membrane.

Figure 3.18. Representative photographs of zone of growth inhibition against bacteria
and fungi for Sb-V-O-8 with positive and negative control:(a) S.aureus, (b) E.coli, (c)
Pencillium (d) A. niger, and Zone of growth inhibition against bacteria for V>.xSb2:Os.
scompounds (0.05<=x<=0.08) with positive control (e) P. aeroginosa (f) V. harveyi
(g) B. cereus, (h)V. cholerae

Table 3.8 Zone inhibition values (in mm) of Gram positive bacteria, gram negative
bacteria and fungi for Sb-V-O-8 compound systems

SL Name of 50 100 150 200 tve ve

No Bacteria/Fungus pl pl pl pl
1 Escherichia coli R 19 20 24 23 7
2 Staphylococus aureus R 11 12 15 24 R
3 Pseudomonas aeroginosa R 11 13 15 22 7
4 Bacillus cereus R 10 12 15 21 7
5 Vibrio harveyi R 10 11 12 20 7
6 Vibrio cholerae R 15 16 16 20 7
7 Staphylococus agalactia R R R R 20 R
8 Pencillium R R 15 17 22 R
9 Aspergillus niger R R R 18 23 R

The cytoplasm, comprising proteins, carbohydrates, nucleic acids, salts, ions,
and about 80% water, is critical for maintaining cellular functions, including electrical

conductivity. The net negative charge of bacterial cell walls attracts positively charged
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ions such as V>, V¥ and Sb* from the Sb-V-O compounds, facilitating their
interaction with the bacterial cell surface [74]. These ions, suspended in a DMSO
solution, adhere to the cell surface, disrupting the charge balance and leading to cell
rupture and bacterial death. Chakradhar Sridhar B et al reported the 10 mm & 11 mm
Zone inhibition of V2Os and V,0s /Pani against S. aureus at 250 pg and 19 mm and
9 mm for V205 and V,0s/Pani against A. Niger at 250 [58].

The sharp edges of Sb-V-O microparticles mechanically disrupt bacterial cell
membranes, releasing V>, V¥, Sb>*, and O* ions. These ions interfere with the
bacterial NADH redox cycle, crucial for respiration, and catalyze Haber-Weiss and
Fenton-type reactions, generating reactive oxygen species (ROS). The ROS, in turn,
attack lipopolysaccharides (LPS) in E. coli membranes, leading to further membrane
disruption [109]. The release of reactive ionic species (V°*, V4, Sb*", OH™, O%) from
the Sb-V-O composite targets bacterial cells. For example although S. aureus typically
resists damage due to its thick peptidoglycan, Sb-V-O-8 induced clumping, enabling
extended interaction and redox alterations, inhibiting growth by 15 mm at 200 pl
[109]. Conducting antimicrobial experiments with fungi poses additional difficulties
due to the resilience of their cell walls, which are more resistant to harsh conditions
compared to bacteria. Ilkhechi et. al [154] reported the antifungal activity of zinc
oxide related to the formation of free radicals on the surface of nanoparticles that
damage the fungal cell membrane lipids, which lead to protein leakage through the
membrane disruption. ZnO and TiO» is reported to produce reactive oxygen species
(ROS), such as hydrogen peroxide and hydroxyl radicals, which induce oxidative
stress. This oxidative stress disrupts fungal cell membranes and damages
biomolecules including DNA, proteins, and lipids leading to the destruction of
microbial enzymes and ultimately killing the fungi[154]. Sb-V-O microparticles in
higher concentrations might attach to and saturate fungal hyphae, leading to the
destruction of fungal cells. This inhibitory effect is likely due to the presence of V>,
V#, Sb**, and O* ions, which disrupt the function of membrane-bound enzymes,
particularly those involved in the respiratory chain, and other microbial proteins.
Additionally, Sb-V-O particles may engage in competitive inhibition with substrates,
rendering enzymes inactive and thereby blocking the synthesis of products essential
for cellular activity [61], [155].
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Fig.3.19 (a & b) Bar diagram comparing the zone of inhibition of V>xSb2Os.s
compounds (0.05<x< 0.08), against the growth of the gram positive-gram, negative
bacteria and fungi for 200 ul concentration

Table 3.8 shows up the antibacterial and antifungal effects of Sb-V-O-8
compounds against the gram negative, gram positive bacteria and fungus. The results
showed that Sb-V-O-8 is more effective in inhibiting the growth of Escherichia coli
with a zone inhibition diameter of 24 mm at 200 pl concentration. Other bacterial
species like S. Aureus, P. Aeroginosa, B. cereus shows a inhibition zone of 15 mm, V.
harveyi and V. cholerae showed a zone inhibition of 12 mm & 16 mm respectively,
while the funguses, Pencillium & Aspergillus niger shows a zone inhibition of 18 mm
and 19 mm respectively. However Staphylococcus Agalactia is resistant to Sb-V-O
compounds for all mol fractions. Figure 3.19 (a & b) reveals the bar diagram depicting
the inhibition zone produced by V2.xSb2xOs.5 compounds (0.05<x<0.08) against the
growth of all the 7 bacteria and 2 fungi at 200 pl concentration. The zone of inhibition
increases with increase in mol fraction from x=0.05 to x=0.08 for all the microbes,
indicating the effect of the Antimony ions in inhibiting the growth of microbes
because of the electrostatic interaction between the Sb-V-O compounds and the
microbial surface leading to the attachment of microbes to the treated surface resulting

in oxidization of microbes and finally death [109], [156].
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3.4. Conclusion

In this research, four different concentrations of V2.xSb2xOs.s compounds
(0.05<x<0.08) were synthesized by high temperature solid state reaction. A
variety of characterization techniques were deployed to analyze the effect of
integration of antimony ions to the V:0s matrix. Structural analysis using
Rietveld refinement of the compounds using XRD data through the fullproof
software reveal the presence of tetragonal SbVOg4 structures along with the
prominent orthorhombic V20s structures for mol fraction x=0.06, 0.07 and 0.08.
The Raman spectra, characterized by a prominent skeletal bending vibration at
143 cm™! and a robust stretching vibration at 998 cm™!, unequivocally confirm the
presence of a well-ordered layered structure within the Sb-V-O matrix. Elemental
mapping using EDAX spectrum reveals the presence of V, O, and Sb atoms in the
compound. PL spectra of the as-prepared compound revealed significant
transitions in the blue-green regions as a result of symmetry distortions and

defects induced by the incorporation of Sb ions into the V2Os matrix.

In the XPS studies, the deconvoluted V2p spectra further reveal a
predominant population of V>* ions, accompanied by a minor population of V*+*
ions. XPS spectra of the Sb 3d region confirm a strong presence of antimony
oxide, as evidenced by the overlap of the Sb 3ds/ binding energy with the O/s
binding energy. Furthermore, a distinct component in the Sb3d signal, with a
separation of 539.2 eV observed in the x=0.08 composition, indicates the presence
of metallic antimony (Sb®). The band gap energy, extracted from the Kubelka-
Monk plot, escalates from 2.28 eV to 2.32 eV with an augmented concentration
of trivalent antimony ions, explained using the Moss-Burstein effect. The
materials display a combination of rod and flake-like morphologies, significantly
elevating the surface area to 28 m?*/g for x = 0.08. Consequently, this results in
100% Methylene Blue dye adsorption within 90 minutes of contact time for the
Sb-V-0-8 compound giving ge of 21 mg/g in comparison with 7 mg/g for pristine
V20s.
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The surface-modified Sb-V-O forms mesoporous microcrystals,
observable through the Type IV, N adsorption isotherm with typical H3
hysteresis, enhancing the adsorption capacity. The pseudo-second-order kinetic
model effectively characterizes the cationic MB dye chemisorption on Sb-V-O
catalysts, with a high correlation coefficient (R% = 0.99) across all concentrations.
The adsorption data fitted well with the Freundlich isotherm model indicating
multilayer adsorption on heterogeneous surfaces. The effects of antimony
concentration on the electrical properties of Sb2xV2xOs.s compounds were
examined at room temperature across a broad frequency range of 10 Hz to
10 MHz. The dielectric behavior of the SbaxV2.xOs.s compound, as investigated in
this study, exhibits a frequency-dependent response that is characteristic of
polycrystalline materials. The dielectric constant of the sample decreases with
increasing frequency due to charge carrier alignment limitations. This behavior
highlights Sb>03-V20s5 ceramics' potential for energy storage, particularly in
capacitors needing high dielectric constants at low frequencies. This frequency-
dependent shift aligns with Koop’s theory, making these ceramics promising
candidates for multi-layer capacitors where high dielectric permittivity is
essential. As Sb concentration increases in the V,0Os lattice, tand also decreases
due to reduced polarizability, resulting in frequency-independent behavior at

elevated frequencies.

The AC conductivity shows a power-law behavior at high frequencies and
is frequency-independent at low frequencies. The Almond-West formalism fits
the experimental data well, allowing for the estimation of hopping frequency
values. Sb substitution reduces AC conductivity due to structural changes and
interference with polaronic conduction. The study underscores the potential of
Sb-incorporated V205 compounds for advanced applications, particularly in
microwave absorption technologies. The incorporation of Sb induces structural
distortions that diminish AC conductivity by disrupting polaronic transport
pathways and altering the local electronic environment, thus reducing charge
carrier mobility. Antimicrobial studies also demonstrated broad-spectrum activity

against Gram-positive, Gram-negative bacteria, and fungi
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Chapter 4

4.1. Introduction

Recent researches focus on the synthesis of multi-cation pentavalent
vanadium-based flexible frameworks with stable structural geometry, as the
replacement of V°' ions with other suitable metal cations, say X, forming V-X-O,
leading to low valence ionic state of vanadium (V**, V**), causing increased electronic
conductivity [1], [2]. As the orthorhombic structure of V20Os is compatible with
distorted [VOs] octahedral units, effective replacement of the V> ion chooses the
formation of [XO6] octahedral chains within the V,0s framework, increasing the
three-dimensional structural stability of the compounds that are inevitable for

electrochemical cycling [3], [4].

The foreign ion concentration can alter vanadium valency by generating
oxygen vacancies, thereby maintaining electrical neutrality in vanadate systems [5],
[6]. Benorita Prusty et al. [ 7] reported the hydrothermal synthesis of V-Ni-O rods with
excellent phase purity, retaining the orthorhombic structure, and with enhanced
energy and power densities suitable for supercapacitor applications. Electrical
conductivity in V2Os-based materials arises by 3d electron hopping between V** and
V3" valence states thus forming polarons by the induced polarization of 3d electrons
at the positive vanadyl ions [8], [9]. Savidh Khan et al. [8] reported the rise in the AC
conductivity up to 0.11Sm™ in V,.MgOss at x= 0.05 at 300°C. Small polaron
hopping between pentavalent and tetra-valent sites is regarded as a significant
contributor to the conductivity of vanadate materials. Low valent cations replacing
V> ions creates more oxygen vacancies leading to increased hopping of ions, and

hence conductivity [8], [9].

The escalating global health crisis of antimicrobial resistance, driven by the
overuse and misuse of antibiotics, is exacerbated by bacteria's ability to form biofilms,
which act as physical and chemical barriers, hindering antibiotic efficacy. In response,
researchers are focusing on inorganic antimicrobial agents, such as metal oxide
nanomaterials, which enhance surface reactivity and generate reactive oxygen species

to disrupt bacterial membranes and cellular integrity, providing an effective solution
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to multidrug-resistant pathogens like Staphylococcus aureus, Pseudomonas

aeruginosa, and Escherichia coli [10], [11], [12].

Numerous studies have documented the antimicrobial properties of various
metal oxide nanoparticles, including silver oxide (Ag20), copper oxide (CuO), zinc
oxide (ZnO), and titanium dioxide (Ti0O2), which exhibit broad-spectrum activity by
generating reactive oxygen species and disrupting microbial membranes [13].
However, fewer investigations have focused on the antimicrobial potential of less-
explored transition metal oxides, such as oxides of vanadium, which have shown
promising antibacterial activity, particularly in the form of vanadium pentoxide. The
enhanced antimicrobial performance of V;Os is attributed to its high redox potential,
surface reactivity, and its ability to induce oxidative stress in microbial cells. V2Os,
with its well-defined orthorhombic structure, reversible redox activity, and low
toxicity, stands out as a versatile material in biomedical applications. Its antibacterial,
antifungal, and anticancer properties have been demonstrated, with recent
advancements in its use for drug delivery, where composites such as mesoporous
carbon-coated V>Os derivatives show improved loading capacity and controlled

release profiles [12], [13], [16].

To overcome limitations such as low surface area and rapid charge carrier
recombination, cation substitution has been widely investigated to enhance V,0s’s
structural stability, electrical conductivity, and bioactivity [17], [18]. Substituted
systems often exhibit increased V4" content due to charge compensation, suggesting
a nuanced alteration in the local environment and oxidation states [19]. Such
modifications can significantly influence the biological performance and redox
behavior of V,0s-based materials. Haiyun Sun et. al [17] reported the synthesis of
ZnO nanoflower-decorated vanadium pentoxide nanowire heterojunction, efficient
for the generation of reactive oxygen species under both illuminated and dark
conditions, achieving antibacterial efficacy rates of 99.8% and 99.0% against
Staphylococcus aureus, respectively. Arunachalam Vinothini et al. [18] reported the
enhanced antibacterial efficacy of Ag, Cd, and Ru doped Vanadium Pentoxide. Sneha
R. Bhosale et al. [20] reported that the mesoporous carbon@V20s (C@V) composite
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exhibited enhanced antibacterial activity, attributed to the synergistic effect of
mesoporous carbon and V,0s, which increased surface area and active sites for
interaction with microbial cells. This structural enhancement facilitated stronger
interfacial interactions, improving bioactivity and disrupting bacterial membranes
more effectively than pure V20s. The ZnO-V205—WOs; heterostructured
nanocomposites demonstrated superior antibacterial activity against Klebsiella
pneumoniae, Staphylococcus aureus, Proteus vulgaris, and Pseudomonas
aeruginosa, This enhanced performance is attributed to the synergistic effect of the
tri-metal oxide system, which promotes efficient reactive oxygen species generation
under sunlight, thereby improving antibacterial efficacy compared to the individual

components [21-22].

In this context, nickel-substituted vanadium pentoxide offers a promising
pathway to tailor both structural, optical, electrical and biomedical properties. This
study thus aims to investigate the structural evolution, surface morphology, surface
chemistry, diffuse reflectance spectrum, electrical and antimicrobial behavior of V2Os
substituted with varying nickel concentrations. This multifaceted approach offers
insight into the design of functional metal oxide materials for electrical and

therapeutic applications.
4.2. Materials and Methods

Solid ceramic compounds were synthesized by mixing stoichiometric amounts
of NiO (Nickel Oxide, 99.99% purity) and V20s (Vanadium Pentoxide, 99.99%
purity), both procured from Sigma-Aldrich. The compositions followed the general
formula V(1x)2Ni3xOs.5, with x ranging from 0.03 to 0.06. The precursor powders were
thoroughly ground in an agate mortar and pestle for 2 h to ensure homogeneity. The
resulting mixture was subjected to multiple cycles of high-temperature treatment and
grinding, with heating performed at temperatures between 550 °C and 630 °C for a
total duration of 24 h. Afterwards, the powders were coaxially pressed into pellets,
which were then calcined at 650 °C for 12 h. To ensure high phase purity, the pellets
underwent heating for 12 h after pressing. The structural characterization of the

samples was done using powder X-ray diffraction ,the Rietveld refinement of the
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diffraction data was carried out using the FullProf Suite software to extract detailed
crystallographic parameters. VESTA software was utilized to visualize and analyze
the crystal structures. Lattice dynamics was analyzed using microraman spectroscopy.
Surface morphology of the samples was studied using SEM and elemental mapping
confirmed the presence of constituent elements. Surface chemical state of samples
were analyzed using X-ray Photoelectron Spectroscopy. The XPS data were analyzed
using Casa XPS software. Optical properties were analyzed using Diffuse reflectance
spectra, and band gap energy was determined using Kubelka-Munk plots. Dielectric
and AC conductivity studies were carried out to determine the electrical
measurements of the 14 mm sample pellets. Antimicrobial studies of the as prepared
Ni-V-O compounds were carried out using the same methodology as discussed in

chapter 3.

4.3. Results and Discussion

4.3.1. Structural Analysis and Crystallographic Refinement

Intensity (a.u)
- ( 001

A A‘_.A A A A

Figure 4.1. XRD pattern of the V1.,)2Ni3xOs.s with prominent orientation along (001)
direction.
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The diffractogram of the synthesized V/i92Ni3xOs.s (0.03<x<0.06)
microparticles reveals an orthorhombic phase, as evidenced by distinct diffraction
peaks observed at 20 values of 15.62°,20.61°,22.08°, 26.31°,27.21°, 31.28°, 32.67°,
33.19°,34.57°,41.56°,42.29°, 45.68°, 47.48°, 48.11°, 49.07° as shown in Figure. 4.1
[1]. The planes corresponding to these diffraction peaks are indicated in Table 4.1(a).
These peaks correspond to specific lattice planes alligning with the characteristic
planes documented in the JCPDS No. 41-1426 database, affirming the presence of
the Pmmn (59) space group in the synthesized Ni-V-O compounds [23],[81-82]. As a
result of Ni incorporation into the V»Os lattice, a new peak arises at 23.57°
corresponding to the 101 plane, indicating the Triclinic NiV2O¢ phase with P1 space
group symmetry [14-16], [29].

Table. 4.1(a). Prominent XRD reflections with Miller indices (hkl), corresponding 260
values and microstructure of V(1.x)2Ni3xOs.s compounds at x=0.06

SI. No 20° (hkl) Phase (Microstructure)
1. 15.62° (200) Orthorhombic V05
2. 20.61° (001) Orthorhombic V205
3. 22.08° (101) Orthorhombic V205
4. 23.57° (101) Triclinic NiV206
5. 26.31° (110) Orthorhombic V205
6. 31.28° (400) Orthorhombic V05
7. 32.67° (111) Orthorhombic V205
8. 33.19° (011) Orthorhombic V05
9. 34.57° (310) Orthorhombic V05
10. 41.56° (002) Orthorhombic V205
11. 42.29° (102) Orthorhombic V20s
12. 45.68° (411) Orthorhombic V205
13. 47.48° (600) Orthorhombic V05
14. 48.11° (302) Orthorhombic V205
15. 49.07° (012) Orthorhombic V205

153



Chapter 4

The estimated crystallite size, micro strain dislocation density and lattice
parameters corresponding to V»0s orthorhombic phase obtained from Scherrer
equation and WH plot are given in table 4.1(b) [1], [2]. Rietveld refinement was
conducted on each sample using the FullProf software for more in-depth analysis, as
illustrated in Figure 4.2 presenting key crystallographic data and structural models of
the Ni-V-O system. Figure. 4.2(a) displays the Rietveld refinement patterns of V.-
x2Ni3xOs.5 samples for compositions within the range of 0.03 <x < 0.06, highlighting
the refinement results for these Ni-doped vanadium oxide phases. Figure.4.2(b)
showcases the orthorhombic unit cell structure of V,0s, visualized using VESTA
software, figure 4.2(c) shows the unit cell of NiV20¢ simulated using optimized
crystallographic data, also generated with VESTA, illustrating the structural features
of the Ni-doped phase & figure 4.2 (d) depicts a unit cell model of the Ni-V-O mixed-
phase compounds, combining both V,0s and Ni1V,0¢ phases for x = 0.07, offering a
comprehensive visual representation of the phase composition and its structural
evolution. The peak shape was modeled with the Pseudo-Voigt axial divergence
asymmetry function, while a 6-coefficient polynomial function was employed to fit
the background profile accurately. The refinement process involved optimizing
several parameters, including scale factors, lattice parameters, full width at half
maximum (FWHM)/shape factors, asymmetry parameters, and atomic coordinates.
The Rietveld refinement thus revealed the presence of a dominant V,Os phase with
an orthorhombic structure, followed by the detection of a minor NiV2Os phase

exhibiting a triclinic structure [30].

The refined lattice parameters and unit cell volumes corresponding to the
orthorhombic V20s phase and triclinic NiV20s phase, along with their respective
phase fractions (in wt.%) at varying mole fractions (x), are summarized in Table
4.1(c). As NiO is incorporated into V2Os, the larger Ni*" ions substitute for the smaller
V> ions in the lattice, causing a distortion that expands the unit cell, increasing the
lattice parameters and unit cell volume of the orthorhombic V205 phase with higher

NiO concentration (Table 4.1(b & ¢)).

154



Chapter 4

Table 4. 1(b) Estimated structural parameters and elemental composition of the compounds

Sherrar Equation Uniform Deformation Model Lattice Parameters Constituent Elements
W-H plot Atomic %
val)iles Crystallite | Dislocation | Crystallite | Dislocation | Micro
sizeD | Density 3) | sizep | Density (8)x | strain a(A) | b(d) | CA) | Ni \Y% o
(nm) X 10_3 nm_2 (nm) 10_3 nm_2 x(&) 10_3
0.03 66.91 0.224 59.15 0.286 0.190 11.32 3.54 431 3.52 | 31.59 | 64.89
0.04 64.27 0.242 57.97 0.298 0.181 11.32 3.54 431 491 | 39.43 | 55.66
0.05 61.57 0.264 58.91 0.288 0.093 11.36 3.55 4.33 824 | 16.19 | 75.57
0.06 59.64 0.281 58.92 0.288 0.026 11.39 3.55 434 | 13.03 | 3530 | 51.67
Table 4.1(c) Edge Lengths and compositional percentage of Orthorhombic V>20s and Triclinic NiV20Os
Mol Orthorhombic V205 Triclinic NiV20s
Fraction
a b c V=a*b*c a b c V=a*b*c | «a B v
x=0.00 11.514 3.566 4.374 179.572
x=0.03 11.518 3.567 4.376 179.796 7.135 4.793 8.831 302.015 | 90 | 102.01 | 94.20
x=0.04 11.519 3.568 4.375 179.807 7.136 4.794 8.832 301.971 | 90 | 102.00 | 94.22
x=0.05 11.523 3.569 4.380 180.097 7.140 4.800 8.838 302.890 | 90 | 101.98 | 94.21
x=0.06 11.526 3.570 4.381 180.189 7.129 4.793 8.830 301.791 | 90 | 101.98 | 94.22
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Table 4.1(d) Summarizes the quantitative phase analysis of the Ni-V-O system. It
presents the relative weight fractions of the orthorhombic V,05 and triclinic NiV,0¢
phases alongside key Rietveld refinement parameters, including profile residuals (R),
Rup), expected R-value (Reyy), and the goodness-of-fit indicator ().

V2xNi2xOs-5 V205 NiV206 Rp | Rwp | Rexp x’
x=0.03 95.21 (1.36) 4.79 (0.24) 212 | 194 | 17.28 | 1.53
x=0.04 94.07 (1.22) 5.93 (0.24) 19.3 | 19.1 | 16.13 | 1.40
x=0.05 87.84 (1.60) 12.16 (0.64) | 29.3 | 19.8 | 17.53 | 1.94
x=0.06 88.73 (1.24) 11.27(0.31) | 20.6 | 194 | 17.09 | 1.29

Table 4.1(e): Showing bond length of Orthorhombic V>Os phase in the V1.x)2Ni3xOs.s

Sfor 0.03 <x<0.06
x=0.03 x=0.04 x=0.05 x=0.06
Bond Type .
Bond Length in A
V-01 1.654(7) 1.654(7) 1.643(9) 1.620(8)
V-03 1.802(4) 1.802(4) 1.792(5) 1.796(5)
V-02 1.830(2) 1.830(2) 1.848(3) 1.837(2)
V-02 2.093(12) 2.093(12) 2.073(13) 2.078(12)

Table 4.1(f): Showing bond angle of Orthorhombic V>O0s phase in the Vix)2Ni3Os.s

for 0.03<x<0.06
x=0.03 x=0.04 x=0.05 x=0.06
Angle Type Angle [°

02-V-02 80.4(6) 80.4(6) 78.6(7) 79.3(6)
03-V-02 94.5(6) 94.5(6) 95.3(7) 95.2(6)
0O1-V-03 100.9(6) 100.9(6) 100.5(7) 101.5(7)
O1-V-02 100.9(6) 100.9(6) 102.9(8) 101.7(6)
O1-V-02 107.0(6) 107.0(6) 107.8(7) 106.7(6)
03-V-02 152.1(5) 152.1(5) 149.7(7) 151.6(6)
02-V-02 154.3(6) 154.3(6) 151.7(7) 152.2(7)
V-02-V 99.60(6) 99.60(6) 101.4(7) 100.7(7)
V-02-V 154.3(8) 154.3(8) 149.7(10) 152.2(9)
V-03-V 153.4(7) 153.4(7) 151.6(9) 152.4(7)
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Additionally, the non-linear trend observed in the variation of unit cell volume
for the triclinic NiV20g phase can be explained by the complex interactions between
the nickel and vanadium species (Table 4.1(c)). As the NiO concentration increases,
there is a competing effect between the formation of the NiV2Og phase and the
continuing presence of the V2Os phase, leading to a non-linear variation in the unit
cell volume of NiV20¢. The presence of multiple oxidation states of nickel, as evident
from the XPS results (Ni*", Ni**, and Ni'"), introduces complexity in the
crystallography of NiV20s. The non-linear trend could arise from changes in the
electronic configuration and oxidation state distribution, which affect the
crystallographic packing and local atomic arrangements within the NiV20Og phase. The
incorporation of Ni into the matrix of V,0s, added the impurity levels as defects, that
will decrease the intensity and increase the full width half maximum , corresponding

to a decrease in crystallite size with an increase in percentage of dopant.

Additionally, the quality of the Rietveld refinement is quantified by the
corresponding goodness-of-fit parameters, including the R-factors (Rwp, Rp, Rexp)
and the chi-squared (y?) values as shown in Table 4.1(d). At the lowest doping
concentration (x=0.03), the orthorhombic V,0s phase remains dominant at 95.2 wt.%,
while a minor fraction of 4.8 wt.% NiV20s emerges, indicating the onset of Ni
incorporation and secondary phase formation. A similar trend persists at x=0.04, with
a slight decrease in V205 content (94.1 wt.%) and a corresponding increase in NiV20Os
(5.9 wt.%), suggesting gradual phase segregation as doping increases. A significant
compositional shift occurs at x = 0.05, where the V20s content drops sharply to 87.8
wt.% and NiV20Ogs increases to 12.2 wt.%. This sharp increase in secondary phase
content likely reflects the solubility limit of Ni>* within the V,Os lattice, beyond which
phase separation becomes more pronounced. Interestingly, at x = 0.06, a marginal
increase in V705 fraction (88.7 wt.%) is observed, with a slight reduction in NiV20Og
content (11.3 wt.%), which may be attributed to improved dopant distribution or
enhanced structural ordering. The refinement quality metrics are within acceptable
limits across all samples, with Ry, values ranging from 19.3 to 29.3 and y? values
between 1.29 and 1.94. Notably, the best fit was achieved at x = 0.06 (¥*> = 1.29),
indicating a well-resolved diffraction pattern and high crystallographic order. In

contrast, the highest Rwp (29.3) and y* (1.94) at x = 0.05 may reflect increased
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microstructural disorder or strain arising from phase coexistence and dopant-induced
lattice distortion. Thus, phase evolution and refinement statistics confirm the
progressive transformation to a biphasic composite, with a critical transitional

behavior observed near x = 0.05.

The NiO-incorporated V»0s compound, as determined through Rietveld
refinement, exhibits a biphasic structure consisting of orthorhombic V05 with Pmmn
space group symmetry and triclinic NiV,0s with P1 symmetry. The orthorhombic
V05 phase is defined by lattice parameters a~ 11.512 A, b= 3.563 A, and ¢ ~ 4.368
A, with vanadium atoms occupying the 4e Wyckoff positions at approximately (0.000,
0.250, 0.457), while oxygen atoms are distributed across 4e and 4f positions.
Structurally V20s consists of distorted VOs square pyramids, where each vanadium is
coordinated to five oxygen atoms, four in a basal plane and one apical oxygen,
forming layers that stack along the c-axis. These pyramidal units are connected via
shared corners and edges, creating two-dimensional sheets weakly bonded by Van der
Waals forces, leading to high anisotropy in electrical and ionic conductivity. The
interlayer spacing provides pathways for ion intercalation, making V2Os a promising

candidate in energy storage and catalys applications [31].

The NiV20¢ phase crystallizes in a triclinic system with lattice parameters a =
924 A,b=3.44 A, c=6.18 A, and angles a.= 90.2°, B = 106.6°, y = 94.5°, consistent
with the P-1 space group (Fig 4.2 ¢). Its structure comprises distorted MOg (M = Ni,
V) octahedra interconnected through edge and corner sharing, forming a complex
three-dimensional framework [32]. In this phase, vanadium atoms exist in mixed
oxidation states (V**/V>"), contributing to electron hopping and redox activity. The
presence of Ni?* in octahedral coordination introduces additional distortion and
modifies the electronic environment, enhancing structural diversity. Unlike the
layered nature of V20s, the arrangement in NiV2Og favors a more rigid, interconnected
lattice, which can influence the material’s magnetic and electrochemical behavior.
The successful refinement of both phases is supported by low residual factors (Rp,
Rwp) and a * value close to unity, confirming the coexistence and structural integrity
of the biphasic NiO-V>0s system. Tables 4.1 (e,f) provide the bond lengths and angles
of V205 phase [33].
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Figure 4.2.(a) Rietveld refinement patterns of Vx2NixOs.s samples for
0.03 <x<0.06, (b) orthorhombic V,0s unit cell structure, (c)NiV,0s unit cell and
(d) unit cell model of Ni—V—-O mixed-phase compounds comprising V,0s and NiV,0g
phases for x=0.07, all visualized using VESTA software

3.2. Lattice dynamics: Raman Spectroscopy

Figure 4.3. Divulges the Raman spectrum of V(1.x2Ni3xOs.5 for 0.03 >x >0.06
with a series of well-resolved peaks with the most intense peak at 142cm™ and the
least intense at 787cm’. The observed Raman shifts are comparable with the
previously reported a-V20s polymorphic phase of Vanadium Pentoxide [34], [35].
The basic a-V,0s orthorhombic crystal with Pmmn space group symmetry and D32
point group structures contain two formula units per unit cell accommodating 14
atoms with [VOs] square pyramids arranged in up-up-down-down sequence
connected to each other by sharing edges and corners [36]. In a single V,0Os slab O,
O and O3 atoms exist [34], [37]. R.Baddour-Hadjean et al. [34], reported that out of
the 39 optical zone center modes obtained through factor group analysis, 21 Raman-
active phonon modes exist for the a-V,0s polymorph which is represented as a- V20Os:

1_‘Raman = 7Ag + 7B2g + 3B1g + 4B3g
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Figure 4.3: Micro-Raman spectra of V (1.x)2 Nizx Os.s for 0.03 >x > 0.06

Previous studies shows that for the o-V2Os structure, vibrational modes
involving atomic displacements in the x-z plane belong to A; and By, species and out-
of-plane vibrations with y displacements indicate Biz and Bsg species [34]. A
comparison report of Raman active phonon modes of pure V,0s powders and
previously reported Density Functional Perturbation calculations along with present

results is shown in table 4.2 [35], [38].

13 Raman active phonon modes are observed to be excited in the sample
specimen in the study and are given as V(xp2NixOss: I[-Raman = 6
Agt2Bigt2Bog+2Bsg+1. The intense peak at 995cm™ is in best agreement with the
predicted Ag mode implying V-O; double bond stretching vibration along the y-
direction involving the terminal unshared O1 atom. This highest peak in the larger
wavenumber region showcases the strongest V-O; bonds in the sample. But the
intensity of this peak is inversely proportional to the mole fraction x (Fig 4.2),
suggesting a weakening of the bonds with the increasing concentration of Nickel [35-
36]. The mode at 700 cm™! is purely an antisymmetric stretching vibration of a doubly
coordinated V-O2-V bridging bond involving corner shared Oz atom along the y-
direction [37] and the peak at 527 cm™ is probably due to the stretching of V-O2

interconnecting bonds attaching V>Os units [37].
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Table 4.2: Comparison of Wavenumbers (in cm™) of Raman active phonon modes obtained theoretically and experimentally for pure
V205 and experimental Raman data of V(1-x)2Ni3xOs.s

Experimental Calculated Experimental Present
Single crystal of V:0s3S] | e e | o | v | v on
Mode [38] cm! cm’! [40] cm™! x=0.03, cm!
Experimental Calculated
cm! cm!
Ag 104 97 104 108 - 99
304 315 306 294 303 302
404 406 406 382 406 406
480 489 483 528 483 476
526 527 528 543 527 527
994 1001 996 1029 995 995
Big 146 149 146 167 143 142
700 700 701 772 698 700
Bag 200 191 198 199 196 193
- 848 - 1010 - 856
B, 280 297 285 279 282 283
701 701 - 772 - 787
No assigned 956 959
modes
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The blunt peak at 856 cm! is assumed to be the quasi-silent mode due to the
antisymmetric stretching of V-O3-V bridging bonds in the x-z plane which is
theoretically predicted at 848 cm™ for pristine V2Os and hence the blueshift is
attributed to Ni being substituted at the lattice site [38]. A low intense peak due to Bsg
mode at 787 cm! is likely due to the V-Oj stretching vibration along the z-axis [35].
It is the only peak for which a drastic blue shift occurs in comparison with 710 cm’!
[35] and 772 cm™ [17] for V20s from DFT simulations, bringing light to the
occurrence of Ni-O3 bonds [35], [39]. A blunt shoulder band occurs at 959 cm™, not
attributed to orthorhombic V20s, but resembles the V#*-Oy stretching vibration in
Cr0.1V20s and CuV20s.5[40] due to oxygen deficiency. This confirms the presence
of V*" ions in V (1x2Nisx Oss samples. Analyzing the structural features in the low-
frequency part of the spectrum is rather difficult as the vibrational modes in these
regions may contain contributions of angle-bending coordinates and other coupling
effects. As per the present investigations, the highest peak at 142 cm! is attributed to
the vibrational excitation owing to the translational and bending vibrational modes of
neighboring V-Ni-O layers and it fits well with the predicted and experimental values
in these regions. The high intensity of this mode reflects the long-range order in the
plane of the vanadium oxygen layers. However, there is a reduction in intensity for
this band at x= 0.06 compared to x= 0.04 (fig 4.3) revealing disruption of long-range
order due to the higher concentration of Nickel [37], [41], [42].

A small shoulder at 99 cm! further confirms the layered structure [15]. A low-

!is an external mode originating from the relative

frequency Blg mode at 193cm’
motion of V-Ni-O/V-O units indicating the layered structure [35], [39], [42] The peak
at 302cm™ is attributed to the V-O1 bond angle deformation [42], [35]. Raktima Basu
et al. [43] reported a peak at 403 cm™' owing to the vibration of the V-O1 molecule
along the z-axis and in the present work corresponding Raman modes are observed at
406 cm™'. Veronica Brazdova et al. [44] reported peaks for bulk V>0s at 290cm™ and
483 cm’! predicting V-O2-V bond angle deformation which is in tune with the

excitation at 283 cm™' and 476 cm™! respectively in V(1x2NisxOs.s for all x values.

However, all these peaks show a slight redshift for ascending x values. Such spectral
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variations reveal induced structural changes due to an increase in the concentration of

Nickel creating oxygen vacancies by valency variation of vanadium [45], [25].

It is well evident from figure 4.4(a) that the intensity of all the Raman peaks
decreases from x=0.03 to 0.04, but almost remains the same for x=0.04 and 0.05. The
initial decreasing trend indicated the reduction of crystallinity of the sample for the
higher concentration of Nickel. The nonlinear trend observed in moving from mole
fraction x=0.05 to 0.06 can be rationalized by the discontinuity in the composition of
Vanadium as obtained from EDS data reported in Table 4.2. The broadening of
prominent Raman peaks (fig.4.4(b)) exposes the diminishing of Raman features with
increasing mole fractions(x). The width of the Raman bands has greater values for
x=0.06 at 283 cm™' and 700 cm™! frequencies corresponding to V-O2 stretching and
bending, affirming the reduction in crystallinity with increasing concentration of Ni
ions. It implies that the increased concentration of Ni*" cation can effectively inhibit

the orthorhombic V;0s crystalline grain growth and hence widen the Raman peaks.

(b)

(V-0,-V)-B
(V-Ni-0) -B

FWHM/em-1

Relative intensity of Raman peaks for x values

142em” 283 cm’ 700 cm” 995 em’

Prominent Raman Peaks Prominent Raman features

Figure 4.4. (a). Intensity variation of prominent peaks in Raman spectra with varying
concentrations of Nickel and b) Variation in the bandwidth of prominent Raman peaks
in the Ni-V-O compound

The absence of new vibrational modes corresponding to Ni is due to the low doping
concentration of NiO. Here the nickel ions might have occupied the substitutional

lattice sites retaining the orthorhombic structure of vanadium pentoxide with induced
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oxygen deficiency and defective sites which may be probably because of Ni**
occupancy within the V2Os lattice as the ionic radius of Ni** (0.70A) is comparable
to V" (0.60 A). The absence of high-frequency phonon modes at wavenumbers
greater than 600 cm™ corresponding to Ni** ions or Nickel Oxide vibrations further
justifies the formation of phase pure Ni-V-O compounds as evidenced from XRD

[23], [38-39], [42-43], [46] .
4.3.3 Surface morphology and elemental analysis

Figure 4.5(a-d) presents scanning electron micrographs of the V(1x)2Ni3xOs-5
powders, showcasing the morphology of the particles. The particle size is observed to
fall within the micrometer range, indicating a larger scale than nanometer-sized
particles. The particles are randomly distributed and exhibit a flake-like structure,

which is a characteristic feature of the synthesized material.
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Figure 4.5. Scanning electron micrographs of V1.x)2Ni3xOs.spowders (a)x=0.03 (b)x=
0.04 (c)x=0.05 and (d)x=0.06.

164



Chapter 4

The EDS spectrum in figure 4.6(a-d) give the elemental constituents of the sample

for all mol fractions.
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Figure. 4.6 EDS spectrum of V1-x)2Ni3xOs.s powders (a)x=0.03 (b)x= 0.04 (c)x=0.05

(d)x=0.06.
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Figure. 4.7. Histogram for particle size of distribution of V(i)2Ni3xOs.s powders
(a)x=0.03 (b) x=0.04 (c)x=0.05 & (d)x=0.06

The size distribution of these particles was quantitatively analyzed using histogram

analysis with Imagel] software, as illustrated in Figure 4.7(a-d). The results reveal
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that the particle size varies between 0.69 um and 0.39 um for the compositions

within the range of 0.03<x<0.06.
4.3.4. X Ray Photoelectron Spectroscopy

X-ray photoelectron spectroscopy measurements were further employed to
characterize the detailed elemental composition and electronic structure of the as-
prepared V(1x2Ni3xOs5 compound, where x=0.06. The survey analysis of V(.
x2N13x0s.5 for compounds within the 0.03< x <0.06 range identified the elements Ni,
V, O, and C present in the material (Figure 4.8 a). A Gaussian fitting method was
utilized to assess the oxidation states of these elements thoroughly. The peak-fitted
XPS spectrum for the NiZp region revealed two spin-orbit peaks, Ni2p3» and NiZpis,
with binding energies of 857.3 and 875.6 eV, respectively, indicating the presence of
Ni** ions (Figure 4.8 b). These findings are consistent with previous studies on Ni-
related compounds, confirming the successful integration of Ni** ions into the

vanadium pentoxide lattice. .
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Figure 4.8: High-resolution X-ray photoelectron spectroscopy data for Vi1-x)2Ni3:Os.s
including (a) the survey spectrum and detailed core level spectra of (b) Ni2p, (c) V2p,
and (d) Ols regions.
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Additionally, the characteristic satellite peaks observed at elevated binding energies
further validated the assignment of the Ni** oxidation state, which is recognized for
enhancing the electrochemical properties of these materials through improved charge
transfer dynamics and redox activity [47-48]. The observed shift in the Ni2p3» binding
energy from 858 eV to 855 eV indicates a partial reduction of Ni** to a lower oxidation
state, such as Ni” (metallic nickel) or Ni'* [49]. This shift can be attributed to factors
such as oxygen vacancies, electron donation from surrounding elements, or the
formation of a Ni-metallic phase. Lower oxidation states increase the electron density
around the Ni nucleus, leading to enhanced shielding effects and a consequent
reduction in binding energy. The detection of a minor peak at 853 eV indicates the
presence of Ni'* species in the analyzed compound, while the significant peaks for
Ni** at 857.3 and 875.6 eV provide further evidence of the presence of mixed

oxidation states in the sample [50-51].

Figure 4.8(c) illustrates that the high-resolution spectrum of the V2p region
can be separated into distinct peaks at binding energies of 517.2 eV and 524.0 eV.
These peaks are characteristic signatures corresponding to the oxidation states of
vanadium, specifically V°" and V**, thereby indicating the presence of mixed-valence
states within the sample. This finding is consistent with prior literature, reinforcing
the notion of these oxidation states coexisting and implying their possible impact on
the electronic properties of the material [52]. The Ols spectrum at the core level,
illustrated in Figure 4.8(d), is analyzed and separated into three unique peaks with
binding energies of 529.9 eV, 530.7 eV, and 533.0 eV. The peak at 529.9 eV is
associated with V-0 bonding, confirming interactions between vanadium and oxygen
in the sample matrix, consistent with earlier studies. The peak at 530.7 eV is
associated with chemisorbed hydroxyl (OH) groups, suggesting the presence of
surface hydroxyls that could affect the material's surface reactivity and
electrochemical properties. The third peak, found at 533.0 eV, is related to ambient
C-0O adsorption. These deconvoluted peaks provide significant insights into the
chemical environment of oxygen in the sample, highlighting the roles of various

oxygen species in its overall electronic properties [53].

167



Chapter 4

4.3.5. UV Visible Spectroscopy

UV-Visible Spectroscopy scanning done in the 200 nm to 900 nm range
exhibits the diffused reflectance spectra of the samples and projects a sharp absorption
edge from the 500 to 650 nm range as displayed in Figure 4.9(a). It is clear that light
absorption increases with the concentration of foreign elements in the compounds.
The redshifts in the absorption onset appear typically due to the decrease in band gap
energy of the specimen. The optical band gap is a significant property of
semiconducting material and is calculated using Kubelka Munk’s theory. Kubelka-

Munk equation at any wavelength can be written as [54].

[F(Rx)hv]*= A(hv — Eg) (1)

In order to determine the optical band gap in bulk powder sample the
parameter [F(R)hv]? versus photon energy hv is plotted in Figure 4.9(b). To obtain
the direct band gap values the straight line portion of the plot is extended to intercept
at hv axis. The above results show a slight decrease in band gap energy from 2.28 eV
to 2.25 eV corresponding to direct optical transition with an increase in x values from
x=0.04 to 0.06 respectively, suggesting an increase in the doping concentration that

could lead to an excess carrier concentration in samples (fig. 4.9(b)).
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Figure 4.9 (a) Displays the Diffuse Reflectance Spectrum of V1.x)2Ni3Os.5 for various
x values (b) Optical band gap energies of V(1-x)2Ni3xOs.s bulk powder for varying x
values from K-M plot

Bulk V;0s is a diamagnetic semiconductor with a band gap of about 2.3eV,

which is based on the ionic configuration with filled O2p and unoccupied V3d orbitals
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[55], [56]. Top Khac Le et al [55] investigated and reviewed that bulk diamagnetic
semiconductor a-V20s at room temperature when pure can absorb the photon from an
excitation source and electrons can jump to a higher state in four ways namely, (a)
from VB to V3d split-off states of CB (b) from VB to V3d states of CB, (c) from mid-
gap states to CB (c) from VB to mid-gap states.

The frequency of the aforesaid process and it’s intensity depend on the
microstructure of V2Os and the excitation wavelengths of the source. Evidently
reports [57], divulge that the absorption of V,0s is based on the transition between
O2p and V 3d split-off bands corresponding to the band edge at about 2.3 eV. R. Suresh
et al [41] reported the band gap reduction in Ni-V20s particles synthesized
hydrothermally for higher Ni concentration. The observed decrease in the direct band
gap with increasing Ni concentration with x = 0.03—-0.06 can be attributed to the
combined effects of substitutional Ni incorporation and the formation of the NiV20Os
phase. Substitution of Ni** ions at V°* lattice sites introduces acceptor-like states,
resulting in an increased hole concentration and an inverse Burstein—-Moss effect,
which broadens the valence band and consequently narrows the band gap. In addition,
Rietveld refinement confirms the formation of the triclinic NiV20O¢ phase, whose
electronic structure arises from the hybridization of Ni 3d, V 3d, and O 2p orbitals.
The coexistence of a-V20s and N1V20¢ modifies the overall electronic band structure
by introducing additional electronic states near the band edges, thereby further
reducing the effective optical band gap. Thus, the band gap narrowing is attributed to

the synergistic influence of Ni substitution and NiV,0¢ phase formation [58], [59].
4.3.6. AC Conductivity

The AC conductivity of Ni-V-O binary oxide is studied by varying temperatures and
frequencies. Figure 4.10 displays the variation of AC conductivity with frequency
studied in the range 1KHz to 1IMHz and at temperature 25°C. AC conductivity is
calculated using the equations [2] and [3] given below [60].

Cac()=weoe", where " =¢'Tand [2]

Cac(®)=2nfeoe' Tand [3]
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where, € €', ¢”, f, and tan & are the permittivity of free space (8.854x107!2 Fm™),
dielectric constant, dielectric loss, frequency (in Hz) of the applied electric field and
loss tangent respectively. AC conductivity is independent of frequency in the low-
frequency region indicating a plateau for all mole fractions as shown in figure 4.10(d)
and is attributed to the DC-like conductivity due to the short-range paired carrier
hopping between the neighboring particles [60]. In the high-frequency realm up to
IMHz, there is an increasing trend in the dispersion region attributed to the hopping
relaxation model whereby the charge carriers hop to the neighboring vacant site
existing in the low-frequency region [60], [61]. As frequency increases, the
probability of the correlated back-and-forth hopping causes the relaxation of the
charge carriers [61]. It is observed that the AC conductivity at IMHz shows an
elevation from 1.6 x 10" Sm™! through 4.8 x 10 Sm™ reaching 13.6 x10* Sm™! for
the increasing concentration of Ni* ions for mole fractions x=0.04, 0.05, 0.06
respectively indicating a hike in carrier concentration at higher mole fraction. All
these observations are congruent to the Jonscher’s universal power law (Fig 4.10(a, b

& c) represented as equation 4 [62].

0 (0)=04c(0) + Aw® [4]
where or is the total conductivity, 6qc is the DC conductivity, A is constant, o is the
angular frequency and s is the frequency exponent where 0<s<1l. Table 4.3 gives the
odc and s values obtained after JPL fitting oqc 1s observed to increase with increasing

mole fraction x.

Table 4.3. DC conductivity and frequency exponent obtained after JPL fitting of
frequency-dependent AC conductivity curve of Vi1-x)2Ni3Os.s samples for x=0.04, 0.05
and 0.06

JPL parameters x=0.04 x=0.05 x=0.06
Gde(S/m) 1.013x 107 6.87 x10” 2.037x 10"
S 0.7314 0.4809 0.7636

Figure 4.11(a) projects the increase in AC conductivity with increase in temperature

as the mole fraction increases. The mobility of charge carriers increases with
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temperature (50 °C to 250 °C) elevating the overall conductivity and revealing the

semiconducting behavior of all samples as per the previous reports [60], [62].
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Figure 4.10. (a), (b) & (c) Jonscher Power Law fit to frequency-dependent AC
conductivity Curve of V(i.x)2 Nisx Os.s compounds for x=0.04,0.05,0.06 respectively (d)
Variation of AC conductivity with frequency for different mole fractions in Ni-VO
compounds
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in V(1x2Ni3Os.s samples
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4. 3.7. Dielectric studies
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Fig: 4.12 (a) Variation of Dielectric constant with frequency, (b) Variation of
Dielectric constant with temperature

Dielectric constant is calculated using the equation, &'=where, C is the
capacitance of the sample, d is thickness of the pellet, A is area of the pellet and o is
the free space permittivity. Generally deformational (electronic and ionic) and
relaxation (orientational and interfacial) polarization determines the dielectric
behaviour of samples. Electronic, lonic, Orientational and Interfacial polarization is
dominant up to frequencies 10'%,10'3,10'°,10° Hz respectively. The displacement of
valence electrons relative to the positive nucleus is the source of electronic
polarization [59], [60], [63], [64]. Displacement of positive and negative ions,
concerning each other contributes to the ionic polarization which is not considered in
the present sample, due to the covalent type boding in vanadium pentoxide-based
compounds [59], [63], [64]. Dipolar or Orientational polarization arises in materials
having permanent dipole moment which changes orientation in an applied electric
field Space charge or interfacial polarization occurs due to the impedance of mobile
charge carriers at the interface [59], [60]. Interfacial polarization contributes the
highest at low frequencies and as frequency rises up, dipolar polarization becomes the

major contributor in the present compounds [61], [65].

At low frequencies, the dielectric constant has a high value for all the mole
fractions, and then at higher frequencies from 300 KHz to 1MHz dielectric constant
doesn’t vary for samples studied at room temperature 25 °C (fig. 4.12(a)). A steep
decrease in permittivity observed over the frequency range of 10-40 kHz is attributed

to the tendency of dipoles to orient themselves in the direction of the applied field in
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the low-frequency range. On an added account the dipoles can hardly orient
themselves in the direction of the applied field in the high-frequency range and hence
the value of the permittivity decreases [66]. At the plateaus of the curve, the
corresponding dielectric constant is at 50, 150, and 350 for x=0.04, 0.05, and 0.06
respectively. In Ni-V-O compounds, the dielectric constant increases with an increase
in temperature studied in the temperature range from 25 'C to 250 °C (fig. 4.12(b),
step size 50 °C). Tan Foo Khoon et al [61] previously reported the increase in
dielectric constant with temperature in Mn-VO mixed oxides. In the present study,
the dielectric constant at 250 °C, is observed to increase from 395, through 1447 to
2614, for mole fractions 0.04, 0.05 and 0.06 respectively. This phenomenon can be
explained by using dielectric polarization. The charge carriers are at low energy at
room temperature and show little movement to follow the direction of the applied field
resulting in a low contribution to polarization and dielectric behavior [61], [65]. With
the rise in temperature, the charge carriers are excited and have enough energy to

follow the change of the applied field, consequently increasing the dielectric constant.

4.3.8. Antimicrobial Studies

Figure 4.13. Representative photographs of zone of growth inhibition against bacteria
and fungi for Ni-V-O-6 compound with positive and negative control: (a) P.
Aeroginosa (100ul), (b) P. Aeroginosa (200 ul), (c) S. Aureus (200 ul) (d) S. Aureus
(150 and 200 ul), (e)&(f) E. Coli (50 & 100 ul) and Pencillium(150 & 200 ul).
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The antimicrobial efficacy of nickel-incorporated vanadium pentoxide-based
multi-cationic compounds has been demonstrated against a range of microbial
pathogens, including two Gram-positive bacteria—Staphylococcus aureus and
Bacillus cereus—and four Gram-negative strains—Escherichia coli, Pseudomonas
aeruginosa, Vibrio harveyi, and Vibrio cholerae. In addition to these bacterial species,
these compounds also exhibited antifungal activity against Penicillium, a filamentous
fungus characterized by septate hyphae, branched conidiophores, and brush-like
conidia formations, which contribute to its resistance and persistence in diverse
environments. Figure 4.13 presents the representative images depicting the
antimicrobial activity of the Ni-V-O compound against bacterial and fungal strains,

alongside appropriate positive and negative controls.

Table 4.4 Inhibition Zone Diameters (in mm) of Gram-positive Bacteria, Gram-
negative Bacteria, and Fungi, along with Positive and Negative Controls, for Ni-V-
0-6 Compound Systems.

SL. No. Bacg:‘i';‘/‘;ﬁflgus fg 100 pl | 150 pl | 200 pl | +ve | -ve

1. Escherichia coli R 12 15 17 20 7
2. Staphylococus aureus R R 12 17 24 7
3. Pseudomonas aeroginosa R 11 13 19 22 7
4. Bacillus cereus R R 10 11 21 7
5. Vibrio harveyi R 8 10 11 20

6. Vibrio cholerae R 10 11 12 20 7
7. Pencillium R R 12 15 22 7

The agar well diffusion assay and disc diffusion method assessed inhibition
zones under varying compound concentrations for bacterial and fungal strains.
Specifically, the test conditions included: (a) Pseudomonas aeruginosa treated with
100 uL, (b) P. aeruginosa with 200 uL, (c) Staphylococcus aureus with 200 puL, (d)
S. aureus with 150 and 200 pL, (e) Escherichia coli with 50 and 100 puL, and
Penicillium spp. with 150 and 200 puL of the Ni-V—0-6 solution. The concentration
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values refer to the volume of the compound solution introduced into each well and
disc. Streptomycin (10 pg/disc) was employed as the positive control for bacterial
strains, while fluconazole served as the antifungal positive control. Dimethyl
sulfoxide (DMSO), the solvent used to dissolve the compound, was used as the
negative control for both bacterial and fungal assays. These photographs visually
confirm the concentration-dependent antimicrobial efficacy of the Ni—V-0-6
compound against the tested microorganisms. The inhibition zone diameters (in mm)
observed for Gram-positive bacteria, Gram-negative bacteria, and fungi, along with
the corresponding positive and negative controls, for the Ni—-V—0O-6 compound
system, are systematically presented in Table 4.4. It is well evident that as the
concentration increases, the diameter of the zone of inhibition also increases for all

microbial strains.

These findings underscore the broad-spectrum antimicrobial potential of
multi-cationic V;0s-based nanomaterials, including their effectiveness against
structurally and morphologically diverse pathogens [67]. The incorporation of NiO
introduces additional valence states (Ni', Ni**, Ni*"), as confirmed by XPS, alongside
the V>* and V*' states of vanadium, enabling a highly reactive surface capable of
continuous redox cycling and generation of reactive oxygen species (ROS).
Pseudomonas aeruginosa is a Gram-negative, opportunistic pathogen with a robust
outer membrane, efflux pumps, and a notably high clinical isolation frequency,
particularly in nosocomial settings [69]. It can colonize and infect various anatomical
sites, including the ocular and auditory systems, urinary tract, respiratory tract, and
dermal tissues, especially in burn wounds. One of the most clinically significant
manifestations of P. aeruginosa infection occurs in patients with cystic fibrosis (CF),
where it establishes chronic, biofilm-associated pulmonary infections. These
infections are notoriously difficult to eradicate due to the bacterium’s intrinsic
resistance mechanisms and its ability to acquire multidrug resistance [13]. Persistent
colonization by multidrug-resistant P. aeruginosa in CF patients contributes to
progressive lung function decline and is a major determinant of morbidity and reduced
life expectancy. Its adaptability and resistance profile underscore the urgent need for

alternative antimicrobial strategies targeting this pathogen. The ROS generated from
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redox cycling between V>*/V** and Ni2*/Ni** could penetrate the lipopolysaccharide
(LPS) layer and damage the inner membrane. The *OH radicals and superoxide
species peroxidize membrane lipids, leading to leakage of cytoplasmic content and
eventual lysis. Moreover, the electron transport chain could be disrupted due to ROS
interaction with cytochrome complexes, inducing metabolic arrest. The high
inhibition zone (19 mm) for Ni-V-O-6 compound (Table 4.4) indicates effective
penetration and destruction, supported by the structural advantage of V,0Os’s high

surface area and the catalytic role of Ni ions [70], [71].

S. aureus, a Gram-positive bacterium, lacks an outer membrane but has a thick
peptidoglycan layer [72] and is a predominant opportunistic pathogen implicated in a
wide spectrum of infections, ranging from superficial wound colonization to severe
device-associated biofilm infections involving catheters, endotracheal tubes, and
other implanted biomaterials. Its escalating resistance to multiple classes of
antibiotics, including B-lactams, tetracyclines, macrolides, and even glycopeptides
like vancomycin, poses a significant clinical challenge. Consequently, the
development of alternative, site-targeted therapeutic strategies that bypass
conventional antibiotics and minimize the emergence of resistance is of critical
importance in managing S. aureus infections [73]. Upon exposure to the microbial
environment, the Ni-doped vanadium pentoxide system exhibits pronounced
photocatalytic and redox activity, primarily through the efficient separation of
photogenerated electron—hole (e”/h*) pairs. This charge carrier separation facilitates
subsequent surface redox reactions involving molecular oxygen and water adsorbed
onto the catalyst surface. Under the experimental conditions of the agar well diffusion
assay, this photocatalytic mechanism leads to the in situ formation of reactive oxygen
species (ROS), including superoxide anions (O2"7), hydroxyl radicals (*OH), hydrogen
peroxide (H202), and singlet oxygen ('O2). Specifically, ROS-mediated oxidative
stress compromises cellular integrity and metabolic function in Staphylococcus
aureus, ultimately leading to cell death. Additionally, V** species can interfere with
DNA replication by forming adducts with phosphate backbones. The 17 mm
inhibition zone for Ni-V-O-6 suggests that, despite the peptidoglycan barrier, the

particles redox-active surface is highly efficient at bacterial eradication.
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Escherichia coli, a Gram-negative bacterium, exhibits moderate sensitivity to
the composite, similar to Pseudomonas aeruginosa, with the antimicrobial mechanism
primarily involving ROS-mediated outer membrane disruption [74]. However, the
efficiency is slightly reduced in E. coli due to differences in membrane composition
and more robust antioxidant defense mechanisms. Additionally, Ni** ions are likely
to chelate intracellular thiol groups, impairing key enzymatic functions, while
vanadium species contribute to cytotoxicity by depolarizing the inner membrane and
disrupting ATP synthesis. The observed inhibition zone of 16 mm for the composite
at a molar fraction of x = 0.06 indicates effective synergy between ROS generation,
metal ion activity, and membrane-targeting mechanisms in bacterial suppression [22],

[71-72], [75].

The Ni-V205 compound produces comparatively lower anti-bacterial activity
against Vibrio cholerae (12 mm), Vibrio harveyi (11 mm), and Bacillus cereus (11
mm) through the synergistic multi-modal mechanism. Vibrio cholerae is a Gram-
negative, comma-shaped pathogen responsible for cholera, a severe diarrheal disease,
and exhibits adaptability through three distinct lifestyles planktonic, pellicle biofilm
(PB), and surface-attached biofilm (SB). Biofilm formation enhances its
environmental persistence, virulence, and antibiotic resistance, making infections
more challenging to treat [76-77]. Vibrio harveyi is a Gram-negative, luminous,
opportunistic pathogen responsible for significant economic losses in aquaculture,
particularly affecting penaeid shrimp under stress conditions such as overcrowding
and poor water quality. It causes luminous vibriosis, characterized by symptoms like
appetite loss, retarded growth, and high mortality [78]. The Ni-V-O particles, with an
average size of 60 nm, exhibited strong antibacterial activity attributed to surface-
mediated interactions and intracellular disruption [79-80]. The multi- cations present
in the compound could facilitate dynamic electron transfer processes and the
generation of reactive oxygen species such as *OH and O;~, known to induce oxidative
stress and irreversible damage to bacterial membranes, DNA, and proteins. The high
surface area and defect-rich structure of the NiV2Og phase further enhance ROS yield
and active site density. Gram-negative bacteria (V. cholerae, V. harveyi) are

particularly susceptible to ROS and electrostatic disruption due to their negatively
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charged lipopolysaccharide membranes, which interact strongly with positively
charged Ni ions, leading to membrane permeabilization and cytoplasmic leakage [81].
Despite a thicker peptidoglycan wall in the Gram-positive B. cereus, the porous cell
envelope permits ROS penetration. At the same time, intracellular Ni ion uptake may
disrupt enzymatic pathways and metal ion homeostasis, ultimately inducing
apoptosis-like death. This combination of redox-driven ROS generation, metal ion
toxicity, and physical membrane disruption presents a scientifically substantiated and
highly effective antibacterial mechanism against both Gram-negative and Gram-

positive pathogens [82-84].

20
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E. Coli S. Aureus P. Aeroginosa B. Cereus V. Cholerae V. Harveyi Pencillium
Microbes

Figure 4.14. Bar diagram comparing the zone inhibition of V2.xNixQOs.s5 for 0.03<x<
0.06 compounds, against the gram-positive and gram-negative bacteria and fungi
growth for 200ul concentration.

Pencillium, a filamentous fungus, exhibits a different response mechanism
[85]. The ROS generated from the microparticle surface could disrupt the chitin and
B-glucan structure of the fungal cell wall. Ni** ions possibly displace essential metal
ions like Zn** and Mg?*" required for enzymatic processes, inhibiting spore
germination and hyphal elongation [86]. Simultaneously, oxidative stress leads to
mitochondrial damage and apoptosis-like features in fungal cells. The 15 mm

inhibition zone for Ni-V-O-6 compound at 200 ul concentration signifies substantial
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antifungal activity, a valuable attribute considering the rising fungal resistance in
clinical and environmental settings [87]. The bar diagram in Figure. 4.14 shows that
as the molar fraction (x) increases, there is a slight but consistent increase in the
diameter of the zone of inhibition for all six bacterial strains and one fungal strain.
This trend indicates that the increasing concentration of Ni ions in the V2.2xNi3xOs.5
matrix positively enhances its antimicrobial efficacy, likely due to improved
interaction with microbial membranes or enhanced generation of reactive oxygen

species (ROS).
4.4. Conclusion

In conclusion, incorporating vanadium pentoxide with nickel using a high-
temperature solid-state reaction for x=0.03 to 0.06 in V(1x2NizxOs.5, produced a
composite with notable structural and functional enhancements. Rietveld refinement
confirmed a biphasic material comprising orthorhombic V,0s and triclinic NiV2Oe,
with lattice parameters expanding progressively as Ni content increased, showing
clear evidence that Ni** ions substituted into V2Os by replacing V°* sites. This
substitution induced defects and multiple oxidation states, as revealed by X-ray
photoelectron spectroscopy (XPS), which showed mixed Ni and V valence states and
thereby increased the material’s redox flexibility and electronic heterogeneity.Micro-
Raman spectroscopy further corroborated these structural modifications by displaying
13 well-resolved phonon modes characteristic of V,0Os; notably, a subtle shoulder
band at 959 cm™ emerged, corresponding to V#*-O stretching vibrations associated
with oxygen vacancies introduced by Ni doping. These structural and electronic
adjustments had direct implications on the material’s electronic properties: the band
gap of V205 was effectively narrowed due to a negative Burstein—Moss shift, and both
AC and DC electrical conductivities were markedly enhanced. The presence of Ni
created additional hopping sites for charge carriers, facilitating charge transport via a
small-polaron hopping mechanism between V** and V>* ions and thereby boosting
overall conductivity. Importantly, beyond electronic improvements, Ni incorporation
also conferred significant antimicrobial activity to the V20s-based compounds. The

Ni-V-O materials demonstrated potent biocidal effects against both Gram-positive
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and Gram-negative bacteria, even against strains known for antibiotic resistance,
indicating their promise for biomedical and environmental applications. XPS analysis
of the samples confirmed that Ni incorporation leads to the generation of reactive
oxygen species (ROS) at the material’s surface. These ROS induce oxidative stress in
microbial cells, leading to structural damage and cell death, with higher Ni content
producing more pronounced ROS-mediated antimicrobial effects. Such a material
could be advantageous in advanced electronic devices or energy systems that
simultaneously demand high conductivity and stability, as well as in applications
where inherent antimicrobial properties are beneficial, underscoring the broader
applicability of Ni-V-O compounds discovered in this work. This work not only
advances fundamental understanding of Ni-V20s complex systems, but also opens
avenues for designing multipurpose oxide materials that address both technological

and healthcare challenges.
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Correlating Structural, Electronic, and Optical Properties with
Energy Dissipation, Polarization Dynamics, Dielectric
Responses, and Antimicrobial Applications in V205-NiO-
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Chapter 5

5.1. Introduction

Vanadium, abundant in the earth's crust, demonstrates a diverse range of
valence states, giving rise to various oxides such as vanadium monoxide (VO),
vanadium sesquioxide (V203), vanadium dioxide (VO2), and vanadium pentoxide
(V20s). These oxides span oxidation states from V' to V> [1], [2]. Environmental
factors, including temperature, pressure, phase, and concentration, influence the
oxidation states of vanadium. The V>0s compound stands out as the prominent and
thermodynamically stable member within the family of layered vanadium oxides,
characterized by the formula V,O2,+1 with a distinctive layered structure and porous
morphology, rendering it highly versatile for numerous applications such as

electrochemistry, photocatalysis, sensors, chromogenics, and optoelectronic devices

[31, [4].

With a band gap within the visible light spectrum (2.2 eV - 2.3 eV), it holds
promise for photodetection purposes. The layered characteristic of vanadium
pentoxide facilitates the introduction of various ions into the lamellar spacing, thereby
altering the crystalline structure and resulting in diverse properties [4]. Its layered
architecture, coupled with a range of available phases, endows it with favorable
electrical and optical characteristics, making it a material of considerable interest in
scientific exploration [5]. Its distinctive electronic structure, featuring three bands,
imparts unique optical properties and a multi-color appearance, making it an

intriguing choice for various smart and multifunctional uses [3].

Moreover, oxides exhibit potential as host matrices for rare-earth ion
implantation, facilitated by their oxygen incorporation and wide bandgap
characteristics, thereby restructuring the bandgap and enhancing photoluminescence
emission [6]. Addressing the challenge of improving the electrical and optical
conductivity of metal oxides, alloying with suitable elements presents another avenue.
Bandgap engineering, achieved through the introduction of defects into the V205
lattice using extrinsic dopants such as Al, Zn, Cu, Ni, Mn, Bi, and Co as donors, can

significantly enhance its electrical and optical properties [7- 9].

Studies have shown that doping V,Os with aliovalent ions, such as Li**, Mn*,
and Mg?" can significantly enhance electrical conductivity [6], [10-11]. For instance,
Li-doped V2xLixOss exhibits increased AC and DC conductivity at elevated
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temperatures [10]. Similarly, Tan Foo Khoon et al. [12] reported a temperature-
dependent increase in conductivity and dielectric constant in MnO>-doped V20s
mixed oxides. Khan C et al. [11] observed an AC conductivity of 0.11 S/m in V.
MgxOs.5 at x= 0.05 at 300°C. Safna et al. [13] also demonstrated that the electrical
conductivity of bismuth-substituted V205 increases with the concentration of Bi**
ions. In our previous chapters, we studied the frequency dependent conductivity of Ni
& Sb substituted V205 [1]. Building on these findings, this study explores the
electrical properties of Sb-Ni-V-O oxides, focusing on the impact of Sb and Ni mole
fraction on dielectric behavior, AC conductivity, and impedance studies. Among the
dopants, nickel (Ni) [5] emerges as a prominent choice, while antimony (Sb) serves
as a less common metalloid dopant [14-15]. Notably, NiO and Sb,O; have garnered
substantial interest in this study due to their analogous electronic shell structure, as

well as comparable physical and chemical properties to those of V20s.

On an added account, there are some reports on the antimicrobial efficacy of
pristine V20s[16] as well as composites like V2Os/PANI [17], V20s/ZnO [18], and
V720s-loaded TiO: [19]. The incidence of nosocomial infections among patients
undergoing surgical interventions, compounded by biofilm formation on prosthetic
implants and the alarming rise of multidrug-resistant bacterial strains, poses a
formidable challenge to healthcare systems. In response, advanced engineered micro
and nanoparticles exhibiting enhanced antibacterial properties have emerged as potent
coating materials for surgical instruments and implants, significantly mitigating the
risk of implant-associated infections. These micro- and nanostructured surfaces
inhibit bacterial adhesion and diminish microbial colonization by inducing the
generation of reactive oxygen species within the bacterial cells. Suma et al. [16]
reported the generation of reactive oxygen species in E. coli biofilms and the prospects
of vanadium pentoxide as a potential surface coating agent to impart antibacterial

activity.

Fungi such as Aspergillus sp., Fusarium sp., Penicillium sp., and Candida sp.
are known to produce harmful mycotoxins, affecting human and animal health by
causing grain discoloration, chemical and nutritional degradation, and reduced
germination rates [20]. Among these, Aspergillus species are prevalent, constituting
up to 22% of airborne spores. Notably, A. niger, a prevalent pathogenic species, can

lead to invasive respiratory infections with high mortality rates, especially in
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immunocompromised individuals. The emergence of drug-resistant Aspergillus
isolates further underscores the urgent need for novel antifungal treatments [21].
Pseudomonas aeruginosa, a Gram-negative opportunistic pathogen, also presents
significant treatment challenges, especially in clinical settings where it contributes to
ventilator-associated pneumonia and chronic infections in cystic fibrosis patients.
Known for its adaptability and resistance to multiple antibiotics, P. aeruginosa forms
biofilms that enhance its persistence and resist antibiotic action. The World Health
Organization has identified carbapenem-resistant P. aeruginosa as a high-priority
pathogen, urging the development of innovative antimicrobial strategies [22]. The
exploration of the microbicidal potential of vanadium pentoxide-based compounds
presents a vast and promising research avenue, given their multifaceted antimicrobial

properties and potential for innovative therapeutic applications.

The previous chapters reported the synthesis, microstructural analysis, optical
studies, electrical conductivity, dielectric, and adsorptive studies of NiO-V,0s [29],
[30], Sb203-V20s5[14-15], [24]. Multi-cation vanadium pentoxide-based compounds.
Consequently, this study focuses on investigating the microstructural analysis, lattice
dynamics, surface morphology, surface chemical states, optical studies, AC
conductivity, dielectric studies, and antimicrobial studies of the Sb203-NiO-V20s

complex compound system [25].
5.2 Materials and methods

The complex ceramic powders of V2xNiaxSbxOss (0.05<x<0.08) were
synthesized via the conventional solid-state reaction method, with antimony oxide
(Sb203, 99.99%) and nickel oxide (NiO, 99.99%) serving as guest metal oxides
introduced into the vanadium pentoxide (V20s, 99.99%) host matrix. All precursor
materials were sourced from Sigma Aldrich Chemicals Co., USA. The synthesis
commenced with the thorough grinding of the oxide materials for 3 h using an agate
mortar and pestle to ensure the formation of a homogeneous mixture. The ground
mixture was then placed in alumina crucibles and calcined in a programmable high-
temperature furnace at 550 °C for 12 h. After calcination, the fine powders were
compacted into 14 mm diameter discs with a thickness of 2 mm using a uniaxial press.
These compacted pellets were then sintered at 630 °C for 12 to promote the formation

of the desired crystalline phases. The sintered pellets were reground to ensure
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homogeneity of the powder samples [15], [26]. For AC conductivity and dielectric
studies, the powdered materials were thoroughly ground and subsequently
compressed into a disk with a thickness of 2 mm and a diameter of 14 mm, utilizing

polyvinyl alcohol as a binder to ensure structural integrity.

The resulting pellet underwent surface polishing to achieve optimal flatness
and smoothness, enhancing the contact between the sample and the measurement
electrodes. Once polished, the pellet was carefully positioned between two copper
electrodes, facilitating the acquisition of frequency-dependent data. Measurements
were conducted across a broad frequency range, spanning from 10 Hz to 1 MHz,
capturing key electrical parameters including capacitance, tangent loss, impedance,
and phase angle. This comprehensive approach allowed for a detailed characterization
of the material's dielectric behavior and AC conductivity over varying frequencies.
The characterizations and antimicrobial studies of the samples were carried out using

the instruments and methodologies as mentioned in chapters 3 and 4.

5.3 Results and Discussion
5.3.1. Microstructural Analysis using XRD

The X-ray diffraction patterns of V2xNi2xSbxOs.5 (0.05<x<0.08) ceramics
synthesized by the solid-state reaction method are shown in Figure. 5.1. The XRD
pattern of pristine V»Os, with an orthorhombic layered crystalline structure, with
standard ICDD No. 41-1426 [4] with lattice parameters a = 1.151 nm, b = 0.356 nm
and ¢ = 0.437 nm [28] is taken as the reference. The X-Ray Diffraction pattern of the
Sb-Ni-V-O ceramic system exhibits prominent diffraction peaks at 15.49°, 20.30°,
21.79°,26.19°, 30.99°, 32.41°, 34.37° and 41.36°, corresponding to the (200), (001),
(101), (110), (301), (011), (110), and (002) crystallographic planes, respectively.
These reflections align precisely with the orthorhombic structure of V,Os[2], [4], [14]
,[23], [29]. However, additional reflections at 23.40° and 27.30° were observed, which
deviate from the standard orthorhombic V20Os and are attributed to reflections arising
from the incorporation of NiO and Sb2O; into the V2Os lattice, indicating the
formation of secondary phases within the structure. Upon closer examination, the
minor peak around 20 of 23.40° corresponds to the (101) plane of triclinic NiV20Os
phase (JCPDS card no. 45-1053) and ICSD:33881, and the reflection at 27.3° is a
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characteristic indication of the formation of vanadate, specifically SbVOs species [ 14-

161, [33].

The lattice parameters, crystallite size, microstrain, and dislocation density
were determined, as detailed in Table 5.1. The estimation was carried out using the
Scherrer equation, while the Williamson-Hall (W-H) plot was employed to analyze
microstructural properties through the uniform deformation model [23], [34]. Here,
the crystallite size decreases with an increase in mol fraction x. The incorporation of
Ni*" and Sb*" into the V,0Os lattice increases the number of defects, such as vacancies
and dislocations, as evidenced by the increase in dislocation density presented in
Table 5.1. These defects act as additional nucleation sites during the crystallization
process, preventing the growth of larger grains. The presence of more nucleation sites
results in the formation of numerous smaller grains instead of fewer, larger ones.
Alongside, higher Ni and Sb concentrations with increasing mol fraction x’,
secondary phases such as NiV20s and SbVO4 can further inhibit grain growth by
interrupting the continuity of the V2Os phase.
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Figure.5.1 XRD pattern of V>.NinSbiOs.s ceramics indicating the prominent
orthorhombic phase of V:0s, with asterisk and diamond sign indicating peaks
corresponding to Ni and Sb phases, respectively.
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Table 5.1. Estimated grain size, dislocation density, microstrain, lattice parameters, and cell volume of V>xNi>SbxOs.s (0.05<x<0.08)

compounds
Cell Band
X Uniform Deformation Model
Sherrer Equation Lattice Parameters Volu Gap
values W-H plot
me Energy
Dislocation Dislocation Micro
Crystallite size 3 | Crystallite size . . a*b*c
Density (8) x 10 Density (8) x | strain | 504) | p(A) | e(A) (eV)
D (nm) , D (nm) PO 3 (A)}
nm 10 nm (€10

0.05 66.95 0.224 62.32 0.257 0.190 11.32 | 3.53 431 | 172.23 2.28

0.06 65.77 0.242 61.22 0.267 0.181 1136 | 3.54 | 433 | 174.13 2.26

0.07 64.29 0.264 60.91 0.269 0.093 1139 | 3.54 | 434 | 174.99 2.24

0.08 62.75 0.281 59.52 0.285 0.026 | 11.40 | 3.56 | 436 | 176.95 2.22
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These secondary phases create boundaries that limit the coalescence and
growth of V,0s crystallites, contributing to a reduction in crystallite size. As the
concentration of NiO and Sb,O; precursors increases with an increase in mol fraction
x, excess nickel and antimony may not be fully incorporated into the V,Os lattice and
form separate secondary phases of NiV2Os and SbVOs4. These secondary phases can
act as strain-relieving agents by providing a mechanism for the redistribution of strain
within the system, effectively reducing the strain within the main V2Os crystallites,

from 0.190 x 107 to 0.026 x 103 [2].
5.3.2. Crystallographic Refinement of XRD Data

For deeper examinations, the Rietveld refinement was executed on each
sample, employing the FullProf software [35] as depicted in figure 5.2(a). The Peak
shape was modelled using the pseudo-Voigt axial divergence asymmetry function,

and a 6-coefficient polynomial function was applied to fit the background pattern.
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Figure.5.2: (a) representing Rietveld refinements of V>.xNixSbxOs.s samples for
x=0.0, 0.05, 0.06, 0.07 and 0.08 respectively (b)The unit cell structure of Sb-Ni-V-O
compounds, containing the mixed phases of V205, NiV20s and SbVOy (c) The unit cell
structure of Orthorhombic V205 (d) The unit cell structure of NiV>Os, (e) The rutile-
type crystal structure of SbVO, characterized by a random distribution of Sb and V
atoms within octahedral positions, each atom exhibiting a partial occupancy of 0.5.
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The refinement process involved adjustments of several parameters, including
scale, lattice parameters, full-width half-maximum shape parameters, asymmetry
parameters, and atomic positions [15],[36]. Rietveld refinement unveiled the
emergence of a prominent V>Os phase characterized by the orthorhombic structure in
the Pmmn space group, succeeded by a NiV0s phase exhibiting a monoclinic
structure with P-/ space group, and the SbVOs phase, distinguished by a tetragonal
structure with P42/mnm space group, observed to have the least representation in

terms of compositional percentage.

The crystal structure of the combined phases modelled using VESTA software
[37] is depicted in Figure. 5.2(b-e). Figure. 5.2(c) presents the unit cell structure of
orthorhombic V20s obtained after Rietveld refinement using the Vesta software.
Within the orthorhombic unit cell of V20s, V chains intertwine with oxygen along the
XYZ axis, resulting in the formation of VOs pyramids [28]. The structure is
characterized by zig-zag double chains of VOs square-based pyramids oriented along
the b-axis. These pyramids alternate their directions, sharing an edge along the [010]
direction of the chain. Along the b-axis, corner-sharing oxygen atoms bridge these
chains, forming a 2D layered structure in the x-y plane. Weak bonding along the c-

axis is established through V-O Van der Waals interactions [38].

Three distinct oxygen atom types exist, namely vanadyl (O1), binding
singularly to vanadium at the pyramid apex chain (O3), binding to three vanadium
atoms; and bridge (O1), linked to two vanadium atoms, thereby connecting the
chains[4]. Table 5.2(a) presents the lattice parameters for different molar fractions (x
= 0.05, 0.06, 0.07, and 0.08), showing a nonlinear trend with increasing molar
fraction. Table 5.2(b) details the interfacial angles, which are crucial for understanding
the grain boundary characteristics and phase interactions within the samples. Table
5.2(c) provides the compositional percentages of the V>0s, NiV20Og, and SbVO4
phases, highlighting the phase distribution and relative stability of synthesized
compounds. The compositional percentage of the V,Os phase decreases from 92% to
82% with the escalation in mol fraction from x=0.05 to x=0.08. Tables 5.3 (a) & (b)
present the bond angles (in°) and bond lengths(in A) of V20s in V2xNiaxSbxOs.
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ceramics at x=0.05 [39]. The various V-O bond lengths vary between 1.6 to 2 A. The
0-V-0O & V-0O-V bond angles (in°) range between 77-151 & 103-152, respectively
[40]. In all sample compositions, the NiV20¢ phase exhibited a triclinic crystal system
(space group: P-1), as determined through Rietveld refinement [33]. The peaks
corresponding to the Ni phase are marked in XRD by * as in Figure 5.1.

The lattice parameters of the triclinic NiV20O¢ for all mol fractions are
elucidated in Table 5.2 (a and b). The compositional percentage of the NiV20O¢ phase
is found to increase from 5 % to 12 %, as evidenced by Table 5.2(c), in line with the
stoichiometric proportions used during synthesis. In the NiV2Os unit cell, the
crystallographic analysis revealed the distribution of Ni** cations across two distinct
lattice positions, V> cations across four discrete lattice sites, and O anions
distributed across nine discrete lattice sites, collectively constituting the entirety of
the crystal structure [41]. As in Fig. 5.1(d), the NiV20Og unit cell, delineated within the
space group P-1, was elucidated through optimized data via diamond crystal analysis.
Eight corners of the parallelepiped unit cell were occupied by Ni(1) sites. Ni(1)
coordinated with one V(4) site and three distinct O(6), O(1), and O(3) sites from the
unit cell corners. This lattice configuration belonged to the centrosymmetric type
pinacoidal class, devoid of internal mirror planes [41]. The bond distances (A) of Ni-
O & V-0 span over 2.00 to 2.12 and 1.55 to 2.23, respectively (Table 5.3 (c)). All the
bond angles, including O-Ni-O, V-V-0O, O-V-0O, Ni-O-Ni & V-O-Ni, are tabulated in
Table 5.3 (d)

The least prevalent phase observed in Sb-Ni-V-O ceramics is the tetragonal
SbVOs, characterized by the P42/mnm space group. Table 5.2 (a and b) outline the
edge lengths and interaxial angles, respectively, while Table 5.2(c) illustrates the
compositional percentage of SbVOs, increasing from 2.89 % to 5.49 % as x ranges
from 0.05 to 0.08. Figure.5.1(e) illustrates the rutile-type crystal structure of SbVOs4,
where the positions of Sb and V atoms within octahedral sites are randomized, each
atom having a partial occupancy of 0.5. This configuration was determined through
computational analysis employing VESTA software. Moreover, the bond lengths and

angles in SbVO4 orthovanadates are detailed in Table 5.3 (e & f) respectively.
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Table 5.2 (a) Edge Lengths of V>0s, NiV>Os and SbVO4

Vi NiscSheOss V205 (Orthorhombic) NiV20e¢ (Triclinic) SbVO4 (Tetragonal)
a[A] b[A] c[A] a[A] b[A] c[A] a[A] b[A] c[A]
x=0 11.514(8) | 3.5656(3) | 4.3739(9)
x=0.05 11.511(2) | 3.5644(7) | 4.3738(0) | 7.1337(2) | 4.7858(6) | 8.8270(1) | 4.6265(4) | 4.6265(4) | 3.0621(5)
x=0.06 11.513(3) | 3.5652(3) |4.3742(3) | 7.1338(5) | 4.7866(2) | 8.8297(7) | 4.6205(4) | 4.6205(4) | 3.0562(7)
x=0.07 11.501(2) | 3.5612(1) |4.3693(0) | 7.1218(4) | 4.7856(9) | 8.8206(1) | 4.6205(4) | 4.6205(4) | 3.0562(7)
x=0.08 11.518(7) | 3.5666(6) | 4.3758(3) | 7.1296(2) | 4.7949(4) | 8.8325(6) | 4.6289(0) | 4.6289(0) | 3.0582(9)
Table 5.2 (b) Interaxial angles of V>Os, NiV20s and SbVOy
) V205 (Orthorhombic) NiV20¢ (Triclinic) SbVOs4 (Tetragonal)
V2x Ni2xSbxOs-5
o p ¥ o P ¥ @ p v
x=0 90 90 90
x=0.05 90 90 90 90.109(7) 101.967(3) 94.164(6) 90 90 90
x=0.06 90 90 90 90.100(3) 101.978(4) 94.171(2) 90 90 90
x=0.07 90 90 90 90.053(7) 101.974(1) 94.193(2) 90 90 90
x=0.08 90 90 90 90.064(0) 101.981(8) 94.203(0) 90 90 90
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Daniel Errandonea et al. [32] investigated and reported less commonly studied
vanadates, including SbVO,4, RhVO,, and NbVO,. SbVO, adopts a disordered rutile-
type structure, where trivalent Sb atoms and pentavalent V atoms occupy cationic sites
randomly, with a 50 % partial occupation [32]. Both cations are arranged in octahedral
coordination within the structure, which is characterized by the space group P42/mnm
[42]. Historically, orthovanadates have been predominantly observed to crystallize in
a tetragonal configuration akin to the crystal structure of zircon (space group 14 1/amd)
[32]. An alternative structure for these vanadates may involve a transition under
relatively low pressures into a zircon- or scheelite-type arrangement, where the metal
cations occupy 2a sites in a randomized manner. This arrangement consists of chains
of octahedra that share opposite edges along the c-direction and corners in all other
directions [43]. The zircon structure, /41/amd, represents a subgroup within the rutile

space group, P42/mnm.

Remarkably, the zircon structure can be derived from doubling the rutile unit
cell along the c-axis and redistributing half of the cations (Sb) to achieve dodecahedral
coordination, while the remaining half (V atoms) assume tetrahedral coordination.
Consequently, both zircon and scheelite structures are credible contenders for the
high-pressure phases of SbVO4 based on considerations of crystal chemistry [32],
[42]. The Sb-O, O-O & V-0 bond lengths (in A) vary in the range 1.92 to 2.35 (Table
5.3(e)). The O-Sb-0O, O-V-0O, Sb-O-Sb & Sb-O-0 bond angles (in°) vary between 52.8
to 180 (Table 5.3(f)).

Table 5.2 (c) Compositional percentage of V20s, NiV20s, and SbVOy4

V2.x Ni2xSbxOs- V205 NiV206 SbVO4
) (Orthorhombic) (Triclinic) (Tetragonal)
x=0.05 92.42(1.41) 4.69(0.29) 2.89(0.12)
x=0.06 91.76(1.37) 5.16(0.37) 3.08(0.13)
x=0.07 88.37(1.29) 7.95(0.45) 3.68(0.14)
x=0.08 82.07(1.38) 12.43(0.63) 5.49(0.20)
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Table 5.3(a) Bond Lengths (in A) of the orthorhombic phase of V>0s

Bond Type Length [A]
V -0l 1.556(11)
vV -03 1.795(6)
vV -02 1.847(3)
vV -02 2.018(15)

Table 5.3(b)Bond angles (in degrees) of the orthorhombic phase of V>0s

Angle Type Angle [°] Angle Type Angle [°] Angle Type Angle [°]
02-V-02 77.4(8) 01-V-02 106.7(9) V-02-V 149.6(11)
03-V-02 97.0(8) 02-V-02 149.6(9) V-03-V 152.4(10)
01-V-02 101.6(9) 03-V-02 151.1(8)
01-V-03 102.1(9) V-02-V 102.6(9)

Table 5.3(c)Bond Lengths (in A) of the triclinic phase of NiV>0s

Bond Type | Length [A] | Bond Type | Length [A] | Bond Type | Length [A]
Nil - O6 2.002(1) V1 -V2 1.611(88) V3 -05 1.659(1)
Nil - Ol 2.064(175) | V1 -09 1.749(115) | V3 -03 1.883(1)
Nil - O4 2.068(1) V1 -07 1.815(87) V3 -08 1.974(1)
Ni2 - O5 2.017(92) V1 -08 1.844(118) | V4 -0l 1.582(125)
Ni2 - O4 2.031(93) V2 - 04 1.655(1) V4 - 06 1.712(1)
Ni2 - O3 2.048(88) V2 -01 2.016(98) V4 -03 1.819(1)
Ni2 - 06 2.058(91) V2 -09 2.059(1) V4 -09 2.046(1)
Ni2 - O5 2.084(91) V2 -02 2.228(1) V4 - 09 2.132(1)
Ni2 - 02 2.123(86) V2 -08 2.238(1) V4 -07 2.233(1)
V1 -04 1.557(103) | V3 -02 1.648(1)
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Table 5.3 (d)Bond angles (in degrees) of the triclinic phase of NiV>Os

Angle Type Angle [°] Angle Type Angle [°] Angle Type Angle [°]
06 -Nil -01 | 82.8(78) V2 -Vl -07 177.9(122) | V3 -0O5 -Ni2 127.6(44)
06 -Nil - 04 | 86.4(1) V1 -V2 -08 | 54.4(64) V3 -05 -Ni2 136.0(43)
Ol -Nil-04 | 89.5(78) V1 -V2 -09 | 55.3(64) 09 -v4 -09 74.1(1)
O1 -Nil-04 | 90.5(78) V1 -V2 -04 | 56.9(64) 03 -V4 -07 79.6(1)
06 -Nil-04 | 93.6(1)2 02 -V2 -08 | 73.7(1) 09 -v4 -07 81.2(1)
06 -Nil - Ol 180.0(2) 01 -V2 -09 | 80.0(80) 09 -V4 -07 83.6(1)
04 -Nil - 04 | 180.0(1) 04 -V2 -08 | 84.8(1) 06 -V4 -07 84.3(1)
Ol -Nil -0l 180.0(111) | O9 -V2 -08 | 90.8(1) 03 -V4 -09 86.4(1)
06 -Nil - 06 | 180.0(1) 04 -V2 -09 |97.3(1) 0Ol -V4 -09 87.5(10
05 -Ni2-02 | 79.9(55) 04 -V2 -02 |99.2(1) Ol -V4 -09 91.6(10
04 -Ni2-02 | 85.0(58) Ol -V2 -02 108.2(80) 06 -V4 -09 94.2(1)
05 -Ni2-02 | 85.0(59) 04 -V2 -0l 114.8(80) 06 -V4 -03 101.1(1)
04 -Ni2 - 06 | 85.9(60) V1 -V2 -02 122.3(64) Ol -V4 -03 101.7(10
06 -Ni2-02 | 88.2(60) V1 -V2 -0l 129.3(103) | Ol -V4 -06 106.4(10
05 -Ni2-05 | 88.8(61) 09 -V2 -02 156.1(1) 03 -V4 -09 155.9(1)
O5 -Ni2-04 | 90.3(63) Ol -V2 -08 159.1(80) 06 -V4 -09 162.3(1)
O3 -Ni2-06 | 91.9(63) 05 -V3 -08 |923(1) Ol -Vv4 -07 168.6(102)
06 -Ni2-05 | 93.1(63) 02 -V3 -08 |94.9(1) V4 -01 -V2 97.5(138)
03 -Ni2-05 | 93.8(63) 05 -V3 -03 | 98.8(1) V2 -01 -Nil 118.1(136)
05 -Ni2-03 | 95.2(65) 02 -V3 -05 103.0(1) V4 -01 -Nil 144.0(171)
04 -Ni2 - 03 101.3(68) 02 -V3 -03 103.0(1) V3 -02 -V2 98.8(1)
04 -Ni2-05 | 164.9(86) 03 -V3 -08 156.1(1) Ni2-02 -V2 120.1(42)
05 -Ni2-06 | 172.6(88) V1 -09 -V2 | 49.2(59) V3 -02 -Ni2 140.8(42)
03 -Ni2-02 | 173.7(86) V4 -09 -Vv2 | 83.0(1) V4 -03 -V3 116.5(1)
04 -V1 -V2 | 62.9(68) V4 -09 -V4 | 105.9(1) V3 -03 -Ni2 120.1(44)
V2 -V1 -09 | 75.4(76) V2 -09 -Vv4 | 110.1(1) V4 -03 -Ni2 123.0(44)
V2 -V1 -08 | 80.4(78) V1 -09 -V4 118.2(59) V1 -04 -V2 60.1(67)
07 -V1 -08 101.5(88) V1 -09 -V4 124.1(59) Ni2 - 04 -Nil | 92.4(44)
04 -V1 -08 102.5(96) V1 -08 -V3 123.6(56) V2 -04 -Nil 118.2(1)
09 -V1 -07 | 104.1(92) Nil - 06 -Ni2 | 93.6(43) V1 -04 -Nil 123.1(67)
04 -V1 -09 | 115.7(107) | V4 - 06 -Nil 129.0(1) V2 -04 -Ni2 128.4(44)
04 -V1 -07 | 115.8(105) | V4 -06 -Ni2 | 132.7(43) V1 -04 -Ni2 135.8(80)
09 -VI -08 116.8(98) Ni2 - O5 -Ni2 | 91.2(62)
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Table 5.3(e) Bond Lengths (in A) of the tetragonal phase of SbVOq4

Bond Type | Length [A] | Bond Type | Length [A] | Bond Type | Length [A]
Sb -0 1.92232) |O -O 2.325(74) |V -0 2.109(52)
Sb -0 2.109(52) |V -0O 1.922(32)

Table 5.3(f) Bond angles (in degrees) of the tetragonal phase of SbVO4

Angle Type | Angle [°] | Angle Type | Angle [°] | Angle Type | Angle [°]
O -Sb -0 |74431) |O -V -0 |74431) [Sb -0 -O |52.8(26)

O -Sb -0 [90.030) |O -V -0 |90.030) [Sb -0 -Sb |105.6(35)
O -Sb -0 |105.6(31) |O -V -0 |105.6(31) | Sb -O -Sb | 127.2(38)
O -Sb -0 |180.029) |[O -V -0 |180.029) |Sb -O -O |180.0(43)

5.3.3. Lattice Dynamics: Raman Spectroscopy

Figure. 5.3(a) illustrates the Raman spectrum of V».x<Ni2SbxOs.s within the
0.05<x<0.08 range, exhibiting distinct peaks. These observed Raman shifts closely
resemble those documented for the «-V20s polymorphic phase of Vanadium
Pentoxide in previous studies. The foundational crystal structure of a-V20s exhibits
an orthorhombic lattice with Pmmn space group symmetry and D;3** point group
configurations, accommodating two formula units per unit cell comprising a total of
14 atoms. This arrangement consists of [VOs] square pyramids connected through
shared edges and corners, following an alternating up-up-down-down sequence.
Within a single V205 layer, distinct oxygen atoms (O1, O2, and O3) are positioned.
The architecture of a-V>0s contains parallel chains of V05 extending along the b-
axis, wherein each chain segment comprises a pair of parallel V=0(1) vanadyl bonds
joined by a V—0O(3)—V bridge, while V—0O(2)—V bridges interconnect these
segments. Intervening interchain V—O(2) contacts, denoted as "ladder steps" (LS),
establish linkages between adjacent V205 chains. These chain layers are orthogonally
connected to the c-axis [44]. As per the previous reports, among the 39 optical zone
center modes derived from factor group analysis, there are 21 Raman-active phonon
modes identified within the a-V20s polymorph [1], which is represented as a- V20s:
I'Raman= 7Ag + 7B2g + 3B1g + 4Bs;
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Prior research has established that within the a-V>Os configuration, vibrational
modes characterized by atomic displacements in the x-z plane are ascribed to the A,
and B¢ species, while out-of-plane vibrations with displacements along the y-axis
correspond to the Big and B3, species [30[,[46],[49]. Twelve Raman active phonon
modes are observed to be excited in the sample specimen in the study, and are given

as V2xNixSbxOs.5: [-Raman = 6 Ag+2B1g+2Bogt+1B3e+1

Out of the 12 Raman active phonon modes obtained for V2.xNixSbxOs.5
compound systems, 11 vibrational modes are characteristic of the a-polymorphic
phase of the orthorhombic V2,05 compound system. Table 5.4 presents a comparison
study of the Raman bands in cm™ of pure V,0s powders [46], V2xBixOs.s [2]
compounds, V(1x2NizxOss [1] compounds, Cro.1V20s [47] compounds and the

present V2.xNi2xSbxOs.5 compound systems.

As per the previous reports from the factor group analysis of the a-
polymorphic phase of V20s. Raman active phonon modes in the 150-400 cm™' range
correspond to the bending mode, 500-800 cm™! corresponds to the V—O—V stretching
region, and 770-1050 c¢cm™! indicates V—O terminal stretching [3]. The lower
frequency modes at 100 cm™ (Ag), 143 cm™ and 194 cm™ (Ay/Ba), are due to
displacements of [VOs] units in the layered structure of Sb-Ni-V-O compounds [1].
The apex of utmost intensity observed at 143 cm™ (potentially of Big or B3 symmetry;
B1¢/Bsg) is ascribed to the vibrational stimulation stemming from the translational and
bending vibrational modes inherent to the adjacent Sb-Ni-V-O strata. Its congruence
with both reported and experimental data within these spectral domains is notable.
The heightened magnitude of this resonance underscores the extensive spatial

coherence prevailing within the multi-cationic oxygen planes.

Figure 5.3(b) shows the variation in the relative intensity of prominent Raman
peaks with increasing mol fraction, and it is well evident that the intensity of the
Raman mode at 143cm’! is maximum at mol fraction x= 0.05, and it decreases almost
linearly with an increase in the concentration of divalent nickel and trivalent antimony
cations. This suggests that elevated levels of exogenous cations can proficiently

impede the growth of orthorhombic V,0s crystalline grains, consequently diminishing
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the magnitude of discernible Raman peaks [48]. Previous studies documented Raman
modes pertinent to V(1.x2Ni3xOs.s, highlighting vibrational excitations at 283 cm™ and
476 cm™ indicative of V-O2-V bond angle deformation. These findings align closely
with the observed excitations at 282 cm™ and 481 cm™!, within the V2.xNi2xSbxOs.s
system across all x values [49]. Nonetheless, a subtle displacement is observed in all
these peaks as the x values ascend. These spectral alterations unveil induced structural
modifications stemming from heightened concentrations of Nickel and Antimony,
precipitating oxygen vacancies through the valency variation of Vanadium. Figure
5.3(b) illustrates a 58 % reduction in relative intensity of Raman bands at 283 ¢cm’!
corresponding to an escalation in mol fraction from 0.05 to 0.08. At 481 cm’!, the
observed peak denotes the Ag mode, arising from the bending vibration of the V-
O(3)-V bridge unit. Concurrent oscillations of ladder puckering (involving oscillation
of O(2) atoms along the c-axis) and V-O(1) swinging (involving oscillation of O(1)
atoms along the a-axis) are discerned at 302 cm™'(Ag) [45]. An Ag line, attributed to
V-0(3)-V angle-bending, emerges at 405 cm™! [45]. Furthermore, the Ag mode at 528
cm’! is ascribed to the vibrations associated with ladder-stretching V-O(2) bonds that
connect the V20s chains. Lastly, the B1g/Bs, vibrations at 700 cm™! are attributed to
the asymmetric stretching of V-O(2)-V bridges, delineating the "rails" of the ladders
[30], [49]. Furthermore, the intensity of these Raman bands diminishes with an

increase in the concentration of foreign cations.

(a} Raman spectrum of Vo NisySb, 05 ; EE%%E (b) 143 o’ izggg
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Fig 5.3: (a) Raman spectrum of V2.xNi>SbxOs.5 (0.05<=x<=0.08) compounds (b)
depicts the relative intensity of four prominent Raman bands at 143cm™, 283 cm™,
700 cm™ and 997 e in V2eNizShxOs.5 0.05 <x < 0.08.
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This decrease in intensity suggests a reduction in the stretching of V-O(2)-V
bridges, consequently impeding the growth of the orthorhombic phase of V20Os, as
corroborated by XRD analysis. The observed broad absorption band at 856 cm™ is
presumed to correspond to the less intense mode associated with the antisymmetric
stretching vibrations of V-O(3)-V linkages within the x-z plane. Theoretical
calculations estimate this mode at 848 cm™ for pristine V20s [46]. Deviations from
the predicted frequency (a blueshift) are attributable to doping the vanadium
pentoxide lattice with antimony and nickel ions. The pronounced peak observed at
997 cm™! corresponds to the Ag mode, elucidating the stretching vibration along the
y-direction of the V-O(1) double bond, notably involving the terminal unshared O(1)
atom. This conspicuous peak, situated in the higher wavenumber spectrum,
underscores one of the most robust V-O(1) bonds present within the sample. However,
the intensity of this peak exhibits an inverse relationship with the mole fraction x (see
Fig 5.3(b)), indicative of a bond weakening trend with escalating concentrations of
Nickel and Antimony, and is consistent with previous investigations on multi-cation-
based vanadium pentoxide compounds [3]. Wang et al. [7] reported the decrease in
the intensity of the Raman peaks upon the addition of Al dopant. Jung et al. [50]
reported a decrease in the Raman intensity from V,Os upon the insertion of Li into the

LixV20:s lattice owing to the formation of negative charge carriers by the reduction of
V> to V¥

A blunt Raman band present at 956 cm’!, not characteristic of the
orthorhombic phase of V20s, emulates the V4"~ O; vibrational stretch observed in both
Cro.1V20s [47] and Cu-doped V20s.5 [51]. This spectral signature indicates oxygen
vacancies and corroborates the existence of V*" species within the V(1x2Ni3xOs.s
composition. Furthermore, it is noteworthy that the observable Raman spectrum of
vanadates, such as FeVO, and AIVQ,, features a distinct Raman excitation at 954 cm"
! referring to the symmetric stretching mode of the shortest V=0 bond located at the
VOyq sites [52], [53]. This observation provides additional evidence supporting the
presence of vanadates within the Sb-Ni-V-O ceramics, which aligns with the
identification of the SbVO, tetragonal phase as determined from the Rietveld
refinement analysis of the samples. A discernible blue shift is evident across all

Raman bands of V2.xNi2xSbxOs.s as the molar fraction x increases.
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Table 5.4 Comparison of Raman active phonon modes (in Wavenumbers, cm™) obtained for pure V205, V2.BinOs.s, V(12Ni3xOs.-5,
Cro.1V20s5, and experimental Raman data of V2-xNi2SbxOs.5 compounds
Single crystal of V1,05
Mode [46] V24Bi20s.5 V (1-x2 Nizx Os.5 Cro1V20s Sh-Ni-V-O
Experimental Calculated em™'[2] x=0.04 cm™'[1] cm™ [35] x=0.05
cm’! cm’!
104 97 98 99 - 100
304 315 304 302 303 302
A, 404 406 406 406 406 405
480 489 480 476 483 481
526 527 528 527 527 528
994 1001 997 995 995 997
146 149 143 142 143 143
Bre 700 700 702 700 698 700
Bs, 200 191 196 193 196 194
- 848 - 856 - 856
280 297 283 283 282 282
B 701 701 i 787 -
Other 959 956 956
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This shift signifies the incremental presence of foreign additives and a
corresponding elevation in the proportion of associated phases, as elucidated in

Table 5.4
5.3.4. Surface Analysis and Elemental Composition

Figure. 5.4(a-d) displays scanning electron microscope images of Va.
Ni2xSbxOs.5 for 0.05 <x < 0.08 compounds exhibiting a flake/plate-like architectural
morphology. All SEM images were captured at a magnification of 2 pm for all molar
fractions. The mean particle size decreases as the molar fraction increases from
x=0.05 to 0.08. The assessment of irregular flake size distribution was investigated
through histogram analysis employing the Image J software, revealing a Gaussian
profile [31], [46]. The particle sizes fall within the micrometer scale, ranging from
0.58 pm, 0.47 um,0.46 um, and 0.45 pm for x = 0.05, 0.06, 0.07, and 0.08,
respectively, as shown in Fig. 5.4(e-h). Fig. 5.4(i) displays the bar diagram showing
the weight % of Antimony, Nickel, Vanadium, and Oxygen elements present in the
compound V2.xNixSbxOs.5, as obtained from the EDX spectrum. Table 5.5 displays
the weight % and atomic % of Antimony, Nickel, Vanadium, and Oxygen elements
present in the compound V2.xNi2xSbxOs.5, as obtained from the EDAX spectrum. The
bar diagram provides detailed insights into the elemental composition of the material,
confirming the successful incorporation of Ni and Sb into the V2Os matrix, and the
measured values reflect the stoichiometric ratios intended during synthesis, which are
critical for understanding the influence of NiO and Sb>O3 on the material's structural
and electrical properties, correlating elemental content with N1iV20s and SbVO4 phase
formation. The discrepancy between the crystallite size obtained from XRD and the
particle size measured from a SEM histogram often occurs since XRD provides the
crystallite size, which is the size of coherently diffracting domains within a particle.
These crystallites are single, continuous regions of the same crystal structure.
However, a single particle seen in SEM can be composed of multiple smaller
crystallites, and SEM gives the physical dimensions of the entire particle, which can
be larger than the crystallites measured by XRD, especially if the particle is made of
multiple crystallites aggregated together [54].
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Figure.5.4: (a)—(d)) depicting the SEM micrographs of V2.xNi>«SbxOs.s ceramics with
x=0.05, 0.06, 0.07 & 0.08 in 2um magnification. (e)-(h) indicating the histograms
representing the average particle size of V.xNi2zSbxOs.s ceramics at x=0.05, 0.06,
0.07 & 0.08 respectively. (i) Displays the Weight% of Antimony, Nickel, Vanadium,

and Oxygen elements present in the compound V>.xNi2Sb:Os.5, as obtained from the
EDX spectrum.

Table. 5.5: Displays the Weight% and atomic% of Antimony, Nickel, Vanadium, and
Oxygen elements present in the compound V>.xNi2«SbxOs.s, as obtained from the EDAX
spectrum

X values 0.05 0.06 0.07 0.08
Cg;’s’i’”e”’ Weight % | Atomic % | Weight % | Atomic % | Weight% | Atomic% | Weight% | Atomic %
ements
Sb 3.18 1.19 3.67 1.40 4.01 130 | 0725 | 0285
Ni 2.60 2.06 2.97 231 4.05 237 | 0465 | 03.57
\% 88.08 | 80.18 | 8543 | 7801 | 7808 | 67.19 | 7521 | 62.41
0 6.14 16.57 7.93 1828 | 1118 | 29.14 | 1289 | 31.17

The EDX spectrum and mapping of Sb-Ni-V-O microparticles are given in
Figure. 5.5(a-f). Figure. 5.5(a) reveals the EDX spectrum with distinct peaks

corresponding to V, O, Sb, and Ni, indicating the successful incorporation of these
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elements into the compound. The absence of extranecous signals in the EDAX
spectrum corroborates the chemical purity of the synthesized material. Figure 5.5 (f)
displays the elemental mapping of the Sb-Ni-V-O-8 sample, while Figure 5.5 (b, ¢, d
& e) illustrate the spatial distribution of oxygen, antimony, vanadium, and nickel,
respectively. The elemental mapping data aligns well with the theoretical
stoichiometric ratios, confirming the reliability of the EDX analysis for compositional

validation in this study.

Fig.5.5(a) EDS spectrum of V>-xNix»SbxOs-s compounds for x=0.08, elemental
mapping showing the presence of (b)Oxygen, (c)Antimony, (d)Vanadium, and
(e)Nickel, and(f) Sb, Ni, V & O

5.3.5. X-ray photoelectron spectroscopy (XPS)

Figures 5.6, 5.7 & 5.8 present the high-resolution X-ray photoelectron spectra
of V2xNi2xSbxOs-5 compounds, with the molar concentration x varying from 0.05 to
0.08. The spectral peaks have been meticulously deconvoluted using CASA XPS
software to analyze the valence stability and electronic states of the V2p, Sb3d, and
NiZp orbitals. Specifically, figure 5.6(a—d) displays the deconvoluted XPS spectra of
the V2p orbitals, providing insights into the oxidation states and chemical
environments of vanadium within the V>-—xNi2xSbxOs-5 system (0.05<x<0.08). The
V2p energy levels exhibit a distinct splitting into two components due to the spin-
orbit coupling of the V 2ps and V2p1.; states, with an energy separation constant AE
=7.6 eV, aligning with the characteristic AE value observed for orthorhombic V205

structures[7]. This splitting reflects the intrinsic strength of electronic interactions and
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the extent of orbital energy separation within the vanadium-based system. The area
ratio of these two components remains fixed at 2:1 across all molar fractions (x),
indicating a higher population of the V2ps3. level relative to the V2pi. level. This
consistent asymmetry is emblematic of the electronic configuration in many
transition-metal systems and underscores the pronounced spin-orbit coupling

characteristic of vanadium compounds [7].
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Figure 5.6(a-d): Curve fitting of the V2p XPS spectra of V>.xNi2Sb:Os.5 samples for
x=(a)0.05, (b)0.06 (c)0.07 and (d)0.08 respectively

Peak analysis was performed using advanced deconvolution techniques to
resolve the asymmetry in the peak profile of the V2ps/ spectral state. The dominant
peak, positioned at a binding energy of 516.9 eV, was attributed to the V°>* oxidation
state, whereas the peak corresponding to the V#* oxidation state was observed at 516.1
eV. This finding underscores the minimal presence of the V#" state across all molar
fractions (x) in the sample. Additionally, a consistent binding energy shift of 0.8 eV
between the V*" and V°* states was identified for all compositions, signifying the

coexistence of both oxidation states within the material. The observed energy

210



Chapter 5

separation highlights the subtle modifications in electronic configuration, reflecting

the interplay between oxidation states and the material's electronic structure.

Figure 5.7(a—d) presents the spectral profiles corresponding to the Sb3d core
levels in the V2.xNi2xSbxOs.5 samples (0.05<x<0.080). The spectra distinctly exhibit
the characteristic peaks associated with the Sb3d core levels, which are further
resolved into the Sb3ds2 and Sb 3ds» components as a result of spin-orbit coupling.
This splitting is indicative of the inherent electronic structure and the spin-orbit

interaction within the antimony species embedded in the material matrix [55].
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Figure 5.7(a-d): High-resolution XPS spectra of Sb3d, taking into account of the Ols
for Shirley background determination (binding energy relative to the Ols level at
530.0 eV) in VoxNinSbiOs.s samples for x=(a)0.05, (b)0.06 (c)0.07 and (d)0.08
respectively

In the spectra, the Sb3ds/ peak is the more intense peak in the Sb 3d doublet
and hence would be the preferred peak for quantification purposes and chemical state
identification. The Sb3d spectrum displays distinct peaks associated with Sb° metal
atom and Sb*"ion. The peaks observed at binding energies of 523.9 eV and 539.6 eV

are attributed to the Sb 3ds» and Sb 3d3. states of Sb*", confirming the presence of
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Sb,0O3. Additionally, two peaks at 524.0 eV and 540.2 eV correspond to the 3ds,» and
3ds, states of Sb’, respectively, indicating the presence of metallic Sb [56], [57]. For
instance, shifts in the binding energy can indicate changes in the oxidation state, while
the relative intensities of the peaks can provide information about the local
environment and coordination of the Sb atoms. The intensity of the O/s peak is
sufficiently strong with a binding energy of 530.2 eV, placing it close to the Sb3ds.

level, as illustrated in Figure 5.7.

Prior research indicated that the O /s peak, frequently overlaps with the Sb3ds,
level [57], [58] . Here, there is a binding energy difference of 5eV, allowing for the
deconvolution of the Sb3ds,, and O /s peaks separately. The proximity of the O /s peak
to the Sb3d5.2 level indicates a correlation or coupling between oxygen and antimony
states, which may be an indication of chemical bonding or coordination in the
antimony oxide structure. O /s core level peak has three different oxygen contributions
located at 529.5 eV, 530.35 eV, and 531.56 eV. While the first component at 529.5
eV corresponds to oxygen ions associated with vanadium/antimony-oxygen bonds in
V70s, the peaks at 530.35eV and 531.56 eV are associated with surface oxygen
defective sites and chemisorbed hydroxyl groups (OH), respectively [30], [57], [59].
In this study, the binding energies of Sb3d and Ol/s orbitals in the compounds
exhibited a minor blue shift as the molar fraction x is increased, which is associated

with the effects of foreign particle size, as noted in earlier studies.

Figure 5.8(a-d) illustrates the peak-fitted XPS spectrum of the NiZp region,
revealing two distinct spin-orbit split peaks corresponding to NiZp3» and NiZpip,
positioned at binding energies of 855.5 eV and 873.1 eV, respectively. The presence
of these primary peaks is corroborated by the appearance of two characteristic satellite
peaks, observed at binding energies 5-7 eV higher than the principal peaks. These
features are consistent across the V2xNi2xSbxOs.s samples for the composition range
0.05<x<0.08 providing critical insights into the electronic structure and oxidation
states of nickel within the system. The distinct doublet splitting observed in the Ni2ps/2
and Ni2pi peaks indicates the coexistence of Ni*" and Ni** ions within the Ni2p
region. The binding energies associated with Ni** are centered at 856.8+0.1 eV and
873.6+0.01 eV, while those for Ni*" are located at 855.5+0.01 eV and 872.7+0.01 eV,
consistent across all molar fractions (x). Furthermore, the presence of satellite peaks

confirms that Ni?" is the predominant species in the system, aligning with previously
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reported values in the literature [60], [61]. It is well established that the intensity of
the peak at 856 eV increases due to defects arising from various surface treatments.
Consequently, it is posited that the defect structure contributes to the specific final

state represented by the peak at 856 eV, although it does not directly indicate Ni [62].

46000

460009 o (a)
20312 X-0.05 44000
44000 4
o @ 420004
n A
A 42000 8]
. S 4
o T 40000
£ E
= 40000
g von S 38000
o
38000 4 36000
36000 T T T T 34000 T T T T
840 850 860 870 830 890 840 850 860 870 880 890
Binding Energy (eV) Binding Energy (eV)
44000
34000 4
Ni2p @
42000 330004 X-0.08
2 o 320004
& 40000 ~
< 3 310004
7 g
Z =
= &
g 38000 £ 30000+
&) S
Q29000
36000
28000
34000 : . . . 27000
840 850 860 870 880 890

840 8;0 3(Ii0 8"70 8&0 890
Binding Energy (eV)

Figure 5.8(a-d): XPS spectra for the Ni 2p in V>..Ni2Sb<Os.s samples for x=(a)0.05,
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5.3.6. Optical Studies: UV-Visible spectroscopy

The UV-Visible diffuse reflectance spectrum of the synthesized V».
xNi2xSbxOs.5 samples recorded for different mole concentrations x=0.05, 0.06, 0.07 &
0.08 is depicted in Figure 5.9(a). Upon analyzing the diffuse reflectance spectra, it is
observed that there's an absorption onset around 500 nm, with a transition to higher
reflectance occurring in the 700 nm range. A subtle decrease in the reflectance edge
is observed as the mole concentration corresponding to Sb and Ni ions increases. This
minor variation is caused by band gap restructuring, which influences the conducting
behavior of the sample. The redshifts in the absorption onset with mol fraction indicate

a decrease in the band gap energy of the specimen [63]. The Kubelka-Munk equation
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was utilized to transform the reflectance data, and subsequently, the optical bandgap
energy value was calculated [64]. The investigation reveals a decrease in the optical
band gap (Eg) from 2.28 eV to 2.22 eV (Table. 5.1) as the mole concentration
increases from x = 0.05 to 0.08 as in Figure 5.9(b). This intimates a straightforward
optical transition, hinting at a surge in doping concentration, thereby instigating an
augmentation in the surplus carrier concentration within the specimens. The rise in
Sb>* and Ni** ions is concurrent with an increase in V#* or V>* ions. The presence of
V#" ions, known for their absorption band centered at 770 nm, contributes to band gap

narrowing [29].
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Figure. 5.9(a)Diffuse reflectance spectrum of V>xNiz>SbxOs. s samples recorded for
different mole concentrations x=0.05, 0.06, 0.07 & 0.08 (b) KM plot showing optical
band gap energy variations as a function of mole fraction

This phenomenon can likely be attributed to the inverse Burstein-Moss effect.
Typically, the Burstein-Moss shift is recognized as a key factor in band gap widening
in degenerate semiconductors doped with donor impurities. In the case of our complex
compound, V2xNixxSbxOs.5, the substitution of divalent Ni ions and trivalent Sb ions
for pentavalent vanadium 1ons induces electron vacancies in the Ni 3d, Sb 5p, and O
2p bonding orbitals. As a result, holes become the predominant charge carriers within
the material [1]. As the concentration of free carriers escalates, the widening of the
bandgap is offset by a narrowing effect induced by the correlated movement of charge
carriers and their scattering due to interactions with ionized impurities [2]. Thus,
within Sb-Ni-V-O compounds, Ni** and Sb*" ions serve as donor impurities, resulting
in the occupation of hole states at the top of the valence band. This occupancy induces

an expansion of the valence band and a corresponding reduction in the bandwidth.
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The samples may have excellent optical behavior, according to this result. Thus, these

materials find wide use in various optoelectronic and electrochemical devices [29].
5.3.7. Photoluminescence spectroscopy

Figure. 5.10(a-d) shows the room temperature PL spectra of V2xNi2SbxOs.5
compounds, recorded in the 400-600 nm range under an excitation wavelength of 330
nm. The photoluminescence (PL) properties of V2Os are well-known for their high
sensitivity to defects and imperfections within the material's structure [65]. In V20Os,
photoluminescence encompasses both phosphorescence and fluorescence, which are
directly influenced by the vibrational states of the V=0 double bond. Upon
illumination, the V=0 bond facilitates an electron transfer from oxygen to vanadium
ions, particularly on the surface, creating excited singlet and triplet states [66]. These
excited states eventually recombine with ground-state holes, resulting in fluorescence
and phosphorescence emissions. Photoluminescence spectroscopy was employed to
investigate the V2.NixxSbxOs.5 compounds, focusing on the evaluation of bandgap
energy, electron-hole recombination dynamics, and electron trapping phenomena

induced by the incorporation of NiO and Sb,O3 into the V205 matrix [6].

In pristine V20s, the conduction band (CB) is split into V3d sub-bands with
energy gaps of approximately 0.6 eV and 0.75 eV, while the valence band (VB) is
primarily composed of O2p orbitals [65]. The introduction of oxygen vacancies (V-
02) in the V05 lattice creates defect states within the bandgap, acting as trapping sites
for charge carriers and forming intermediate energy levels between the CB and VB
[67]. These defect levels contribute to multiple recombination pathways involving the
VB, CB, and defect states. The doping of Ni and Sb is expected to modify these band
structures and recombination [23]. The PL emission spectrum of Sb-Ni-V-O
compounds exhibits prominent bands in the blue-green region, including 417 nm, 425
nm, 435 nm, 450 nm, 467 nm, 481 nm, and 492 nm, along with broad green emissions
at 541 nm and 564 nm. As per previous reports [68], the PL emission peaks located
between 400 and 570 nm belong to an intrinsic transition, and the PL peaking occurs
owing to the recombination of an electron-hole pair from the bottom of the V3d
conduction band to the top of the O2p valence band [66], [69]. Specifically, the

emissions between 417 nm and 492 nm are attributed to band-to-band transitions from
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the shallow donor levels associated with vanadium interstitials to the valence band

[70].

(a)42} | — v S 463 (b)21} %=0.06 - V, Ni, Sb,0, 564
< 40+ 5 20
541
1>—< 38 B : 19 |
= 361 419 = 18}
@ 34| 450 467 ‘»
| -
o 321 438 Q 17
= c
—1 30F 482 - 161
o o8l 492 o 45t
261 , , , , 14y . , . .
400 450 500 550 600 400 450 500 550 600
Wavelength (nm) Wavelength (nm)
(c) 13 (d) 18 .
X=0.07 -V, Ni, $b.0,. 54 X008V, N, 6.0,
5 12} < 7T \ N
= o
> = 167
2 1 2 15| o
£ 10t *g 14} ~:'1:T423 n 513 ¢ \-\
i 7 ’-._143!5 f;m £ \
ol o 131 "Wl \'-492 3
\;\\}}1_4\ '
o 12+ )
400 450 500 550 600 400 450 500 550 600
Wavelength (nm) Wavelength (nm)

Figure.5.10: (a) Photoluminescence spectrum of V>xNizSbxOs_s5 compounds for
(a)x=0.05 (b)x=0.06 (c)x=0.07 & (d)=0.08.

Incorporating Sb and Ni ions induces defect formation, which promotes
splitting of these emission bands, yielding additional peaks with varying intensities.
Strong PL emissions at 541 nm and 564 nm are ascribed to point defects, representing
the radiative recombination of electron-hole pairs from the lowest split-off V3d
conduction band to the O2p valence band top [69]. The PL peaks centered at 564 nm
(2.20 eV) and 541 nm (2.29 eV) correspond to band-edge transitions in V,0s, aligning
with the bandgap energy of 2.2-2.3 eV, as reported from Kubelka-Munk analysis of
Sb-Ni-V-O compounds [25]. The slight shifts in the band-edge peak with increasing
Sb and Ni concentration, represented by the increase in mol fraction x from 0.05 to

0.08, further confirm the presence of doping states in the V,Os structure [65], [66].

216



Chapter 5

AC Conductivity and Dielectric Studies

Figure 5.11(a & b) illustrates the variation of room temperature dielectric
constant and dielectric loss factor (tand) with frequency for V2xNi2SbxOs. 5 samples
recorded for different mole concentrations x= 0.05, 0.06, 0.07 & 0.08. A clear
dielectric dispersion is observed at lower frequencies, indicative of dipole relaxation
[1],[13]. At lower frequencies, both the dielectric constant and loss exhibit high
values, attributed to the sufficient time allowed for dipoles to align with the applied
electric field and to the contribution of space-charge polarization at the electrode-
electrolyte interface [71]. As frequency increases, the dielectric constant and loss
factor decrease monotonically, eventually reaching a constant value. This transition is
due to the diminishing space charge polarization and reduced ionic diffusion in the
direction of the applied field, resulting in decreased contributions to the dielectric
properties. This behavior confirms the non-Debye-type nature of the Sb-Ni-V-O
samples [72]. At higher frequencies (f>1 KHz), the dielectric constant and dielectric
loss remained relatively constant, suggesting that the dipoles are unable to rotate

quickly enough to follow the alternating field [73], [71].

These findings align with the Maxwell-Wagner polarization model, which
explains that such interfacial polarization contributes significantly at lower
frequencies, particularly in polycrystalline materials, where grain boundaries act as
barriers to charge carriers [13], [74]. Furthermore, the observed dielectric behavior
could also be influenced by space charge polarization, which tends to dominate at
lower frequencies, as seen in similar mixed metal oxide systems [1], [13], [75]. From
Figure 5.11(a), it is evident that as the mole concentration of Sb and Ni increases from
x=0.05 to x=0.06, the dielectric constant decreases from 32,359 to 6,335 at 10 Hz.
However, with further increase in mole fraction, the dielectric constant rises to 18,316
for x=0.07 and 25,577 for x=0.08. The dielectric constant is greatly improved by the
addition of Ni ions at x = 0.05, because of the increased concentration of charge
carriers and electronic polarization. However, at x=0.06 the incorporation of Sb ions
introduces structural distortions and reduces carrier density, hindering dipolar and

interfacial polarization. This, combined with increased grain boundaries that scatter

217



Chapter 5

charge carriers, leads to a substantial decrease in the dielectric constant [13]. As the
concentration increases further to x = 0.07 and x = 0.08, the dielectric constant rises
again due to stabilization of the lattice and possible formation of larger conductive

grains. This reduces grain boundary resistance and enhances polarization [1], [15].
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Figure 5.11 a) Variation of dielectric constant with frequency and b) Tangent loss vs

frequency for V2xNixSbxOs. s samples recorded for different mole concentrations
x=0.05, 0.06, 0.07 & 0.08

The tangent loss represents the ratio of the energy dissipated per radian in the
material to the energy stored at the peak of polarization, providing insight into the
underlying mechanisms of AC conduction and dielectric relaxation. This critical
parameter serves as a gauge for understanding the energy losses and polarization
dynamics in the system, offering valuable information on the material's dielectric
properties and behavior [76]. A similar non-linear trend like the dielectric constant is
observed in the tangent loss factor, as depicted in the figure. 5.11(b). At x =0.05, the
high tangent loss is primarily due to the significant polarization effects and enhanced
charge carrier density introduced by Ni ions, which increase energy dissipation within
the material. At x = 0.06, the incorporation of Sb ions introduces structural distortions
and increased grain boundaries, reducing carrier mobility and hindering polarization
mechanisms. This leads to lower energy dissipation and, consequently, a reduced
tangent loss. With a further increase in mole concentration, the lattice becomes more
stabilized, grain boundary resistance decreases, and larger conductive grains are likely
to form. This enhances polarization efficiency, leading to greater energy dissipation

and consequently a higher tangent loss. These observations highlight notable
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modifications in the dielectric properties of Sb-Ni-V-O compounds, underscoring the

importance of mole fraction on their electrical behavior [13], [15].

The AC conductivity of the as-prepared Sb-Ni-V-O samples was investigated
as a function of frequency using the measured values of dielectric permittivity and
tangent loss following Equation [1] at room temperature [13]. The results are

presented in Figure. 5.12(a)

0gc(W) = w gy g.tand (1)

Our analysis revealed that the AC conductivity of Sb-Ni-V-O compounds
remains constant within the frequency range of 10 Hz to 1 MHz. Beyond this range,
at higher frequencies, the conductivity increases linearly. This low-frequency
independent behavior is characteristic of many semiconducting materials [11], [73],
[77-78]. Furthermore, figure.5.12(a) demonstrates a non-linear variation in the AC
conductivity values as the mole concentration of Sb and Ni is increased. As the mol
concentration of Sb and Ni increases from x = 0.05 to 0.06, the AC conductivity
initially increases and reaches a maximum value. However, further increments in the
‘x” lead to decreased conductivity. This observed trend can be attributed to the
competing influences of Ni and Sb ions on the material's conductivity. Our findings
are consistent with previous reports on the conductivity variation with Ni
concentration in V20s, where conductivity increases with increasing Ni ion
concentration [1]. In the present Sb-Ni-V-O compounds, the presence of Ni ions
initially dominates the conductivity behavior, leading to the observed increase at
lower concentrations. However, as the Sb concentration is further increased, its
influence becomes more prominent, resulting in a decrease in conductivity [15]. This
interplay between Sb and Ni ions effectively modifies the AC conductivity properties
of Sb-Ni-V-O as their concentrations are varied. By adding nickel ions into the V205
lattice, Ni ions function as electron donors. This addition improves conductivity
because it improves the availability of charge carriers, such as electrons or tiny
polarons. Additionally, because of their smaller ionic radius than V°*, which promotes
improved charge carrier mobility, Ni ions tend to lessen lattice distortion. In contrast,

Sb ions have a greater ionic radius than V°*, which might cause lattice distortions and
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interfere with the conducting routes in the V,0Os matrix. Furthermore, at higher
concentrations, Sb ions may act as charge-carrier traps, reducing the mobility and total
conductivity of the carriers. Thus, the observed non-linear fluctuations in electrical
conductivity and dielectric properties were caused by the interaction between the

distortion effects of Sb and the electron-donating behaviour of Ni [1], [15].

The variation of impedance (Z) with the frequency of Sb-Ni-V-O samples,
presented in Figure 5.12(b), exhibits a consistent trend across various mole
concentrations. The impedance of the prepared samples decreases significantly with
increasing frequency, indicating a transition from predominantly ionic to electronic
conductivity. At lower frequencies, Z values are significantly higher but decrease
steadily as frequency increases, indicating an enhancement of AC conductivity. This
trend is ascribed to the relaxation of space charge at higher frequencies [79]. As the
frequency increases, trapped charges are released, reducing the overall impedance. At
very high frequencies, the electronic component dominates, leading to the
convergence of impedance curves. This understanding suggests that Sb-Ni-V-O
materials could be particularly well-suited for applications involving alternating
currents, such as capacitors or high-frequency components [13]. The frequency-
dependent conductivity data, obtained experimentally for various mole fractions, were
fitted using the Almond-West formalism to estimate the values of dc conductivity,
hopping frequency and frequency exponent ‘n’ [80]. The Almond West formalism can

be represented as
o(w) = 0y, [1 + (wiH)n] (2)

The fitting results, presented in Figure. 5.13 (a-d), demonstrate excellent
agreement between the experimental data and the Almond-West model, with adj R-
squared values ranging from 0.9963 to 0.9991 and Chi-squared values between 2.09E-
11 and 6.54E-12. These findings confirm that the Almond-West formalism applies to
all the investigated Sb-Ni-V-O compositions, providing valuable insights into the
electrical properties of these materials [81]. The Almond fit analysis yields the
crossover frequency values, which separate the dc and ac regions, for each mole

fraction ‘x’. As shown in Table 5.6, the AC conductivity at 10 MHz exhibits a
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significant increase from 4.48 x 10~* S/m to 7.78 x 10~* S/m as x increases from 0.05
to 0.06. However, further increase in ‘x’ from 0.07 to 0.08 result in a decrease in to
6.94 x 107* S/m and 6.25 x 10* S/m, respectively. The DC conductivity exhibits a
similar behavior, with values summarized in Table 5.6. The addition of Ni and Sb to
the V20s lattice initially enhances the DC conductivity due to an increase in charge
carrier concentration and improved electron hopping between adjacent vanadium
sites. The dopants, substituting for vanadium, introduce localized states that facilitate
the hopping of electrons between V** and V*, which is a key conduction mechanism
in V20s. This process increases the overall charge carrier mobility, leading to a higher
conductivity as observed in the initial increase in 64. from 1.63 x 10 t0 2.79 x 10~
S/m on increasing x from 0.05 to 0.06. However, as the concentration of Ni and Sb is
further increased, the lattice becomes increasingly disrupted, leading to the formation
of defects such as oxygen vacancies and lattice strain. These defects can trap charge
carriers and scatter the hopping electrons, effectively reducing the mobility of the

charge carriers and, consequently, the DC conductivity.
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Figure.5.12 (a)Variation of AC conductivity with frequency (b)Variation of
impedance with frequency for V2.xNi2uSbxOs. s samples recorded for different mole
concentrations x=0.05, 0.06, 0.07 & 0.08

This results in a decrease in cac to 2 x 107* S/m at higher dopant concentration x=
0.08, as the negative effects of increased doping and disorder outweigh the benefits of
enhanced electron hopping [1], [15], [81]. These findings provide valuable insights into the
optimization of Sb-Ni-V-O compositions for specific applications, highlighting the

importance of careful control over the mole fraction to achieve desired electrical properties.
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Table 5.6. Almond West fitted parameters of V2-xNi2SbxOs. s samples recorded for

different mole concentrations a) x=0.05 b) x=0.06 ¢) x=0.07 d) x=0.08

X 6a(S/m) | wy (Hz) n Chi? Adj R?
0.05 1.63x10 6.13x10° 1.219 1.92x10712 0.999
0.06 2.79 x10% 5.78 x108 1.103 6.54 x107'2 0.999
0.07 2.01 x10% 3.96 x10° 1.041 2.15x10!! 0.997
0.08 2.00 x10°* | 4.42x10° 1.004 2.09 x10°!! 0.996
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Figure 5.13(a-d). Almond west curve fitting for AC conductivity vs frequency for V.
xNi2aSbxOs. s samples recorded for different mole concentrations a) x=0.05 b) x=0.06
¢) x=0.07 d)x=0.08

5.3.9. Anti-Microbial Studies

In this section, we explore the antimicrobial efficacy of V2xNixSbxOs.s

compounds against a spectrum of microbial organisms, including the fungi

Penicillium and Aspergillus niger, as well as gram-positive bacteria (Staphylococcus

aureus and Bacillus cereus) and gram-negative bacteria (Escherichia coli and
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Pseudomonas aeruginosa). The V,xNixoxSbxOs.5 (0.05< x < 0.08) compounds exhibit
potent broad-spectrum antimicrobial efficacy against both fungal and bacterial strains.
Dispersed in dimethyl sulfoxide (DMSO) and assessed via the disc diffusion assay,
the synthesized compounds exhibited substantial antifungal activity, yielding
inhibition zones of 25 mm against Aspergillus niger and 19 mm against Penicillium
spp. Antibacterial efficacy was evaluated using the well diffusion method,
demonstrating inhibition zones of 18 mm for Staphylococcus aureus, 15 mm for
Escherichia coli, and 20 mm for Pseudomonas aeruginosa at a concentration of
200ul. However, gram-positive aerobic bacteria, Bacillus cereus (6 mm), exhibited
marked resistance. Figure.5.14(a-f) displays the representative photographs of zone
of growth inhibition by V2xNi2xSbxOs.5 compounds against bacteria and fungi with
(a) Pencillium (150 & 200 pl) (b)A4spergillus Niger:(150 & 200 ul), (¢) E-Coli (50
and 100 pl) (d) S. Aureus (100 pl) (e) E. coli (200 ul ) (f) P. aeruginosa(200 pl).
Figure.5.15 presents the bar diagram comparing the zone of inhibition of Va.
xN12xSbxOs.5 compounds (0.05<=x<=0.08) against the growth of gram-positive and
gram-negative bacteria and fungi for 200 pl concentration. From the bar diagram, it
is evident that as the mol fraction ‘X’ increases, the zone inhibition against bacteria
and fungi increases with an increase in Sb and Ni ion concentration. Table.5.7
inpresents the zone inhibition values (in mm) and minimum inhibitory
concentration(mic) values of gram-positive bacteria, gram-negative bacteria, and
fungi for V2.xNi2xSbxOs.s compound systems for x=0.08 at 50, 100, 150, & 200 pl

concentration

The antimicrobial activity stems from a combination of oxidative stress,
membrane disruption, enzyme inhibition, and structural damage mechanisms, which
are effective against both fungal and bacterial cells [26-27]. The antimicrobial
mechanism of V2.xNi2xSbxOs.s compounds against fungi, gram-negative and gram-
positive bacteria is likely multifaceted, involving several biochemical and cellular
disruptions. All these microbes have distinct structural and metabolic characteristics
that are targeted by the Ni and Sb incorporated V,0s compound. The primary
antifungal mechanism of action involves the generation of reactive oxygen species,
such as superoxide anions (O>"), hydroxyl radicals (OHe), and hydrogen peroxide

(H202), upon interaction with the microbial cells [20].
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Table.5.7 presents the zone inhibition values (in mm) and mic values of gram positive
bacteria, gram negative bacteria and fungi for V>.xNi>«SbxOs.5 for x=0.08 compound
systems for 50, 100, 150 & 200 ul concentration

;10 Bacgj‘i‘;‘;ﬁflgus 50ul | 100 I | 150 1 [ 200 ul | +ve | -ve
1. | Escherichia coli R 12 12 15 23 7
2. | Staphylococus aureus 12 15 16 18 30 10
3. | Pseudomonas aeroginosa | R 16 18 20 22
4. | Bacillus cereus R R R R 21
5. | Pencillium R R R 19 22
6. | Aspergillus niger R R 12 25 23 10

V7205 is known for its redox activity, which facilitates electron transfer,
promoting ROS generation [82]. When doped with Ni and Sb, this redox cycling of
V205 is enhanced, leading to an increased production of ROS. Aspergillus niger,
Penicillium, Staphylococcus aureus, Escherichia coli, and Pseudomonas aeruginosa
are sensitive to oxidative stress, and the excess ROS damages their cellular
components, including lipids, proteins, and nucleic acids [26],[67-68]. This results in
membrane disruption, mitochondrial dysfunction, and eventual cell death. Despite
Pseudomonas Aeruginosa's lower outer-membrane permeability due to the absence of
nonspecific porins, which typically makes it more resistant to hydrophilic
antimicrobial agents [83], our results demonstrated a significant inhibition zone of 20
mm at a 200 pL concentration. This suggests that the Sb-Ni-V-O-8 compound
effectively penetrates the outer membrane, overcoming P.aeruginosa’s defense
mechanisms. The large inhibition zone of 20 mm observed indicates the bacterium's
heightened susceptibility, likely due to its thin peptidoglycan layer and lipid-rich outer
membrane, which may facilitate the compound's action at the tested concentration. In
addition, the cell membranes of fungi are composed mainly of ergosterol and
phospholipids, which are crucial for maintaining cell integrity and regulating
permeability [84]. Ni**, Ni**, and Sb>*, along with V>* and V*" ions in the compound
matrix, may interact with the fungal membrane, thereby destabilizing its structure
[85]. These metal ions can bind to negatively charged components of the cell

membrane, leading to increased membrane permeability. Nickel ions destabilize
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bacterial cell membranes by interacting with negatively charged phospholipids,

increasing permeability, and causing leakage of intracellular content.

Figure. 5.14 Representative photographs of zone of growth inhibition by
V2_xNizxSbxOs_s compounds against bacteria and fungi:(a) Pencillium(150 & 200 ul)
(b)Aspergillus Niger:(150 & 200 ul), (c) E-Coli (50 and 100 ul) (d) S. Aureus(100 ul)
(e) E. Coli(200 ul ) (f) P. aeruginosa(200 ul).
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Figure. 5.15: Bar diagram comparing the zone of inhibition of V,_yNizxSbxOs_s
compounds (0.05<=x<=0.08), against the growth of the gram positive-gram negative
bacteria and fungi for 200ul concentration.
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This effect is more pronounced in Gram-negative bacteria, such as E. coli and
Pseudomonas aeruginosa, which have thinner cell walls and an outer membrane that
is more easily disrupted [86]. Additionally, vanadium, nickel, and antimony ions can
interfere with the enzymatic machinery of microbes. The doped vanadium pentoxide
compounds inhibit several key metabolic enzymes, particularly those involved in
energy production and macromolecule synthesis. Nickel ions are known to interfere
with the function of metalloenzymes by replacing essential metal cofactors, such as
magnesium or iron, which are critical for enzyme activity [86-87]. Antimony ions can
disrupt protein folding by interacting with thiol groups, thus inactivating enzymes
[88]. This interference is particularly effective against Penicillium, Aspergillus niger
and bacteria, which have complex metabolic pathways that rely on enzymatic

activities for cellular growth and spore germination.

ROS generated by V2.xNi2xSbxOs.5 can also lead to oxidative damage to fungal
DNA and RNA. In Aspergillus niger and Penicillium, which have high replication and
transcription rates, oxidative damage to nucleic acids results in breaking of DNA
strands, impairing replication and inducing apoptosis in fungal cells [21], [26]. This
also causes RNA oxidation, which disrupts protein synthesis by damaging mRNA and
ribosomal RNA, preventing the proper translation of essential proteins. This
ultimately halts fungal growth and leads to cell death. ROS can also cause oxidative
damage to bacterial DNA and RNA, inhibiting cell division and protein synthesis.
This damage is particularly detrimental to rapidly dividing bacteria like
Staphylococcus aureus and E. coli [21]. Iran Sheikhshoaie et al. [90] reported the
prospects of vanadium complexes impairing the formation of biofilms of some
bacteria, which are critical for microbial survival and resistance. Ni and Sb
incorporated V,0s could interfere with the production of extracellular polymeric
substances that form the structural basis of biofilms, leading to weakened biofilm
formation. By disrupting biofilms, Sb-Ni-V-O compounds would make bacterial cells
more susceptible to conventional antibiotics, potentially improving the efficacy of

combination therapies.

5.4. Conclusion

In conclusion, we have successfully synthesized multi-cation complex metal

oxides of V2.xNi2SbxOs.5 for 0.05< x <0.08, as evidenced by X-ray diffractogram
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patterns displaying the standard orthorhombic alpha polymorphic phase of Vanadium
Pentoxide along with two low-intensity extra peaks corresponding to Ni and Sb
phases. Lattice parameters, crystallite size, microstrain, and dislocation density were
estimated, showing a decrease in crystallite size with increasing Ni and Sb dopants
due to enhanced defect formation. These defects inhibit grain growth, while secondary
phases like NiV20s and SbVOs relieve strain, reducing microstrain from 0.190 x 107
to 0.026 x 107, Additionally, cell volume is increased from 172 A3 to 177 A? due to
lattice expansion. Rietveld refinement analysis of the X-ray diffractogram data
confirmed the coexistence of three phases: the prominent V,0Os phase with an
orthorhombic structure, the NiV20s monoclinic, and the tetragonal SbVOg structures.
Histogram analysis of SEM images using Image J revealed a Gaussian distribution
of particle sizes, ranging from 0.58 pm to 0.45 pm for increasing molar concentration

< b

X,

Raman spectroscopy identified 11 vibrational modes characteristic of the a-
polymorphic phase of orthorhombic V,0s, alongside a blunt Raman band at 956 cm’
!, indicative of oxygen vacancies and V*" species within the V,xNixxSbxOs.s
composition, corroborating the presence of vanadates and confirming the
identification of the SbVOy4 tetragonal phase through Rietveld refinement analysis.
XPS analysis of V2.xNi2xSbxOs.s compounds confirms the dominant oxidation states
of vanadium (+5), antimony (+3), and nickel (+2). Deconvolution of the spectra,
necessitated by peak asymmetry, reveals minor contributions from V*', metallic Sb,
and Ni** ions. The O/s core level spectrum shows three distinct peaks, attributed to
oxygen atoms in vanadium/antimony-oxygen bonds, oxygen vacancies at surface
defect sites, and chemisorbed hydroxyl groups, respectively. The presence of satellite
peaks in the NiZp spectrum suggests valence fluctuations in Nickel. Analysis of
diffuse reflectance spectra from UV-visible spectroscopy indicated a subtle decrease
in reflectance edge with increasing mole concentration of Sb and Ni ions,
accompanied by a redshift in absorption onset, indicative of a decrease in band gap
energy from 2.28 eV to 2.22 eV, as mole concentration increased from x = 0.05 to

0.08. The PL emission spectrum of Sb-Ni-V-O compounds shows blue-green

emissions between 417 nm and 492 nm due to band-to-band transitions, while strong
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green emissions at 541 nm and 564 nm are linked to point defects and radiative
recombination. Shifts in the band-edge peaks with increasing Sb and Ni
concentrations confirm doping states in the V20Os structure The dielectric properties
of the compounds were found to be significantly influenced by their mole fraction.
The dielectric dispersion at lower frequencies and constant behavior at higher
frequencies align with the Maxwell-Wagner polarization model. The non-monotonic
dependence of the dielectric constant on Sb and Ni concentration suggests a complex
interplay between dipole relaxation and space charge polarization. The tangent loss
factor mirrored this trend, highlighting the dependence of energy dissipation and

polarization dynamics on mole fraction.

Furthermore, the AC conductivity of V2xNi2xSbxOs.s compounds exhibited a
non-linear dependence on mole fraction, with an initial increase followed by a
decrease. This behavior suggests a competing influence between Sb and Ni ions on
the conductivity. Impedance analysis revealed a transition from ionic to electronic
conductivity with increasing frequency, suggesting the potential suitability of these
materials for applications involving alternating currents. The Almond-West
formalism effectively described the observed conductivity behavior, providing
valuable insights into the electrical properties and their dependence on mole fraction.
The V2xNi2xSbxOs.s compounds exhibit broad-spectrum antimicrobial activity,
effectively inhibiting fungal strains such as Aspergillus niger, Penicillium, and
bacterial pathogens including E. Coli, Staphylococcus aureus and Pseudomonas
aeruginosa. The antimicrobial efficacy arises from oxidative stress, membrane
disruption, and enzyme inhibition mechanisms. Additionally, the possibility of
disruption of biofilm formation enhances bacterial susceptibility to antibiotics,
suggesting that these Sb-Ni-V-O compounds hold potential for advanced

antimicrobial and biofilm-targeted therapeutic applications.
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Chapter 6

Introduction

Semiconductor-based photocatalysis has emerged as a highly promising and
eco-friendly strategy for the degradation of organic and inorganic pollutants,
harnessing solar energy for advanced wastewater treatment [1], [2]. The
photocatalytic efficiency of such materials is primarily determined by their intrinsic
physicochemical properties, including band gap energy, specific surface area, pore
architecture, and morphological characteristics [3]. Conventional photocatalysts such
as titanium dioxide (TiO2) [4-5], zinc oxide (ZnO) [6], and tin oxide (SnO2) [7]
possess wide band gaps of 3.0 to 3.6 eV, rendering them active predominantly under
ultraviolet irradiation. Consequently, their limited visible-light absorption with < 5%
of the solar spectrum significantly hampers real-world applicability.Graphitic carbon
nitride (g-C3N4), a metal-free polymeric semiconductor, is extensively studied for
photocatalysis due to its structural stability, tri-s-triazine-based architecture, and
visible-light activity [8], [9]. With a band gap of ~2.7 eV, g-C3N4 efficiently absorbs
visible light for applications such as hydrogen evolution and antimicrobial action. Its
porous, amine-rich morphology enhances charge transfer and pollutant adsorption

[10-11].

But pristine graphitic carbon nitride suffers from limited light absorption, low
quantum yield, fast exciton recombination, poor charge mobility, and photocorrosion
during extended photocatalysis [12], [13], [14]. To overcome these limitations,
approaches like elemental doping, surface modification, co-catalyst loading, and
defect engineering have been employed to modulate its band structure and enhance
charge separation. Particularly constructing Type I, Type II, p—n junctions, and Z or
S scheme heterojunctions with semiconductors like TiO2 and ZnO significantly
improves interfacial charge transfer, redox ability, and light absorption across a
broader spectral range [14-16]. Recent efforts have focused on coupling graphitic
carbon nitride with semiconductors possessing compatible band alignments to
construct direct Z-scheme photocatalysts with improved visible-light utilization such
as g-C3N4/MoS; [17],[18], g-C3N4/AgzVO4 [19], g-C3N4/ZnO [20], ZnInS4/g-C3N4
[21], g-C3N4/InSe [22], g-C3N4-CuSe [23], g-C3N4/BaTiOs [24], g-C3N4/Bi203 [25],
g-C3N4/BiOBr [26], g-C3N4/Bi203/BiPO4[27], g-C3N4/CoTiO3[28], g-C3N4/AgaWO4
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[29], ZnO/g-C3N4[30], TiO2/g-C3N4 [31], BiOIO3/g-C3N4 [32] Bi203/g-C3N4 [33],
Ag@AgBr/g-C3N4 [34], FeTiOs/Fe doped g-C3N4 [35], TiO2/NiC0204/ g-C3N4 [36],
NiFe204/g-C3N4 [37].

Selecting semiconductors with band structures compatible with g-C3Ny offers
limited progress in enhancing g-CsNy4-based Z-scheme photocatalytic systems, as
materials like TiO,> and BiOCl, with band gaps greater than 3.0 eV, cannot absorb
visible light. Among the viable candidates, vanadium pentoxide has garnered attention
owing to its relatively narrow band gap of 2.3 eV, enabling effective absorption of
visible light. Its band edge positions with Ecg = 0.47 eV and Evg = 2.73 eV, exhibit
excellent energetic alignment with that of g-C3N4, having Ecs = —1.2eV & Evs =
1.5 eV, rendering it a promising counterpart for constructing an all-solid-state direct
Z-scheme photocatalyst. In such a configuration, the photoexcited electrons in the CB
of g-C3Nj4 retain potent reducing power, while the holes in the VB of V205 maintain
strong oxidative potential, synergistically promoting charge carrier separation and
enhancing the redox activity essential for advanced photocatalytic performance [38].
Thus V20s/g-CsNs Z-scheme photocatalyst enhances charge carrier separation,
boosting ROS generation (*OH and O»*7) capable of disrupting microbial membranes,
damage proteins and nucleic acids, ensuring broad-spectrum antimicrobial activity. It
improves visible-light harvesting, is reusable, and avoids toxic byproducts, making it

ideal for sustainable sanitation and water purification [39-40].

We have previously reported the synthesis of NiO incorporated V205 (Va-
xN13x0s.5 0.03 < x <0.06) [41-42], SboO3 incorporated V20s (V2xSbaxOs.5, 0.05 <x
<0.08) [43-45], NiO and Sb,03 incorporated V205 (V2xNi2xSbxOs.5 for 0.05<x<0.08)
[46], and analyzed its microstructural, optical, adsorptive, dielectric, and
antimicrobial applications. In the present study, we prepared the direct solid-state Z-
scheme V2xNi2xSbxOs.5/g-C3Ns heterojunction photocatalysts by a sonication-
hydrothermal method. The structural and optical properties of the V,.xNixxSbxOs.5/g-
C3Ny heterostructures were investigated using XRD, FTIR, UV-Vis DRS, and
photoluminescence spectroscopy, confirming heterojunction formation, superior light

absorption, and efficient charge separation. Photocatalytic performance was evaluated
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through Methylene Blue degradation, and the prepared heterostructures also

demonstrated significant antibacterial and antifungal activity.

6.1. Materials and Methods
6. 2.1. Synthesis of V2xNi2xSbxOs-5 (Sb-Ni-V20s) for 0.05<x<0.08

We have reported the synthesis of V2xNi2xSbxOs.5 (Sb-Ni-V20s), where X is
the mol fraction with 0.05 <x<0.08, via a conventional solid-state reaction route
where high-purity reagents, V20s, NiO, and Sb20s (all 99.99%, Sigma-Aldrich, USA)
were weighed in precise stoichiometric proportions and thoroughly ground for 3 hours
in an agate mortar to ensure homogeneity [46]. The blended powders were calcined
in alumina crucibles at 550 °C for 12 hours to initiate phase formation. The calcined
powders were then uniaxially pressed into 14 mm diameter, ~2 mm thick pellets and
sintered at 630 °C for 12 hours to promote densification and crystallinity. Finally, the
sintered pellets were reground to obtain uniform, fine powders for subsequent analysis

[46].
6.2.2. Synthesis of g-C3N4 nanoparticles

Bulk graphitic carbon nitride was synthesized through the thermal polycondensation
of urea, purchased from Sigma Aldrich. Specifically, 10 grams of urea were placed
in a silica crucible, which was then loosely covered with aluminum foil to control the
release of gaseous byproducts. The sample was subjected to calcination in a muffle
furnace at 550 °C for 4h, employing a controlled heating rate of 3 °C per minute. Upon
natural cooling to ambient temperature, the resulting yellow solid was finely ground
using an agate mortar and pestle to yield powdered bulk g-CsN4. This bulk material
was subsequently exfoliated to enhance its surface area and reactivity for further

applications [11].
6.2.3. Synthesis of V2xNi2xSbxOs-5/g-C3N4 (0.05<x<0.08) heterostructures

The reagents were precisely measured using an analytical balance, with 70 mg
of V2xNi2xSbxOs.5 (0.05<x<0.08) and 70 mg of g-C3N4 accurately weighed, preparing
four sample compositions for varying mol fraction x. Solution A was prepared by

dispersing 70 mg of Sb-Ni-V20s into 30 mL of methanol. This mixture was
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magnetically stirred for 30 minutes, followed by 80 minutes of sonication, with
intervals of 10 minutes of rest after every 20 minutes of sonication. Similarly, solution
B was prepared by dispersing 70 mg of g-C3N4 into methanol, following the same
procedure of 30 minutes of magnetic stirring and 80 minutes of sonication with
intermittent breaks as described for solution A. Subsequently, solution A was
gradually added dropwise to solution B under continuous magnetic stirring, which
was maintained for an additional 20 minutes to ensure thorough mixing. The
combined solution was then subjected to an extended sonication process for 1 hour
and 30 minutes to achieve a homogeneous dispersion. The samples were then prepared
through high-temperature treatment using an autoclave. Before use, the autoclave was
meticulously cleaned with chromic acid to ensure purity. The prepared solution was
then transferred into the autoclave, which was sealed tightly. Hydrothermal conditions
were applied at 100 °C for a duration of 18 hours. Upon completion, the resulting
heterostructures were collected, washed, dried, and subjected to further calcination at
300 °C for 3 hours in an air atmosphere. Finally, the heated heterostructures were
finely ground using an agate mortar and pestle to achieve coarse exfoliation. In this
way, V2xNi2xSbxOs.5/g-C3Ns heterostructures of four compositions were prepared for
mol fractions at x=0.05, 0.06, 0.07 & 0.08 and named as Sb-Ni-V,0s/g-C3Ns-5, Sb-
Ni-V20s/g-C3Ns-6,  Sb-Ni-V205/g-C3N4-7,  Sb-Ni-V20s5/g-C3sNg-8  with Vo
xN12xSbxOs.5 and g-C3N4 taken in the ratio 1:1 [16].

6.2.4. Characterizations

Crystallographic analyses of the samples were conducted using X-ray
diffractometry (XRD) with AERIS PANalytical equipment, employing copper K-
alpha radiation with a wavelength of 1.5406 A. Scanning electron microscopy (SEM)
and energy-dispersive spectroscopy (EDS) were performed using a Gemini SEM 300
by Carl Zeiss, with a resolution of 0.8 nm at 15 kV, and a VEGA-TESCAN analyzer
with a 30 keV accelerating voltage, respectively. Optical properties were studied using
UV-Vis diffuse reflectance spectra obtained from Perkin Elmer Lambda 365
spectrophotometer. Photoluminescence (PL) measurements were carried out using an
FP-8300 JASCO spectrofluorometer with an excitation wavelength of 330 nm. XPS
analysis was recorded with a Thermo Scientific ESCA instrument using an Al Ka

monochromator at 1486 A. Survey scans were performed at a constant pass energy of
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100 eV, and high-resolution measurements at 20 eV. Data analysis was conducted
using Casa XPS software, with mixed Lorentzian-Gaussian curves used to fit the
spectra. FTIR studies were performed using an IRAffinity-1S (document number 1),

a Shimadzu spectrometer, within the range of 500-4000 cm'.
6.2.5. Photocatalytic experiments

The photocatalytic performance of the synthesized samples was evaluated
through the degradation of Methylene Blue (MB) under visible light irradiation. For
each experiment, 10 mg of the photocatalyst was dispersed in 50 mL of a 10 ppm MB
dye solution. Before illumination, the suspension was magnetically stirred in the dark
for 40 minutes to establish adsorption—desorption equilibrium between the dye
molecules and the catalyst surface. Upon exposure to natural sunlight, the degradation
process was monitored by withdrawing 3 mL aliquots from the suspension at 10-
minute intervals. Each sample was immediately centrifuged at 10000 rpm for 10
minutes to separate the photocatalyst before recording the absorbance spectra using a
visible spectrophotometer. All photocatalytic tests were conducted under consistent
sunlight conditions during midday hours on cloudless days, with an average light
intensity of approximately 100,000 lux. To assess the reusability and photostability of
the catalysts, recycling experiments were also performed. After each photocatalytic
cycle, the used catalyst was recovered via centrifugation, rinsed thoroughly with
double-distilled water to eliminate residual dye, and dried overnight at 80 °C for
subsequent use. This protocol ensured the evaluation of catalyst durability under

repeated solar exposure.
6.2.6. Photocatalytic efficiency and Kinetic study

The progression of MB degradation during the photocatalytic decolorization process
was monitored by measuring the absorbance of the reaction mixture at characteristic
wavelengths using a UV—Vis spectrophotometer. The recorded absorbance values
were subsequently converted to concentration values (C) based on a pre-established
calibration curve. The photocatalytic efficiency of the process was quantified using

the following relation:
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MB colour removal (%) = (Co—Ct)/Co X100 (1)

where Co and C; (in mg-L™") denote the initial dye concentration and the concentration
at a given irradiation time t (in minutes), respectively. To understand the kinetics of
the photocatalytic reaction, the data were analyzed using the Langmuir-Hinshelwood
(L-H) kinetic model, which assumes a pseudo-first-order reaction with respect to the

dye concentration under low initial concentrations.
ln(Co/Ct):kappt (2)

The rate constant kapp (min™) was determined from the linear fitting of the
experimental data plotted as In(Co/Cy) versus irradiation time. The slope of this linear
plot corresponds to the apparent first-order rate constant, providing insight into the

efficiency and reaction rate of the photocatalytic system [47].
6.2.7. Active species trapping experiments

To identify the primary reactive species involved in the photocatalytic
degradation process over the synthesized Sb-Ni-V20s/g-C3Ns heterostructures,
radical trapping experiments were conducted under standard photocatalytic reaction
conditions. It is well established that photogenerated holes (h*), superoxide radicals
(*O2"), and hydroxyl radicals (*OH) are the major oxidative species in visible light-
driven photocatalysis. To selectively quench each of these species, isopropanol (IPA,
I mM) was used as a scavenger for *OH, ethylenediaminetetraacetic acid (EDTA,
1 mM) for h*, and 1,4-benzoquinone (BQ, 1 mM) for *O,". The scavengers were
introduced into the photocatalytic system in separate trials, and their impact on the
degradation efficiency was analyzed to determine the dominant reactive species

responsible for the observed photocatalytic activity.
6.2.8. Antimicrobial studies

The visible-light-induced antimicrobial activity of the synthesized Va-
xN12xSbxOs.5/g-C3N4 heterostructure was evaluated against both bacterial and fungal
pathogens using standard diffusion methods. Antibacterial efficacy was tested against

Gram-positive bacteria (Staphylococcus aureus, Bacillus cereus) and Gram-negative
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bacteria (Escherichia coli, Pseudomonas aeruginosa, Vibrio sp.) using the agar well
diffusion method on Mueller-Hinton Agar (MHA) plates. Bacterial cultures grown in
Luria Bertani broth were swabbed onto MHA, and 7 mm wells were loaded with 50-
200 pL of the composite dispersed in DMSO. Streptomycin and DMSO served as
positive and negative controls, respectively. In parallel, antifungal activity was
assessed against Penicillium spp. and Aspergillus niger using the disc diffusion
method on Sabouraud Dextrose Agar (SDA) plates. Fungal suspensions were adjusted
to a 0.5 McFarland standard and spread on SDA plates, followed by placement of
sterile filter paper discs loaded with the composite extract, along with fluconazole and
DMSO as controls. Both the plates were kept in visible light for one hour and then
incubated at 37°C for 48 h, after which the inhibition zones were recorded. Both sets
of experiments were performed in triplicate, and the heterostructures demonstrated
significant antimicrobial effects under visible light, indicating efficient generation of
reactive oxygen species and strong potential for applications in antibacterial and

antifungal treatments.
6.3. Result and Discussion
6.3.1. Structural Analysis: X-ray Diffractogram

XRD analysis was employed to identify the crystalline phases of the
synthesized samples. As shown in Figure. 6.1(a), the pure g-C3N4 sample exhibits
diffraction peaks at 13.0° and 27.25°, corresponding to the (100) and (002) planes,
respectively [39], [48]. These reflections are indicative of the in-plane structural motif
and interlayer stacking of graphitic carbon nitride with a hexagonal structure,
consistent with JCPDS Card No. 87-1526 [14], [49]. The (100) plane is indicative of
the 3-s-triazine ring structure of g-C3N4. The (002) reflection observed in the XRD
pattern is characteristic of graphitic materials and arises from interlayer stacking
within the conjugated aromatic framework. This feature confirms the successful

formation of a layered graphitic structure, resulting from the thermal

243



Intensity(a.u.)

Chapter 6

polycondensation of urea at 550 °C [14], [50]. Our previous studies confirmed the

coexistence of triple phases in the V2.xNi2SbxOs.5 sample (Fig. 6.1b) [46], with the

dominant phase identified as

a-V,0s (ICDD: 41-1426) [41], [51].
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Detailed examination of the X-ray diffraction pattern of the calcined powder
reveals a weak reflection at approximately 20 =23.34°, corresponding to the (101)
crystallographic plane, indicative of the presence of a triclinic NiV,0s phase having
a monoclinic structure with space group (ICSD:33881) [52], [46]. Moreover, the
XRD peak at 27.3° is distinctly indicative of (110) plane of the SbVOu species
distinguished by a tetragonal structure with space group P42/mnm (CCDC: 2357624-
2357627) [44], [53-54]. Both these extraneous peaks, along with the NiV20¢ and
SbVOs4 phases, have been previously reported in NiO- and Sb2Os-incorporated V205
compounds [44], [46]. Figure 6.1c depicts the XRD pattern of V2.xNi2SbxOs.5/g-C3N4
obtained by sonication and hydrothermal treatment [55]. The results reveal that the
as-prepared heterostructures with various mol fractions are well crystallized, except
for V2.xNi2SbxOs.5/g-C3Ny4 at x = 0.08. For the composite sample, the characteristic
peak of g-C3N4 corresponding to the (002) plane is distinctively evident for all mol
fractions. In contrast, the peak intensities of V2.Ni2xSbxOs.5, indicating reflections
from V20s, NiV20s, and SbVOs planes, are exhibited clearly for all compositions
except for mol fraction x =0.08. In the heterostructure with x = 0.08, the characteristic
reflection from the stable V,0s (001) plane is notably absent, but distinct reflections
corresponding to the (301), (211), and (401) planes of V20s, along with a prominent
(002) plane indicative of g-C3N4, confirming the successful formation of the
composite is present (Fig.6.1c). Furthermore, the absence of extraneous diffraction
peaks confirms the high phase purity of the synthesized V2.xNi2xSbxOs.5/g-C3Ny
heterostructured photocatalysts, substantiating the formation of a well-defined four-
phase hybrid architecture. For all mol fractions, the compositional percentage taken

during the synthesis was 50% Sb-Ni-V205+50% C3N4 [14].
6.3.2 FTIR Spectroscopy

Figure 6.2(a) presents the comparison of FTIR spectra of pristine g-C3Na, the
ternary oxide V2.xNi2SbxOs.5 at x =0.08, and their corresponding heterostructure, Va-
xNi2xSbxOs.5/g-C3Na4, synthesized at the same composition. In the spectrum of pure g-
C3N4, the broad absorption band spanning 3000-3500 cm™ is attributed to the

stretching vibrations of residual N-H bonds from uncondensed amino groups, as well
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as surface-adsorbed hydroxyl groups (O-H). The pronounced peaks observed at
805 cm™ and 894 cm™ correspond to the characteristic breathing modes of s-triazine
ring structures, which are the fundamental building blocks of the graphitic carbon
nitride framework [11], [14]. Additionally, a series of absorption features located
between 1200 and 1650 cm™, specifically at 1234, 1315, 1403, 1553, and 1620 cm™,
are attributed to the stretching vibrations of aromatic C-N and C=N bonds within the

heptazine-based heterocyclic backbone.
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Figure 6.2. (a) depicts the FTIR spectrum showing pure g-C3Ny, V2xNi2Sh:Os. 5 &
V2.xNi2SbxOs. 5 /g-C3Ny at x=0.05 compounds (b) shows up V2.xNi2SbxOs. s /g-C3Ny
heterostructures for 0.05 <x <0.08

These spectral signatures collectively confirm the structural integrity of the g-
C3N4 matrix [48]. For the V2.xNi2xSbxOs.s compound at x = 0.08, the distinct band at
1010 cm™ is characteristic of terminal V=0 stretching vibrations, while the peak
centered around 813 cm™ is associated with V-O—V bridging vibrations, indicative of
the vanadate lattice framework [43], [56]. After the hybridization of Sb-Ni-V>0s and
g-C3Ny, in addition to characteristic peaks of g-C3Ny, a small additional peak occurs
at 852 cm’!, and a prominent, distinctive peak occurs at 1002 cm™!, both indicative of
the stretching vibrations in vanadium pentoxide-based compounds [39]. But the well-
resolved intense peak at 805 cm™ in pristine g-C3Ny, relating to the breathing mode
of triazine units, seems to be absent in the newly formed heterostructures. The FTIR

spectra of the Sb—Ni—V,0s5/g—C3N4 composites for all mol fraction x, as illustrated in
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Figure 6.2(b), clearly exhibit a superimposition of the characteristic vibrational bands
corresponding to both g-CsN4 and the Sb—Ni—V20s phase, without any detectable
signals indicative of secondary or impurity phases [62]. The retention of all signature
peaks associated with the individual components in the composite spectrum confirms

the successful integration of the two materials [55].

From the FTIR results, we expect strong interfacial coupling between C3N4
and Sb-Ni-V;0s, which could promote the separation and transfer of photogenerated
electron-hole pairs and further enhance the photocatalytic performance of Sb-Ni-
V205/C3N4 composites [16].

6.3.3. Surface Morphology and Chemical Composition

Figure 6.3(a) displays the SEM micrograph of the pristine g-C3Ns with
structural features clearly discernible at a magnification of 2 pm. The bulk g-CsNy4
sample reveals heterogeneously distributed and agglomerated structures still
maintaining loose and irregular tissue-like 2D nanosheet morphology with wrinkles

and irregular folding structures [11], [50], [57].

Figure 6.3(a) SEM image of pure g-C3N4, (b) SEM image of Sb-Ni-V>Os-5 triple phase
composite, (c, d, e & f) present the SEM images of V>.NixSbxOs.a /g-C3Ny
heterostructures for 0.05 <x <0.08

Figure 6.3(b) shows the Sb—Ni—V»0s-5 triple-phase composite at 2 um

magnification, illustrating flake or plate-like Sb-Ni-V20Os particles with dimensions
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ranging from 20 to 30 nm, as determined using Imagel in accordance with prior

reports [45]. In contrast, images 3(c—f) show SEM micrographs of the V2.xNi2xSbxOs.

5/g-C3N3s heterostructures corresponding to 0.05 < x < 0.08, recorded at a higher

magnification of 1 pm.

Fig.6.4(a-g) representing the elemental overlay image of Sb-Ni-V>0s/g-C3Ny-3,
Carbon, Nitrogen, Oxygen, Antimony, Vanadium, and Nickel, respectively
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Figure. 6.5(a-d) reveals the EDS spectrum representing the presence of Sb, Ni, V, O,
C, and N elements in V>.xNi»:SbxOs.s/ C3N4 heterostructures for 0.05 <x <0.08

The presence of both Sb-Ni-V20s and g-C3Ns in the newly formed
heterostructure composites was analyzed through elemental mapping, which revealed
the elemental composition and uniform distribution of constituent atoms. The

elemental mapping for the selected region in the V2.x<Ni>xSbxOs.5/g-C3N4 composite at
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x=0.05, as shown in Figure. 6.4 (a—g), indicates a consistent spatial distribution of

Sb, Ni, V, O, C, and N elements, respectively, throughout the sample

This uniform dispersion confirms the close integration of the Sb—Ni—V,0s5
phase within the g—C3N4 matrix, which facilitates the formation of well-coupled
heterojunction architectures. Additionally, energy-dispersive X-ray spectroscopy
provides further support for the elemental composition of the heterostructures, clearly
verifying the presence of all constituent elements Sb, Ni, V, O, C, and N in the
synthesized composites for the range 0.05 <x <0.08, as in figure 6.5(a-d) [63]. Table
6.1 summarizes the elemental composition of the V2xNi2xSbxOs.5/g-C3Ny
heterostructures (0.05<x<0.08) as determined by EDS analysis, confirming the
successful incorporation of vanadium, nickel, antimony, oxygen, carbon, and nitrogen
in stoichiometric proportions within the synthesized compounds.

Table 6.1: Elemental Constituents of V>xNizSbxOs.s/g-C3N4 compounds obtained
from the EDS spectrum

Va.
xNi2xSbOs.5 x=0.05 x=0.06 x=0.07 x=0.08
/g-C3N4
Constituent
Wt % At% Wt % At % Wt % At% Wt % At %
Elements
Sb 0.78 0.11 1.04 0.95 1.52 1.12 1.67 1.39
Ni 0.57 0.16 1.70 0.42 1.96 0.98 2.05 1.45
\% 23.52 7.67 19.15 6.26 17.67 6.12 14.87 5.49
0] 1322 | 13.73 15.03 1398 | 19.41 17.67 | 19.56 19.33
C 24.67 | 34.14 | 27.97 | 3541 | 26.35 | 36.66 | 26.08 31.56
N 3724 | 44.19 | 35.11 | 42.98 | 33.09 | 37.45 | 35.77 40.78

6.3.4. X-ray photoelectron spectroscopy (XPS)

The chemical bonding interactions among vanadium, nickel, antimony,
carbon, and nitrogen can be analyzed by deconvoluting the core-level XPS spectra,
specifically the V2p, NiZ2p, Sb3d, Cls, and Nls regions into Gaussian-shaped
components, as shown in the Figure 6.6. The binding energy of the V2p core level in
the V2xNi2xSbxOs.5/g-C3Ns heterostructure is strongly influenced by the oxidation
state of vanadium cations. Therefore, curve fitting of the V2p XPS signal serves as a

reliable method to identify the different oxidation states of vanadium present in the
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oxide matrix. The binding energy of the V2p core level is influenced by the oxidation
state of the vanadium cation in V,xNixxSbyOs.5/g-C3Ns heterostructures, making
curve fitting of the V2p signal an effective approach to identifying various vanadium
oxidation states present in vanadium oxides. By employing a V20Os reference, it is
demonstrated that incorporating the O /s signal is crucial for accurate determination
of the Shirley background, as the proximity of the Ols signal to the V2pi, signal
significantly influences the background associated with the V2p spectrum. The
spectra revealed three distinct peaks at 515.5, 516.9, and 517.7 eV, with corresponding
FWHM values of 1.3, 3.2, and 1.01 eV, respectively, which were attributed to the V**,
V3* and V** oxidation states of vanadium. Notably, these binding energy values were
higher than those reported in the literature. However, the A value for the V°* oxidation
state was determined to be 12.6 eV, consistent with the findings of Mendialdua et. al.
[58-60]. The V2p1,2 components, exhibiting energies of 525.04 eV and 523.53 eV, can

be similarly characterized [61].

The presence of oxygen species within the V,0s lattice is further substantiated
by the deconvolution of the O/s XPS spectrum, as illustrated in Figure 6.6(a). The
spectrum reveals distinct peaks centered at binding energies of 529.8, 530.68, and
532.01 eV. The first peak at 529.8 eV is attributed to lattice oxygen (O*) bonded to
vanadium in the V>0s framework, while the second component at 530.68 eV
corresponds to surface hydroxyl groups (C-OH). The third peak, positioned at 532.01
eV, is generally ascribed to physisorbed molecular water or oxygen atoms involved
in O-C bonding environments [62-63]. Additionally, the Cls spectrum exhibits
characteristic peaks within the binding energy range of 282-288 eV, indicating the
presence of various carbon—oxygen bonding configurations, further supporting the
interaction between carbon and oxygen species on the material’s surface. The peak
with the highest intensity is observed at 286 eV, which is associated with the C=0O
bond [64]. As shown in Figure 6.6(b), the deconvoluted C/s spectrum shows peaks at
282.5eV, 284.2 eV, 286.2 eV, and 287.8 eV, attributed to C=C, C=N (N-sp” C type,
a defect-containing sp?> hybridized carbon), C-N (N-sp® C configurations, sp’-
hybridized carbon atoms), and C—O bonds, respectively [65].
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Further insights are obtained from the high-resolution analysis of the Nis
spectrum, which has been deconvoluted to show distinct peaks. Notably, the N/s
spectrum exhibits three peaks, with the most prominent ones located at binding
energies of 395.2 eV and 399.7 eV as in figure 6.6(c). These peaks are attributed to
the chemical states corresponding to C—N or C=N bonds and C=N bonds, respectively.
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Figure 6.6 : High-resolution XPS spectra of (a) V2p (b)Cls (c)N1s (d)Ni2p (e)Sb 3d
and (f) Survey spectrum in V2.xNi2xSbxOs.a/g-C3Ny4 heterostructure for x=0.08
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This observation suggests the presence of well-defined chemical bonding
environments for nitrogen in the material, which could significantly influence its
structural, chemical, and functional properties [66]. Figure 6.6(d) focuses on the NiZp
region, providing insights into the chemical state of nickel in the sample. Two
significant peaks are identified at binding energies of approximately 855.5 eV and
873.1 eV, which correspond to the NiZps» and NiZpi, spin-orbit components,
respectively. These peak locations are indicative of Ni** species, implying that Ni
predominantly exists in the +2 oxidation state [67-68]. Alongside the primary peaks,
distinct satellite features are observed near 861 eV and 879 eV, which suggest a high-
spin Ni** configuration typically associated with NiO or Ni-substituted oxides. The
lack of a peak around 852.6 eV confirms the absence of metallic Ni". The clear
detection of these satellite peaks reinforces the conclusion that nickel is in an oxidized
state, likely integrated into the oxide matrix, which may affect the electronic and
optical properties of the material. Figure 6.6(e) presents the XPS spectrum within the
binding energy range of 520-545 eV, providing detailed insights into the oxidation
states and chemical environments of antimony (Sb) and oxygen (O) in the sample.
The spectrum reveals distinct peaks corresponding to the Sb 3d and O/s regions. The
Sb3ds;» and Sb3ds» peaks indicate the presence of both Sb*>* and Sb® states, suggesting
a mixed-valence environment that is commonly observed in doped or non-

stoichiometric oxides [69-70].

The O/s region exhibits multiple components, a prominent peak around 530.0
eV corresponds to lattice oxygen (metal-oxygen bonds such as V-O or Sb-O), while
peaks near 531.5 eV and 532.5 eV are attributed to surface hydroxyl (O—H) groups
and carbonate or organic oxygen species (O-C), respectively. These characteristics
indicate surface adsorption of moisture and carbon dioxide, resulting in the formation
of hydroxylated and carbonate compounds [71-72]. Survey scan spectrum, as
illustrated in Figure 6.6(f), the survey spectrum clearly indicates the presence of

vanadium, antimony, carbon, nitrogen and nickel elements.
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6.3.5. Optical Analysis: UV- Visible Spectroscopy

The optical absorption characteristics of the synthesized materials were
examined through UV—Visible diffuse reflectance spectroscopy (UV—Vis DRS), with
the resulting absorption profiles depicted in Figure 6.7(a). The bulk g-C3N, exhibits
a characteristic absorption edge around 440 nm, consistent with its semiconducting
nature and direct band gap transition. This absorption feature originates from n—m*

transitions within the sp?-hybridized aromatic C-N framework.
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Figure. 6.7(a). Absorbance spectrum and (b)Tauc plot of pure g-C3N4 and V.
«Ni2Sb:Os.4/g-C3Ny heterostructures

Upon photoexcitation, electrons are promoted from the valence band (VB),
primarily composed of N2p orbitals, to the conduction band (CB) consisting of C2p
orbitals, facilitating efficient charge separation under visible light. In contrast,
V2xNi2xSbxOs.5/g-C3Ny4  heterostructures for 0.05<x<0.08 display significant
redshifts in their absorption edges compared to pristine g-C3N4, extending up to
approximately 560 nm, as seen in Figure. 6.7(a). This shift is attributed to the
synergistic electronic interaction between g-CsN4 and the multi-cation incorporated
vanadium pentoxide species, which enhances visible light harvesting. A noticeable
darkening in sample color, from light yellow (g-C3N4) and greenish-yellow (Sb-Ni-
V,05) to dark grey in the heterostructures, further corroborates the spectral shift.
Additionally, the intensity of absorption in the visible region increases progressively
with increasing dopant concentration, confirming improved solar responsiveness due

to the formation of interfacial charge-transfer complexes. These observations
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collectively indicate that all synthesized heterostructures possess strong absorption in
the visible region, enabling their potential as efficient photocatalysts under solar
illumination [38-39], [50]. To estimate the optical band gap energies of the as-
synthesized compounds, Tauc plots were constructed based on the Kubelka—Munk-
transformed reflectance data. For direct band gap semiconductors, the optical band

gap (Eg) is evaluated using the Tauc relation given by equation 3 [11].
(ahv) =C(hv—Eg)" 3)

In this context, a denotes the absorption coefficient, h represents Planck’s
constant, v is the frequency of the incident light, and C is a material-specific
proportionality constant. For direct allowed electronic transitions, the exponent n
takes a value of 2. The optical band gap energy was estimated by extrapolating the
linear portion of the Tauc plot, i.e., (ahv)? versus photon energy (hv), to the intercept
on the energy axis where (chv)? approaches zero, as illustrated in Figure 6.7(b) [38],
[50], [55]. The estimated band gap of pristine g-C3N4 from the Tauc plot is 3.03 eV,
which is within the expected range (2.7-3.0 eV) for samples synthesized from urea
under various processing conditions, including calcination temperature, atmosphere,
and precursor choice [50]. The band gap of pure Sb-Ni-V20s-5 has been reported as
approximately 2.2 eV [47]. A systematic reduction in the optical band gap was
observed for the V2xNi2xSbxOs.5/g-C3N4 heterostructures with increasing dopant
concentration, with values decreasing from 2.79 eV at x =0.05 to 2.76 eV (x=0.06),
2.57eV (x=0.07), and reaching 2.39 eV at x =0.08 (Table 6.3). This trend indicates
enhanced band alignment and charge transfer interactions between the two
components, leading to narrowed band gaps and improved visible-light activity.
Similar observations were made by S.M. Saleh et al. [48], who reported a reduction
in band gap from 2.84 to 2.41 eV upon incorporation of V2Os nanoparticles into g-

C;N, matrices.

6.3.6. Photoluminescence Spectroscopy

Photoluminescence (PL) spectroscopy is commonly utilized to evaluate the
charge carrier dynamics, specifically the separation efficiency and recombination
behavior of photoexcited electron—hole pairs in heterojunction-based photocatalysts.

Generally, a lower PL signal indicates a higher efficiency of photo-induced electron—
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hole pair separation. In this study, PL measurements were conducted to examine the
electron—hole separation process in Sb-Ni-V20s/g-C3N4 samples, with all samples
excited using a laser at a wavelength of 360 nm [57]. Figure 6.8 illustrates the PL
emission spectra of the synthesized photocatalysts. Pristine g-C3N4 exhibits a distinct
emission peak centered around 420 nm, which is indicative of its intrinsic band-to-
band recombination process. This emission corresponds to an optical band gap of

approximately 3.0 eV, as determined from Tauc plot analysis in Figure 6.7(b).

x=0.05
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Figure 6.8. Photoluminescence spectrum of V2.xNi»SbxOs.5/g-C3Ny heterostructures
for 0.05 <x <0.08 and pristine g-C3Ny4(inset)

This emission is attributed to the band-to-band PL phenomenon, where the
emitted photon's energy closely matches the band gap energy of g-C3N4 [55]. The
pronounced photoluminescence (PL) intensity observed in pristine g-C3Ny reflects a
high rate of radiative recombination of photogenerated electron—hole pairs, with an
intensity nearly fourfold higher than that of the Sb—Ni—V>0s/g-C3N4 heterostructures.
In contrast, the heterostructured composites exhibit a marked decrease in PL intensity
with increasing Ni and Sb content, suggesting a significant suppression of charge
carrier recombination. This reduced PL intensity signifies improved charge carrier
separation, crucial for enhanced photocatalytic efficiency. Notably, the Sb—Ni—
V205/g-C3N4-8 composite displays the weakest PL emission, corresponding to a
narrowed band gap of 2.37eV. This significant fluorescence quenching reflects

effective suppression of electron-hole recombination and efficient interfacial charge
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transfer to the catalyst surface [73]. The marked suppression of radiative
recombination arises from efficient charge transfer across the heterojunction,
facilitated by strong electronic interactions between the integrated phases. This
behavior supports a direct Z-scheme mechanism, enhancing carrier lifetimes and
redox capability. Consequently, the Sb—Ni—V20s/g-C3N4 system exhibits superior
photocatalytic performance under visible light compared to pure g-C3N4[38], [73].

6.3.7 Photocatalytic performance

The photocatalytic performance of the synthesized Sb—Ni—V20s5/g-C3N4
heterostructures was assessed via the degradation of Methylene Blue (MB) under
sunlight for 60 minutes. Negligible self-degradation of MB in the absence of a catalyst
confirms the necessity of a photocatalyst for effective photodegradation. Figure 6.9(a)
presents the time-resolved UV—Visible absorption spectra of MB during its
degradation using the Sb—Ni—V20s/g-C3N4-5 heterostructure. The characteristic
absorption peak intensity at 664 nm markedly diminishes with prolonged irradiation,
indicating efficient photocatalytic activity under visible light. This progressive
attenuation indicates effective photodegradation of the dye, with approximately 75%
degradation achieved after 60 minutes of exposure, confirming the photocatalytic

efficiency of the material.

The adsorption performance of all samples was evaluated in the dark for 60
minutes prior to light irradiation, as illustrated in Figure 6.9(b). The results showed
that the adsorption equilibrium was nearly achieved within 40 minutes.
Furthermore, increasing the Sb and Ni content in V20s enhanced the adsorption
capacity of the resulting Sb-Ni-V20s/g-C3N4 heterojunction photocatalysts compared
to pure g-C3Ns4. This improved adsorption facilitates more effective interaction
between MB molecules and the photocatalyst surface, thereby promoting enhanced
photocatalytic activity. As expected, all Sb-Ni-V20s/g-C3N4 composites exhibited
improved photocatalytic activities than the pure C3N4 and Sb-Ni-V20s as shown in
Figure 6.9(b). Figure 6.9(c) depicts the bar diagram illustrating the percentage of dye
removal by V205, g-C3Ns4, and V2.xNi2xSbxOs.5/g-C3Ns composites (for 0.05 < x <

0.08) under visible light irradiation, comparing degradation efficiencies at 30-minute
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and 60-minute time intervals. Compared to V2,05 and Sb-Ni-V20s, pure g-C3N4
demonstrated higher photocatalytic activity, likely due to its larger specific surface

area and increased number of active sites (Fig. 6.9¢).
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Fig.6.9. a) UV-Vis absorption spectra of methylene blue (MB) solution during
photodegradation using Sb—Ni—V>0s5/C3N4-5 under visible light irradiation. b) The
photodegradation performance of the photocatalyst and its precursors for MB dye
degradation. c)Bar Diagram depicting % Dye removal and d) Pseudo-first-order
reaction kinetics of Sb-Ni-V>0s, C3Ny, V2xNi2nShxOs.5/g-C3N4 compounds for 0.05 <
x<0.08

The enhanced photocatalytic performance of the composite materials can be
attributed to the efficient separation of photogenerated electron—hole pairs facilitated
by the formation of heterojunctions between Sb-Ni-V20s and g-C3Ns. Additionally,
the photocatalytic activity of the composites improved with increasing Sb and Ni
content, with the V2.xNi2xSbxOs.5/g-C3N4 composite achieving optimal performance

at a mole fraction of x = 0.08. This suggests that an optimal Sb and Ni doping level is
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crucial for maximizing photocatalytic efficiency. The degradation kinetics of MB by
the synthesized photocatalysts were analyzed using a pseudo-first-order model,
represented by the equation In(C/Cy) = —kt, where k is the rate constant, C, is the
initial MB concentration, and C is the concentration at time ¢ (Fig. 6.9. d) [48], [74].
The k value can be determined by a linear fit of the plot of In (C/Co) versus reaction
time (t) [75]. As shown in the bar diagram in Figure. 6.10, the determined k values for
MB degradation are 0.000949, 0.00895, 0.01372, 0.02483, 0.05669, 0.12485 for Sb-
Ni-V20s, C3Na, V2NixSbyOs. /g-C3Ns heterostructures for 0.05 < x < 0.08,

respectively.
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Figure 6.10(a). Rate constants for MB degradation (b). Reactive species trapping
experiments for the Sb—Ni—V:0s5/g-C3N4-8 photocatalyst showing dye removal
efficiency after 1 hour of visible light irradiation.

Among the heterostructures, the sample with x=0.08 exhibited the highest rate
constant for MB degradation, surpassing that of Sb-Ni-V;0s and g-C3Ns by
approximately 132 and 14 times, respectively. This substantial improvement
highlights the synergistic effect of the heterojunction structure, revealing that the
formation of the heterostructure greatly influences the photocatalytic performances of
the composites [39], [76]. Table 6.2 presents a comparative analysis of the
photocatalytic performance of the synthesized heterostructures with previously
reported studies. The Sb—Ni—V,0s/g-C3N4 heterostructure completely degraded MB
within 30 min using only 10 mg of catalyst, achieving the shortest reaction time with

the lowest catalyst dosage reported to date.
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Table. 6.2. Comparison of photocatalytic performance of V205 and g-C3N4-based

heterostructures.
Name and Volume | Amount . . o .
;I(';' Photocatalyst | Concentration of of Degrz;/datlon Sl:)lg:lcte mm,;l.l;itwn Ref
) of pollutants | pollutant | catalyst ° " !
. | Sb-Ni=VaOs/e- Me]tgliiene Present
. i 0 . .
C3N4-8 10mg/L 50 ml 10mg 100% Sunlight | 30 minutes work
, | CiN«(60.3%) Rhodamine-B )2(00“’ %0 mint s
| V205 10mg/L 50ml | 50mg 100% enon minutes | [53]
Lamp
60 minutes
Rhodamine-B 250 W (RhB)
o Methylene 120 minutes
3. | C3N4/V205(1.0%) 100ml 50 mg 100% Xenon [38]
Blue lam (MB)
10mg/L amp
3. | voieN Rhodamine B ) ] 100% Xenon | oo inutes | [16]
10 mg/L Lamp
Rhodamine B o uv .
4. V205@g-C3Ny 25 ml/L 75 mg 93.4% radiation 60 minutes [48]
300 W
6. Xjﬁ:ﬁ%n o Bﬁg%ﬁ‘;& 100m! | 50 mg 93.23% Xenon | 90 minutes | [77]
lamp
MnV,0¢/V,0s/g- Methylene o Sun .
7. CsNa Blue 10mg/L 50 mL 50 mg 89% Lamp 30 minutes [76]
V205(4%)/g- Congo Red o Sun .
8. CiNy 20 mg/L 50 ml 50 mg 99.8% light 90 minutes [39]

6.3.8. Scavenger testing

Active species trapping experiments were initially conducted to elucidate the

enhanced photocatalytic mechanism underlying MB degradation over pure g-C3Na,

Sb-Ni-V20s, and V2.xNi2xSbxOs.5/g-C3N4 heterostructures within the compositional

range 0.05<x<0.08 [3]. The intimate coupling within the Sb-Ni-V20s/g-C3N4

heterostructure facilitates efficient electron transfer across the interface while

suppressing recombination of photoinduced charge carriers. In photocatalytic

systems, holes (h™), hydroxyl radicals, and superoxide radicals typically drive the

degradation of organic pollutants. To identify the dominant reactive species, isopropyl

alcohol, ethylenediaminetetraacetic acid and p-benzoquinone were employed as

scavengers for *OH, h*, and *O~, respectively. Under scavenger-free conditions, the

g-C3N4/Sb-Ni-V,05-8 photocatalyst achieved maximum methylene blue degradation
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under visible light within 30 minutes. Prior studies confirm that «OH and *O,™ play a
crucial role in the degradation pathways of C3N4 and V20s/g-C3Ny4 heterostructures
[78-81]. As illustrated in Figure 6.10(b), the introduction of EDTA (a hole scavenger)
had minimal impact on the photocatalytic performance of the V2.xNi2xSbxOs.5 /g-
C3N3s-8 composite, with MB degradation remaining at 92 % compared to 100 % in the
absence of scavengers. However, the addition of p-benzoquinone, a superoxide radical
scavenger, led to a 29 % reduction in degradation efficiency, highlighting the
significant role of *O>™ in the process. Similarly, incorporating isopropyl alcohol as
a hydroxyl radical scavenger caused a sharp decline in MB degradation to 22 %,
indicating that *OH is a primary reactive species. These results confirm that both «O,~
and *OH play pivotal roles in the photocatalytic degradation mechanism of the present

heterostructure.
6.3.9 Discussion of catalytic reaction mechanism

The Sb-Ni-V20s/g-C3N4-8  heterostructure  demonstrates  exceptional
photocatalytic activity toward the degradation of MB dye, achieving complete (100%)
degradation within a short contact time of 30 minutes under visible light irradiation.
This superior performance is attributed to the efficient charge separation and enhanced
redox potential provided by the Z-scheme charge transfer mechanism inherent to the
heterostructure architecture. The absolute electronegativity of V—xNixSbxOs-5 is
estimated from the weighted arithmetic mean of Mulliken electronegativities for the
heterostructures as given in Table 6.3 for all mol fractions [82-86]. The absolute
electronegativity of g-CsNs from previous reports is 4.73 [38], [87-89]. The
conduction band and valence band edge positions were calculated using equations (4)

and (5) [86], [39].

VB=y-E.+0.5*E, 4)

CB=VB-E; (5)

¥ = Absolute electronegativity of the semiconductor

E. = Energy of free electrons on the hydrogen scale (approximately 4.5 eV)

E; = Band gap energy of the semiconductor.
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The V>—xNi2xSbxOs-5/g-C3N4 composite forms a direct Z-scheme interface,
leveraging the staggered band positions of the two semiconductors. g-C3N4 has a
CBat—1.27eV and VB at +1.73 eV (vs. NHE), whereas at x=0.08, V,-xNi2xSbxOs-5
has a CB at +0.851 eV and VB at +3.071 eV (Table 6.3). In this alignment, the
CB of g-C3N4 is much more negative (higher in energy) than that of Sb—Ni—V>0s,
and the VB of Sb—Ni—V>0s is much more positive (deeper in energy) than that of
g-C3Na. These offsets drive a Z-scheme charge flow, photogenerated electrons on
Sb—Ni—V20s5 (CB) tend to recombine with holes on g-C3N4 (VB), leaving the most

energetic carriers on opposite side.

In effect, electrons remain in the highly reductive CB of g-CsN4 (— 1.27
eV) and holes remain in the highly oxidizing VB of Sb—Ni—V20s (+3.071 eV). This
preserves strong redox potentials, much like those reported for V,0s/g-C3Ny Z-
schemes and greatly suppresses charge recombination [39]. Specifically, electrons
from the conduction band of g-C3Ns reduce dissolved O: to form <O;".
Thermodynamically, O2/*O;™ requires about —0.33 eV, and —1.27 eV is far more
negative, so the reaction is strongly favored [16], [38], [73]. The VB holes of Sb—
Ni—V70s5 (+3.071 eV) oxidize surface water or hydroxide to *OH. The standard
potential for *OH/H>0 is 2.40 V vs. NHE and +3.071 eV greatly exceeds this [16],
[38]. Thus, holes in Sb-Ni-V>0s can oxidize H>O or OH™ to *OH. Since g-C3N4’s
VB holes (+1.73 eV) are insufficient to generate *OH (1.73 <2.40eV), only the Sb-
Ni-V20s5 VB holes produce *OH. Both *O,” and *OH are highly reactive ROS
capable of decomposing MB dye.

Therefore, the favorable alignment of CB and VB edges in the Z-scheme
system confirms the thermodynamic feasibility of ROS production, facilitating
efficient visible-light-driven degradation of MB dye [76], [90]. Scavenger studies
also confirm that *OH and *O;~ dominate in this system. Once generated, *O>~
and *OH rapidly attack the methylene blue (MB) dye, leading to its complete
degradation [38]. The radicals oxidize the chromophore and aromatic rings of MB
stepwise, ultimately mineralizing the dye to CO2, H20, and inorganic ions. In

general, *OH (a very strong oxidant) abstracts hydrogen atoms or adds to aromatic
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C=C bonds, breaking conjugation in MB and forming intermediate radicals or
quinone-like products. *O>™ or its downstream products like H>O» also oxidizes
the dye or promotes further *OH generation (e.g. via O~ + H* — HO», then HO»
+ e~ — OH™ + *OH) [38], [74]. Analogous Z-scheme systems of g-C3N4 coupled
with a metal oxide have shown that MB and related dyes undergo rapid
decolorization via *O>7/*OH attack [38-39]. As both radicals are present in large
amounts due to efficient Z-scheme separation, MB is fully degraded within 30
min under sunlight. Figure 6.11 presents the possible photocatalytic mechanism of

Sb-Ni-V20s/g-C3N4 heterojunction photocatalysts for the degradation of MB

; MB
0,
Degradation
Products

o0,
-1.2%ev

under solar light irradiation.

-2eV——
-leV ___|

oeV—mp—

+1.73 eV

Degradation Products

Figure. 6.11: The possible photocatalytic mechanism of Sb-Ni-V>0s/g-C3N4
heterojunction photocatalysts at x=0.08, for degradation of MB under solar light
irradiation

The sequential equations (6) to (11) delineate the complete photocatalytic
degradation mechanism of methylene blue (MB) facilitated by the Z-scheme Sb—Ni—

V1,0s5/g-C3N4 heterojunction system.
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Table 6.3 presents the absolute electronegativity (x), band gap energy (Eg), and the calculated valence band (Evg) and conduction band
(Ecp) edge potentials (vs. NHE) for each molar fraction (x) of the compound V>-Ni2Sb<Os-s, along with the corresponding values for g-

C3Ny.
Eg of V2-xNi2xSbxOs-3/g-
Absolute Electronegativity Absolute Electronegativity Eg of g-C3Ny
V2-xNi2xSbxOs-5 C3Ny
of of V2-:NizSbxOs-s eV’
X
V2-xNi2xSbxOs-5 C3Ny [46] Evg | Ecs Eys
EcgeV | From the Tauc plot (eV)
eV eV eV
0.05 6.440 4.73 2.28 1.73 | -1.27 | 3.083 | 0.803 2.79
0.06 6.448 4.73 2.26 1.73 | -1.27 | 3.080 | 0.820 2.76
0.07 6.452 4.73 2.24 1.73 | -1.27 | 3.074 | 0.834 2.57
0.08 6.460 4.73 2.22 1.73 | -1.27 | 3.071 0.851 2.39
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g-C3Nat+hy ———» € (B -127en) T W s, +1.73em) (6)
Sb-Ni-V,0s+ ho —> € (cprossieny T ms0r1en) (7
¢ (Sb-Ni-V,0s)+h"(g-CsNs)  —»  recombination (Z-Scheme) (8)
e (g-C3Ny) + O — > Oy(E°=—0.33eV: —1.27 eV<—-0.33 eV) )
h"(Sb-Ni-V,0s) —>» -OH+H"(E’ orm20 =+2.40 eV, VB=+3.071 eV)(10)
‘OH/-0,” + MB —»  oxidized products —» CO,+ H,O +ions  (11)

6.3.10. Cycling Stability

The long-term stability of heterostructured photocatalysts is crucial for their
practical deployment in environmental remediation. To evaluate the durability of the
Sb-Ni-V20s/g-C3Ns-heterostructure, cyclic photocatalytic degradation tests of MB
were performed under sunlight irradiation, with each cycle lasting 30 minutes, as

shown in Figure 6.12.
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Figure. 6.12. Recyclability test of Sb—Ni—V>0s/g-C3N4-8 showing a slight reduction
in MB degradation efficiency from 100% to 95.3% over five 30-minute sunlight
irradiation cycles.
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The results reveal that the degradation efficiency decreased only marginally from 100
% in the first cycle to 95.3 % by the fifth cycle, demonstrating excellent photocatalytic

stability and reusability of the heterostructure over repeated use.

6.3.11. Visible light-induced antimicrobial applications of V2—xNi2xSbxOs-5/g-

C3N4 heterostructures

The synthesized heterostructure exhibits pronounced photocatalytic
antimicrobial activity with a sunlight illumination of 1 hour, via a Z-scheme charge
transfer mechanism, augmented by multivalent cation synergy. Upon solar irradiation,
as mentioned earlier, residual electrons in g-C3N4 reduce O2 to *O2", while holes in
Sb-Ni-V20s oxidize H2O/OH™ to *OH. These reactive oxygen species inflict oxidative
damage on microbial membranes, proteins, and nucleic acids, culminating in cell
lysis. XPS analysis reveals the presence of multiple valence states like V>*, V4, V3*,
Ni**, Ni**, and Sb** along with metallic Sb, indicating abundant defect sites and
internal charge reservoirs. These multivalent centers serve as charge-transfer bridges

and trap states that prolong charge separation.

Gram-negative pathogens like E. coli, P. aeruginosa, V. harveyi, and V.
cholerae possess an additional outer membrane rich in lipopolysaccharide (LPS) and
proteins. This LPS-layered envelope acts as a strong permeability barrier that protects
against toxins and hydrophobic or charged agents [91]. However, the as-prepared
photocatalyst still produced clear inhibition zones of 24 mm for E. coli, 16 mm for P.
aeruginosa, 18 mm for V. harveyi, and 19mm for V. cholerae, reflecting its
antimicrobial effect despite this barrier for the heterostructures at mol fraction x=0.08
(fig. 6.13). These zone sizes suggest differences in susceptibility; for example, P.
aeruginosa often exhibits stronger efflux and lower permeability, giving a smaller
zone. Photocatalytically generated *O>™ and *OH can inflict oxidative stress on the
outer membrane and periplasm, damaging lipids and proteins. In addition, the Sb—Ni—
V20s/g-C3N4 surface carries positively charged metal centers as evident from XPS
that electrostatically adhere to the negatively charged bacterial surface, including LPS

and membrane phosphates [92]. Such adhesion concentrates the reactive species at the
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membrane, enhancing cell envelope disruption in Gram-negatives despite their

protective layer [93].

Figure.6.13(a-i). Representative images depicting microbial growth inhibition zones
induced by Sb—Ni—V>0s5/g-C3N4 heterostructures at x=0.08, against selected bacterial
and fungal strains, compared to standard positive controls (streptomycin for bacteria,
fluconazole for fungi) and a DMSO negative control, (a)g-C3Ny: E.Coli(50 &
100ul),(b)g-C3N4: A. Niger(150 & 200 ul),and Sb-Ni-V:0s5/g-C3Nys against(c)
Pencillium(150 & 200 ul), (d)A.Niger(100 &150 ul), e)P. Aeroginosa(200 ul) (f)B.
Cereus(200 ul), (g)S. Aureus (200 ul) (h) V. Harveyi (200 ul), (i)V. Cholerae (200 ul)

Gram-positive bacteria like S. aureus and B. cereus lack an outer membrane,
but feature a thick peptidoglycan (PG) layer interwoven with teichoic acids. These
teichoic acids are linear polyphosphate polymers that impart a strong negative charge
to the cell surface [91]. The dense PG mesh provides rigidity but is relatively porous
to ROS compared to a Gram-negative outer membrane. As a result, gram-positives

tend to be more vulnerable to oxidative attack. Sb—Ni—V>0s/g-C3N4 at mol fraction
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x=0.08, showed large inhibition zones of 22 mm for S. aureus and 18 mm for B.
cereus, indicating effective killing (Fig. 6.13). The combination of strong oxidative
radicals and metal interactions is important, ie, the cationic dopants on the
photocatalyst surface bind tightly to the anionic gram-positive wall [94]. This
enhances adhesion of the photocatalyst and localizes *OH production at the cell wall.
Once localized, *OH can peroxidize the PG and membrane lipids, while «O»™ causes
additional oxidative damage. In sum, the negative teichoic-acid-rich wall of Gram-
positives favors attraction of V>*, V¥, V3* Ni?*, Ni**, Sb** sites on the catalyst, and
the ensuing ROS-induced lipid and protein oxidation overwhelms the bacteria, leading

to the observed high susceptibility.

Table 6.4. ZOI values (in mm) for Gram-positive bacteria, Gram-negative bacteria,
and fungi treated with Sb—Ni—V>0s5/g-C3Ny compound at 50, 100, 150, and 200 uL
concentrations, including positive and negative controls

SI. Name of 50 100 150 200 +ve | -ve
No. | Bacteria/Fungus pl pl pl ul
7. Escherichia coli R 13 18 24 23 7
Staphylococus aureus 12 14 18 22 25 7
9. Pseudomonas aeroginosa R 13 14 16 22 7
10. Bacillus cereus R 15 17 18 19 7
11. Vibrio harveyi R 12 15 18 19 7
12. Vibrio cholerae R 13 16 19 19 7
13. Pencillium R R 12 17 20 7
14. Aspergillus niger R R 15 21 23 7

A multilayered wall of polysaccharides and glycoproteins encloses fungal
cells, such as those of Penicillium sp. and Aspergillus niger. The inner core is a
covalently linked matrix of branched B-1,3-glucans and chitin, overlaid by an outer
layer of glycoproteins [94-95]. This network provides structural strength and some
barrier function, but it is permeable to small reactive species. Photogenerated *OH
radicals, in particular, are highly damaging and they abstract hydrogen from lipids and
carbohydrates, initiating lipid peroxidation and cleavage of cell-wall polysaccharides.
Experimentally, though the disc diffusion method, Sb—Ni—V20s/g-C3N4 produced

measurable antifungal inhibition of 17 mm zone for Penicillium and 21 mm for A.
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niger, indicating moderate susceptibility for mol fraction x=0.08. The larger effect on

A. niger may reflect differences in wall thickness or surface properties.

25

(a)200 iV, Ni,Sb.0O, /g-C.N, (b) 200 V,,Ni,Sb,0; /g-CN,
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Figure 6.14. a & b. Comparative bar charts illustrating the antimicrobial efficacy of
Sb—Ni—V>05/g-C3N4 heterostructures with varying mol fraction x (0.05 <x<0.08),
assessed through zone of inhibition measurements (mm) at a standardized dose of
200 uL encompassing activity against gram-positive and gram-negative bacterial
strains and fungal species.

Here also *OH attacks fungal membranes and wall components, causing
membrane rupture and leakage. Overall, the photocatalytic *OH and <O disrupt
fungal hyphae and inhibit growth, even though fungal walls lack LPS. Figure
6.14(a&b) displays comparative bar graphs illustrating the antimicrobial performance
of Sb—Ni—V20s5/g-C3sN4 heterostructures with varying dopant concentrations
(0.05 <£x<0.08), evaluated via zone of inhibition (ZOI) measurements in millimeters
at a fixed dosage of 200 pL. Table 6.4 shows the measured ZOI, in mm, against Gram-
positive and Gram-negative bacteria, as well as fungal strains, for Sb—Ni—V20s/g-
CsNs4 composite at varying concentrations (50, 100, 150, and 200 pL), alongside

standard positive and negative controls [45].
6.4. Conclusion

The structural characterization by XRD confirmed that the V2xNi2xSbxOs.5/g-
C3N4 compounds for 0.05<x<0.08 exhibited crystallinity of all constituent phases,

with no impurity peaks detected, ensuring compositional uniformity and phase
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integrity. The absence of the V>0s (001) reflection at x=0.08 suggests lattice
rearrangement, while the retained (002) plane of g-C3N4 across all compositions
validates the formation of a robust Z-scheme photocatalytic hybrid. The FTIR spectra
of the Sb—Ni—V20s/g-C3N4 heterostructures confirmed the presence of key functional
groups from both constituents while indicating strong interfacial coupling. The
formation of a nanoscale interface between the Sb—Ni—V,0s and g-C3N4 components
was validated by SEM, EDS, and elemental mapping, confirming uniform
incorporation of all six elements and supporting the successful synthesis of a
stoichiometrically stable multi-phase heterojunction system. The deconvoluted core-
level XPS spectra revealed mixed valence states and well-defined bonding
environments among V, Sb, Ni, C, N, and O, affirming the formation of a multi-cation,
oxygen-deficient, and chemically integrated heterostructure conducive to enhanced
electronic and photocatalytic behavior. Progressive Sb and Ni incorporation narrows
the band gap of V2.xNi2xSbxOs.5/g-C3N4 from 3.03 eV to 2.39 eV, evidencing
favorable heterojunction interfaces that enhance visible-light absorption and charge
mobility. The pronounced PL quenching in Sb—Ni—V,0s5/g-C3N4-8 confirms efficient
direct Z-scheme charge transfer, extended carrier lifetimes, and suppressed
recombination, optimizing photocatalytic = performance. This Z-scheme
heterostructure maximizes charge carrier separation and redox potential, thereby
facilitating complete mineralization of methylene blue within a contact time of 30
minutes for mol fraction x=0.08, via synergistic action of *O>~ and *OH radicals. The
Sb—Ni—V20s/g-C3N4  heterostructure ~ demonstrates  potent  sunlight-driven
antimicrobial activity via a Z-scheme charge transfer mechanism, wherein
photogenerated *OH and <O;” radicals, augmented by surface-bound multivalent
dopants, induce oxidative stress and structural disruption in a broad spectrum of

bacterial and fungal pathogens.
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General Conclusion

Multi-cation incorporation of Ni*" and Sb** into the V»Os lattice was
successfully achieved via high-temperature solid-state reaction, resulting in
multi-phase and structurally stable compounds with controlled lattice

distortions and enhanced defect density.

Rietveld refinement, XRD, and Raman analyses confirmed the coexistence of
orthorhombic V,0s, monoclinic NiV20s, and tetragonal SbVOs phases,

demonstrating precise dopant incorporation and tunable crystal structure.

XPS studies revealed mixed oxidation states (V*7/V>*, NiZ*/Ni**, Sb>*/Sb?)
and oxygen vacancies, which collectively contribute to enhanced electron

hopping and redox activity, critical for AC conductivity and photocatalysis.

SEM analysis reveals flake like morphology with particles falling in the
micrometer regime and EDS spectrum projects the presence of all the
constituent elements in the prepared complex compounds and

heterostructures.

Optical studies using UV-visible diffuse reflectance spectra revealed band gap
restructuring via KM plot for multi-cation incorporated compounds and Tauc
plot for the heterostructures and Photoluminescence studies indicated blue-

green transitions due to symmetry distortions and multication-induced defects

The dielectric measurements exhibited frequency-dependent behavior, with a
decreasing dielectric constant at higher frequencies, consistent with dipolar
relaxation and space charge polarization effects, while low tangent loss

highlighted the suitability of these materials for high-frequency applications.

AC conductivity increased with frequency due to improved polaronic hopping
between V** and V°* sites, while higher dopant concentrations introduced
defects that moderated charge carrier mobility, demonstrating the tunable

electronic properties of Sb-Ni-V-O.

g-C3Ny is prepared from the polycondensation of urea, and V2.xNi2xSbxOs. 5/g-
C3Ns  (0.05<=x<=0.08). heterostructures were formed by sonication-

hydrothermal method
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General Conclusion

XRD reveals the formation of heterostructures including V,Os orthorhombic,
NiV20g¢ triclinic, SbVOy4 tetragonal phase along with the g-C3N4 phase and
FTIR results reveals the strong interfacial coupling effect between C3N4 and
Sb-Ni-V-O.

EDS spectrum projects the presence of Sb, Ni, V, O, C, and N elements in the
as prepared heterostructures of V2.xNi2xSbxOs.4/C3N4 heterostructures for 0.05
<x<0.08

The deconvoluted core-level XPS spectra revealed mixed valence states and
well-defined bonding environments among V, Sb, Ni, C, N, and O, affirming
the formation of a multi-cation, oxygen-deficient, and chemically integrated

heterostructure

The band gap energy of V2xNi2xSbxOs.4 /g-C3N4 heterostructures formed from
both ranges between 2.79 eV, 2.76 eV, 2.57 eV and reached up to 2.39 eV for
x=0.05, 0.06, 0.07 & 0.08 respectively

Photocatalytic studies using Methylene Blue demonstrated that Sb-Ni-V-O/g-
CsN, heterostructures enhance visible-light absorption and promote Z-scheme
charge separation, achieving rapid and efficient degradation of dyes through
*OH and O;°" radicals.

Antimicrobial studies showed broad-spectrum activity against Gram-positive
and Gram-negative bacteria, as well as fungi, attributable to ROS generation,
membrane disruption, and electrostatic interactions, which were significantly

enhanced in heterostructured systems.

The synergistic effect of multi-cation doping and heterostructure formation
resulted in improved photocatalytic efficiency and antimicrobial performance,

highlighting the versatility of composites for multifunctional applications
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Future Prospects

Optimization of Dopant Concentration: Further studies can explore fine-
tuning of Ni and Sb concentrations to maximize electron hopping, dielectric
response, and ROS generation, enabling precise control over photocatalytic

and antimicrobial performance.

High-Frequency Device Applications: Low tangent loss and stable dielectric
properties make Sb-Ni-V2Os suitable for microwave absorbers, RF

components, and capacitors.

Supercapacitors: High dielectric constant and AC conductivity makes Sb-Ni-

V>0s excellent candidates for supercapacitor electrodes applications

Device Integration: Sb-Ni-V-O and its g-C3Ns heterostructures can be

incorporated into antimicrobial coatings, photocatalytic reactors

Extended Photocatalytic Applications: The heterostructures can be
evaluated for degradation of more complex industrial dyes, pharmaceuticals,

and organic pollutants under natural sunlight or simulated solar irradiation.

Biomedical Applications: Owing to their ROS-mediated antimicrobial
activity, these materials have potential for biofilm inhibition, wound dressing,

and infection control, subject to cytotoxicity assessments.

Theoretical Modeling and DFT Studies: Computational studies could
provide insights into charge carrier dynamics, band alignment, and defect
states, guiding the rational design of next-generation multi-cation metal

oxides.
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