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PREFACE 

 

This thesis presents a comprehensive investigation into graphene oxide-metal oxide 

composites and doped metal oxides, aimed at enhancing visible light photocatalytic 

performance for environmental remediation and energy-relevant applications. The work 

integrates experimental synthesis, advanced characterization, and density functional 

theory (DFT) calculations to design materials capable of efficiently degrading organic 

pollutants such as dyes under visible light irradiation. The research is motivated by the 

pressing global need for sustainable technologies that can address water contamination 

and energy challenges by effectively harnessing a larger fraction of the solar spectrum. 

The thesis begins by situating nanomaterials and photocatalytic semiconductors within 

the broader context of environmental remediation and clean energy production. Special 

emphasis is placed on oxide semiconductors such as ZnO, TiO2 and NiO and their 

derivatives, which, despite their chemical stability and abundance, suffer from wide band 

gaps and rapid charge carrier recombination that restrict their activity mainly to the 

ultraviolet region. To overcome these intrinsic limitations, the work explores composite 

formation with graphene oxide, strategic metal and non-metal doping, and defect 

engineering as routes to extend light absorption into the visible region and improve charge 

separation. 

To achieve these goals, the thesis employs sol-gel, hydrothermal, modified hummers 

method, plasma treatment, and deep eutectic solvent assisted approaches for the synthesis 

of nanostructured materials and their composites. These methods enable precise control 

over phase purity, morphology, surface area, and defect chemistry, which are crucial for 

photocatalytic performance. A suite of analytical techniques including X-ray diffraction 
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(XRD), electron microscopy (SEM), X-ray photoelectron spectroscopy (XPS), nitrogen 

adsorption-desorption (BET), diffuse reflectance spectroscopy (DRS), 

photoluminescence (PL), electrochemical impedance spectroscopy (EIS), and Mott-

Schottky analysis is used to establish detailed structure-property-performance 

relationships. 

A central part of the work focuses on rhombohedral zinc titanate (ZnTiO3) and its 

derivatives, chosen due to their tunable band structure and potential for visible-light 

photocatalysis when suitably modified. The thesis systematically examines: (i) 

ZnTiO3/graphene oxide composites synthesized via solid-state, liquid-state, and 

hydrothermal routes, highlighting how process conditions affect crystallinity, oxygen 

vacancy formation, band gap narrowing, interfacial binding, and charge transfer; (ii) 

plasma-induced defect engineering in ZnTiO3 to generate oxygen vacancies and enhance 

methylene blue degradation under visible light; and (iii) Cu-doped ZnTiO3 systems, 

where DFT calculations are employed to elucidate the impact of dopant incorporation on 

electronic structure and to rationalize experimental band gap trends. (iv) Mg- doped 

ZnTiO3 system DFT calculations are performed which shows electronic structure and 

density of states and band gap changes as Mg doping is increases. Across these studies, 

an integrated experimental-computational approach is used to identify design principles 

for optimizing visible light absorption, charge carrier dynamics, and photocatalytic 

efficiency. 

Beyond zinc titanate, the thesis expands the material space by investigating NiO-ZnO-

graphene oxide heterostructures. In NiO-ZnO-GO composites, the work demonstrates 

how tailored heterojunction architectures and GO-induced band gap reduction 

synergistically enhance visible-light-driven degradation of methylene blue.  
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The theoretical component of the thesis leverages DFT calculations to complement and 

guide the experimental efforts. For doped ZnTiO3 systems, first-principles calculations 

are used to determine formation energies, electronic band structures, density of states, and 

the nature of defect-induced energy levels within the band gap. These calculations 

confirm that appropriate dopant selection and concentration can significantly narrow the 

electronic structure gap while preserving or even enhancing key features, such as indirect-

gap character and favorable band edge positions for photocatalysis. The close agreement 

between calculated and experimental band gaps in selected compositions validates the 

computational approach and underscores the utility of DFT as a predictive tool for 

materials design. 

Overall, this thesis contributes to the field of photocatalytic materials by providing: (i) a 

systematic experimental exploration of composite and doped oxide systems for visible-

light-driven dye degradation; (ii) mechanistic insight into how synthesis route, interfacial 

structure, defect chemistry, and heterojunction design influence photocatalytic 

performance; and (iii) a combined experimental-computational framework that can be 

extended to other doped oxide systems. The findings not only advance the understanding 

of graphene oxide-metal oxide photocatalysts and doped zinc titanates but also suggest 

practical guidelines and future directions for developing efficient, stable, and scalable 

materials for environmental remediation and solar energy conversion. 
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1. CHAPTER 1 

 

Introduction 

 

1.1. Motivation 

The escalating global environmental crisis and the urgent need for sustainable energy 

solutions have positioned photocatalysis as a pivotal technology for addressing 

contemporary challenges in environmental remediation and clean energy production [1]. 

The development of efficient photocatalytic materials that can harness visible light, which 

constitutes approximately 45% of the solar spectrum, represents a critical advancement 

toward sustainable environmental technologies [2], [3]. Traditional photocatalysts such 

as titanium dioxide (TiO2) primarily operate under ultraviolet (UV) light irradiation, 

which accounts for only 4-5% of solar radiation, thereby limiting their practical 

applications and economic viability [4], [5]. 

The increasing discharge of synthetic dyes from textile, pharmaceutical, and chemical 

industries into aquatic environments poses severe threats to ecological systems and 

human health [6]. These organic pollutants are characterized by their complex aromatic 

structures, high stability, and resistance to conventional biological degradation processes 

[7]. Methylene blue, a representative cationic dye widely used in industrial applications, 

exemplifies the persistent nature of these contaminants, necessitating the development of 

advanced treatment technologies [8], [9].  
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The practical application of many oxide semiconductor photocatalysts remains limited by 

their wide band gap, low visible-light utilization, and rapid recombination of 

photogenerated charge carriers. In addition, insufficient surface adsorption and limited 

interfacial charge transport further reduce their degradation efficiency. These limitations 

indicate that the performance of pristine oxide photocatalysts cannot be substantially 

improved by simple material selection alone, and targeted structural modification is 

required. 

The integration of computational approaches, particularly Density Functional Theory 

(DFT) calculations, with experimental synthesis methods offers unprecedented 

opportunities to understand and predict the electronic properties of photocatalytic 

materials. This synergistic approach enables the rational design of composite materials 

with tailored band structures and optimized charge transfer mechanisms, ultimately 

leading to enhanced photocatalytic performance under visible light conditions. The 

motivation for incorporating DFT calculations lies in their ability to provide fundamental 

insights into the electronic structure modifications that occur upon doping and composite 

formation, thereby guiding the experimental design process [10], [11]. 

Accordingly, the present work has been motivated by the need to modify oxide 

photocatalysts through graphene oxide compositing, metal doping, and defect 

engineering. Graphene oxide is expected to improve surface adsorption and charge 

transport, while metal doping and defect formation are expected to tune the electronic 

structure, band gap, and charge-carrier dynamics. These strategies were therefore selected 

to develop visible-light-active photocatalysts with improved efficiency, stability, and 

mechanistic clarity. 
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1.1.1. Research gaps 

Favorable band edge positions are exhibited by ZnTiO3 for photocatalytic applications. 

However, significant phase complexity is frequently observed during synthesis. Visible 

light absorption is strictly limited by its intrinsic wide band gap. Furthermore, the 

modification of its electronic structure via GO compositing is insufficiently understood. 

The precise effects of defect engineering and transition metal doping on its photocatalytic 

behavior also remain unresolved. 

Established p-n heterojunctions are formed by NiO-ZnO systems. Despite this, the 

modulation of interfacial band bending by rGO content is poorly defined. Practical dye 

degradation kinetics under visible light are rarely detailed for these specific 

heterostructures. This structural gap is highly evident for compositions matching the NiO-

ZnO/GO systems. The dominant charge recombination mechanisms in these tailored 

composites require thorough investigation. 

A coupled experimental and DFT framework is rarely applied to Cu-doped and Mg-doped 

ZnTiO3. The explicit mapping of dopant concentration to electronic structure changes is 

required. Calculated band gaps must be directly compared with experimental band gap of 

ZnTiO3. These theoretical insights are strictly necessary to rationally design visible light-

active compositions. 

 

1.2.  Introduction to Nanomaterials 

Nanomaterials represent a revolutionary class of materials characterized by at least one 

dimension in the nanometer scale (1-100 nm), exhibiting unique properties that differ 

significantly from their bulk counterparts [12]. The emergence of nanotechnology as a 
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driving force in materials science has opened new avenues for developing advanced 

functional materials with enhanced performance characteristics [13]. The distinctive 

properties of nanomaterials arise from their high surface-to-volume ratio, quantum 

confinement effects, and increased surface reactivity, making them particularly suitable 

for photocatalytic applications. 

The field of nanomaterials has witnessed exponential growth over the past few decades, 

driven by advances in synthesis techniques and characterization methods [12]. The ability 

to control size, shape, morphology, and composition at the nanoscale has enabled the 

development of materials with precisely tailored properties for specific applications [12]. 

In the context of photocatalysis, nanomaterials offer several advantages including 

enhanced light absorption, increased active surface area, improved charge separation 

efficiency, and reduced recombination rates of photogenerated electron-hole pairs [14], 

[15]. 

The unique properties of nanomaterials stem from their quantum size effects, where the 

electronic and optical properties become size-dependent due to quantum confinement 

[16]. This phenomenon allows for the tuning of band gap energies and optical absorption 

characteristics, which is particularly important for developing visible light-active 

photocatalysts [17]. Furthermore, the high surface energy of nanomaterials promotes 

enhanced interaction with reactant molecules, leading to improved catalytic activity and 

selectivity. 

When we move from the micro to the nano regime, we should expect the measured 

properties to change because surface effects, defect effects, and quantum confinement 

become much more important as particle size decreases. In simple terms, the material no 
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longer behaves like a bulk solid; instead, a much larger fraction of its atoms are at the 

surface, so surface reactivity, adsorption, and interfacial charge transfer increase. 

In this study, the most relevant changes are usually in optical, structural, and catalytic 

behavior. Optical absorption can shift because the band gap may change at smaller sizes, 

electrical transport can improve or become more defect-sensitive depending on the dopant 

and interface, and photocatalytic activity often increases because the nano-sized material 

exposes more active sites and supports faster charge separation. 

1.2.1. Classification of Nanomaterials 

Nanomaterials can be systematically classified based on various criteria including 

dimensionality, composition, origin, and structural characteristics [18]. The dimensional 

classification divides nanomaterials into zero-dimensional (0D), one-dimensional (1D), 

two-dimensional (2D), and three-dimensional (3D) structures, each exhibiting distinct 

properties and applications. Zero-dimensional nanomaterials include quantum dots and 

nanoparticles, which exhibit quantum confinement effects in all three spatial dimensions, 

resulting in discrete energy levels and size-dependent optical properties. 

One-dimensional nanomaterials such as nanowires, nanotubes, and nanorods possess high 

aspect ratios and anisotropic properties, making them suitable for applications requiring 

directional charge transport [19]. Two-dimensional nanomaterials, exemplified by 

graphene and layered metal oxides, offer unique properties arising from their sheet-like 

structures and high surface areas [20]. Three-dimensional nanomaterials encompass 

complex hierarchical structures and nanocomposites that combine multiple components 

to achieve synergistic effects [21]. 

Based on composition, nanomaterials can be classified into organic, inorganic, and hybrid 

organic-inorganic systems. Inorganic nanomaterials include metal oxides, metals, 
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semiconductors, and ceramics, while organic nanomaterials comprise polymers, carbon-

based materials, and biomolecules [22]. Hybrid nanomaterials combine the advantages of 

both organic and inorganic components, offering enhanced functionality and versatility 

for various applications [23]. 

1.2.2.  Inorganic Nanomaterials 

Inorganic nanomaterials constitute a diverse class of materials including metal oxides, 

metals, semiconductors, and ceramic compounds that exhibit exceptional properties for 

photocatalytic applications [24]. Metal oxide nanomaterials such as TiO2, ZnO, CeO2, 

and SnO2 have been extensively studied as photocatalysts due to their chemical stability, 

biocompatibility, and ability to generate reactive oxygen species under light irradiation 

[25]. These materials possess favorable electronic structures with suitable band positions 

for photocatalytic redox reactions [25]. 

The synthesis of inorganic nanomaterials can be achieved through various methods 

including sol-gel processes, hydrothermal synthesis, chemical vapor deposition, and 

precipitation techniques [12]. The sol-gel method, in particular, offers excellent control 

over composition, purity, and morphology while operating at relatively low temperatures 

[26]. Hydrothermal synthesis provides an environmentally friendly approach for 

producing crystalline nanomaterials with controlled size and morphology under mild 

conditions [27]. 

The photocatalytic activity of inorganic nanomaterials is primarily governed by their 

electronic band structure, surface area, crystallinity, and defect concentration. The band 

gap energy determines the wavelength of light that can be absorbed, while the band edge 

positions dictate the thermodynamic feasibility of photocatalytic reactions [3]. Surface 
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defects and oxygen vacancies can act as charge trapping sites, influencing the charge 

separation efficiency and overall photocatalytic performance [28]. 

1.2.3. Composite Nanomaterials 

Composite nanomaterials represent an advanced class of materials that combine two or 

more distinct components at the nanoscale to achieve enhanced properties that cannot be 

obtained from individual components alone [29]. The design principle of composite 

nanomaterials relies on the synergistic interaction between different components, leading 

to improved functionality, stability, and performance characteristics [30]. In 

photocatalysis, composite materials offer unique advantages including extended light 

absorption range, enhanced charge separation, and reduced recombination rates. 

The formation of heterojunctions in composite nanomaterials creates built-in electric 

fields that facilitate the separation of photogenerated charge carriers [31]. Type I, Type II, 

and Z-scheme heterojunctions represent different band alignment configurations that 

determine the charge transfer pathways and photocatalytic mechanisms [32]. The 

interface between different components plays a crucial role in determining the overall 

performance of composite materials, requiring careful control of synthesis conditions and 

interfacial interactions [32]. 

Two-dimensional layered composite photocatalysts have gained significant attention due 

to their unique properties arising from quantum confinement effects and high surface 

areas [33]. These materials offer advantages in band gap tuning, heterojunction formation, 

and enhanced light absorption capabilities [34]. The layered structure facilitates efficient 

charge transport and provides numerous active sites for photocatalytic reactions [34]. 
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1.2.4. Doped Nanomaterials 

Doped nanomaterials are created by introducing foreign atoms or ions into the host crystal 

lattice, resulting in modified electronic, optical, and catalytic properties [35], [36], [37]. 

The doping process can involve substitutional or interstitial incorporation of dopant 

atoms, leading to the formation of new energy levels within the band gap of the host 

material [38], [39]. This modification allows for the tuning of band gap energies, 

enhancement of visible light absorption, and improvement of charge separation efficiency 

[40], [41]. 

Metal doping of semiconductor nanomaterials has proven to be an effective strategy for 

enhancing photocatalytic activity under visible light irradiation [42]. Transition metal 

dopants such as Fe, Co, Ni, and Cu introduce d-orbital states that can act as electron traps 

or recombination centers, depending on their concentration and position within the band 

gap [43], [44]. The optimal doping concentration is critical, as excessive doping can lead 

to increased recombination rates and reduced photocatalytic efficiency [45]. 

Non-metal doping with elements such as N, C, S, and F has also been extensively studied 

for extending the light absorption of wide band gap semiconductors into the visible region 

[46]. These dopants typically introduce states above the valence band maximum, 

effectively narrowing the band gap and enabling visible light activation [47]. The success 

of doping strategies depends on factors such as dopant solubility, thermal stability, and 

the formation of compensating defects [48]. 

A suitable dopant is usually selected based on four basic criteria: its ionic radius should 

be close enough to the host ion to allow lattice substitution, its valence state should be 

compatible with charge compensation, it should not form unwanted secondary phases at 
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the chosen concentration, and it should introduce electronic states that improve light 

absorption or charge transport rather than acting mainly as a recombination center. 

In this study, this means the dopant should fit into the ZnTiO3 lattice with minimal 

structural distortion while still modifying the band structure in a useful way. For Cu 

doping, the idea is to replace Zn sites without destroying the host framework, and for Mg 

doping the same principle applies, but the concentration must be tuned carefully so that 

the electronic structure is altered in a controlled manner. 

The structural properties can be controlled mainly through dopant concentration because 

low to moderate doping can reduce crystallite size, change lattice parameters slightly, and 

adjust defect density, while excessive doping may produce strain, agglomeration, or even 

secondary phases. In practice, this is why dopant concentration is treated as an 

optimization variable rather than a fixed number. 

The electrochemical properties are also concentration-dependent because dopants can 

shift the Fermi level, create trap states, change carrier density, and influence charge 

separation and transfer at interfaces. At an optimal concentration, these changes help 

improve conductivity and reduce recombination, but beyond that point the added dopant 

can create too many defects and start decreasing performance. 

1.3. Properties of Nanomaterials 

The unique properties of nanomaterials arise from their reduced dimensionality, high 

surface-to-volume ratio, and quantum confinement effects [49], [50]. These properties 

can be categorized into optical, electrical, thermal, and chemical characteristics, each 

playing a crucial role in determining the material's suitability for specific applications 

[51], [52]. Understanding these properties is essential for designing nanomaterials with 

tailored functionality for photocatalytic applications. 
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The size-dependent properties of nanomaterials distinguish them from their bulk 

counterparts, often exhibiting enhanced or entirely new characteristics [53]. Quantum 

confinement effects become prominent when the material dimensions approach the de 

Broglie wavelength of charge carriers, leading to discrete energy levels and size-

dependent optical properties [54], [55]. Surface effects dominate in nanomaterials due to 

the high proportion of atoms located at or near the surface, resulting in increased reactivity 

and modified thermodynamic properties [56]. 

Nanomaterials show enhanced catalytic activity mainly because they expose a much 

larger active surface area, which gives more reactant-accessible sites and increases the 

probability of surface reactions. At the nanoscale, a greater fraction of atoms lies at edges, 

corners, and surfaces rather than inside the bulk, so a larger portion of the material can 

directly participate in catalysis. 

They also benefit from shorter diffusion paths and faster interfacial charge transfer, which 

is especially important in photocatalysis where photogenerated electrons and holes must 

reach the surface before recombining. In addition, nanoscale materials often have more 

defects, vacancies, and tunable electronic states, which can improve adsorption of 

reactants and lower the activation energy for reaction pathways. 

1.3.1. Optical Properties 

The optical properties of nanomaterials are fundamentally different from bulk materials 

due to quantum confinement effects and surface plasmon resonances [57], [58]. The 

absorption and emission characteristics of semiconductor nanomaterials are strongly size-

dependent, with smaller particles exhibiting blue-shifted absorption edges due to quantum 

confinement [59]. This size-dependent tunability allows for the precise control of optical 

properties for specific photocatalytic applications. 
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The band gap energy of semiconductor nanomaterials increases with decreasing particle 

size, following the effective mass approximation model [60]. This relationship enables 

the engineering of optical properties by controlling the synthesis parameters and particle 

size distribution [61]. For photocatalytic applications, the optimal band gap should be 

narrow enough to absorb visible light while maintaining sufficient driving force for redox 

reactions [62]. 

Surface plasmon resonances in metal nanoparticles provide additional mechanisms for 

light absorption and enhancement of local electromagnetic fields. The incorporation of 

plasmonic nanoparticles into photocatalytic composites can significantly enhance light 

absorption and improve charge separation efficiency through hot electron injection and 

near-field enhancement effects [63]. The plasmon resonance frequency depends on the 

particle size, shape, and surrounding dielectric environment [64]. 

1.3.2. Electrical Properties 

The electrical properties of nanomaterials are governed by quantum confinement effects, 

surface states, and grain boundary effects [65]. The reduced dimensionality leads to 

modified density of states and altered charge transport mechanisms compared to bulk 

materials [66]. In semiconductor nanomaterials, the presence of surface states and defects 

can significantly influence the electrical conductivity and charge carrier mobility [67]. 

The conductivity of nanomaterials can vary dramatically with size, shape, and surface 

functionalization [68]. Quantum confinement effects can lead to either enhanced or 

reduced conductivity depending on the specific material and dimensional constraints [69]. 

For photocatalytic applications, the electrical properties determine the efficiency of 

charge separation and transport to reactive sites [63]. 
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Interface effects in composite nanomaterials play a crucial role in determining the overall 

electrical behavior [70]. The formation of Schottky barriers or ohmic contacts at 

interfaces can facilitate or hinder charge transfer between different components [71]. 

Understanding and controlling these interfacial properties is essential for optimizing the 

performance of composite photocatalysts [70], [71]. 

1.3.3. Thermal Properties 

The thermal properties of nanomaterials, including melting point, thermal conductivity, 

and thermal stability, differ significantly from bulk materials [72]. The high surface-to-

volume ratio and increased surface energy lead to reduced melting points and enhanced 

thermal reactivity [73]. These modified thermal properties have important implications 

for synthesis conditions and operational stability of photocatalytic materials. 

Thermal conductivity in nanomaterials can be either enhanced or reduced compared to 

bulk materials, depending on the specific structure and phonon transport mechanisms 

[74]. In layered materials, thermal conductivity is often anisotropic, with higher values in 

the plane direction and reduced values across layers [75]. For photocatalytic applications, 

thermal management is important for maintaining activity under concentrated solar 

irradiation [76]. 

The thermal stability of nanomaterials is influenced by surface energy, defect 

concentration, and grain size effects [74]. Phase transformations and sintering can occur 

at lower temperatures in nanomaterials, potentially affecting their photocatalytic 

performance [77]. Understanding thermal stability is crucial for determining the 

operational temperature range and long-term durability of photocatalytic systems [78]. 
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1.3.4. Chemical Properties 

The chemical properties of nanomaterials are dominated by surface effects and the high 

concentration of reactive sites [79]. The increased surface area provides more active sites 

for chemical reactions, while surface atoms exhibit higher reactivity due to unsaturated 

coordination [80]. These enhanced chemical properties make nanomaterials particularly 

suitable for catalytic applications [81]. 

Surface functionalization and modification strategies can be employed to tailor the 

chemical properties of nanomaterials for specific applications [80]. The introduction of 

functional groups can enhance selectivity, improve stability, and facilitate interfacial 

interactions in composite systems [68]. For photocatalytic applications, surface 

modification can improve light absorption, charge separation, and reactant adsorption 

[68], [80]. 

The chemical stability of nanomaterials in different environments is a critical factor for 

practical applications. Factors such as pH, temperature, and the presence of reactive 

species can influence the long-term stability and performance of photocatalytic materials 

[82], [83], [84]. Understanding degradation mechanisms and developing strategies for 

improving chemical stability is essential for commercial viability. 

1.4. Photocatalytic Semiconductors 

Photocatalytic semiconductors represent a class of materials capable of absorbing light 

energy and converting it into chemical energy through the generation of reactive species 

[85]. The fundamental principle of semiconductor photocatalysis involves the excitation 

of electrons from the valence band to the conduction band upon light absorption, creating 

electron-hole pairs that can participate in redox reactions [85]. The efficiency of this 
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process depends on factors such as band gap energy, band edge positions, charge carrier 

mobility, and surface properties [2]. 

The photocatalytic process begins with light absorption, where photons with energy equal 

to or greater than the band gap energy promote electrons from the valence band to the 

conduction band [86]. The photogenerated electrons and holes can then migrate to the 

surface and participate in reduction and oxidation reactions, respectively [87]. The overall 

efficiency of the photocatalytic process is determined by the competition between 

productive surface reactions and unproductive recombination of charge carriers [88]. 

The development of efficient photocatalytic semiconductors requires careful 

consideration of their electronic structure, optical properties, and surface characteristics. 

Wide band gap semiconductors such as TiO₂ and ZnO exhibit excellent photocatalytic 

activity under UV irradiation but have limited visible light absorption [4]. Strategies for 

extending the light absorption range include band gap engineering through doping, 

composite formation, and surface sensitization [89]. 

1.4.1. Classifications of Photocatalytic Semiconductors 

Semiconductor photocatalysts represent a diverse class of materials that can be 

systematically categorized based on their chemical composition and structural 

complexity. The classification framework divides these materials into three primary 

categories: binary type, ternary type, and quaternary type photocatalysts. 

Binary Type Semiconductor Photocatalysts 

Binary-type photocatalysts consist of compounds containing two different elements and 

can be further subdivided into three main subcategories: 

Oxides 
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Binary oxide photocatalysts include some of the most widely studied materials in 

photocatalysis: Titanium dioxide (TiO2), Zinc oxide (ZnO), Nickel oxide (NiO), Tin 

dioxide (SnO2), Zinc oxide (ZnO), Zirconium dioxide (ZrO2), Tungsten trioxide (WO3), 

Cerium dioxide (CeO2), and Bismuth trioxide (Bi2O3) 

Nitrides 

Nitride-based photocatalysts demonstrate excellent properties for visible light absorption: 

Gallium nitride (GaN), Tantalum nitride (Ta3N5), Graphitic carbon nitride (g-C3N4) 

Chalcogenide photocatalysts are further classified into two subgroups: 

Sulfides 

Cadmium sulfide (CdS), Copper sulfide (CuS), Zinc sulfide (ZnS), Bismuth sulfide 

(Bi2S3), Antimony sulfide (Sb2S3) 

Selenides 

Cadmium selenide (CdSe) 

Ternary Type Semiconductor Photocatalysts 

Ternary photocatalysts contain three different elements and exhibit more complex crystal 

structures, offering enhanced tunability of their electronic and optical properties. 

Ternary Oxides 

Ternary oxide photocatalysts encompass several structural types: 

ABO3-Perovskite Structures 

Perovskite-type materials with the general formula ABO3 include: Zinc titanate (ZnTiO3), 

Bismuth ferrite (BiFeO3), Strontium titanate (SrTiO3) 
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AB2O4 Compounds 

These materials feature spinel and related structures with diverse cation arrangements. 

ABO2 Materials 

This category includes: Delafossite-structured materials and Cristobalite-structured 

materials for example copper iron oxide (CuFeO2) 

ABO4 Materials: Scheelite-structured materials 

Ternary Chalcogenides 

This category encompasses ternary compounds containing chalcogen elements (sulfur, 

selenium, tellurium) combined with two other elements. 

Quaternary Type  

Quaternary photocatalysts represent the most complex category, consisting of four or 

more different elements. These materials offer the highest degree of compositional 

flexibility for tailoring photocatalytic properties: Calcium bismuth niobate (CaBi2Nb4O9), 

Barium bismuth niobate (BaBi2Nb4O9), and Strontium bismuth niobate (SrBi2Nb4O9). 

Significance of Classification 

This hierarchical classification system provides a comprehensive framework for 

understanding the structural diversity of semiconductor photocatalysts. The increasing 

complexity from binary to quaternary types generally corresponds to greater tunability of 

electronic band structures, optical properties, and photocatalytic performance. This 

systematic approach facilitates the rational design and selection of photocatalyst materials 

for specific applications, including water splitting, pollutant degradation, and solar fuel 

production. 
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The classification serves as a foundation for researchers to navigate the vast landscape of 

semiconductor photocatalysts and guides the development of new materials with 

enhanced photocatalytic efficiency and stability. 

 

Figure 1.1.Classification of photocatalytic semiconductor. 

1.5. Historical Background of Dyes and Their 

Classification 

The history of dyes spans over years, beginning with natural colorants extracted from 

plants, animals, and minerals. Archaeological evidence indicates that the earliest use of 

natural dyes dates back to 2600 BC in ancient China, where various organic and inorganic 

materials were employed to color textiles [90]. The Stockholm Papyrus from the 

Hellenistic period contains over a hundred recipes for dye manufacturing and application, 

demonstrating the advanced understanding of dyeing processes in ancient civilizations 

[91]. 
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The modern synthetic dye industry began in 1856 with William Perkin's accidental 

discovery of mauveine, the first synthetic dye, while attempting to synthesize quinine for 

malaria treatment [92]. This breakthrough revolutionized the textile industry and led to 

the rapid development of synthetic colorants with improved properties and colour fastness 

[93]. The transition from natural to synthetic dyes marked a significant milestone in 

industrial chemistry and materials science [93]. 

The classification of dyes has evolved with advances in chemical understanding and 

application requirements. Traditional classification systems were based on colour or 

natural source, while modern approaches consider chemical structure, application 

method, and fiber compatibility. The development of reactive dyes in the mid-20th 

century represented another major advancement, providing permanent chemical bonding 

with textile fibers [94]. 

Contemporary dye classification systems recognize various categories including acid 

dyes, basic dyes, direct dyes, reactive dyes, disperse dyes, and vat dyes [93]. Each class 

exhibits distinct chemical properties, application methods, and environmental behavior. 

Understanding these classifications is crucial for developing effective treatment strategies 

and designing targeted photocatalytic systems for dye degradation. Methylene blue (MB), 

methyl orange, Congo red, and Rhodamine B are synthetic organic dyes that are used a 

lot in industry (Figure 1.3). 
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 Figure 1.2.Classification of dyes. 

1.5.1. Methylene Blue (MB) Dye 

Methylene blue (C16H18ClN3S) is a thiazine dye discovered by German chemist Heinrich 

Caro in 1876, representing one of the most widely studied and utilized synthetic dyes in 

both industrial and research applications [95]. This cationic dye is characterized by its 

intense blue color, high water solubility, and strong affinity for negatively charged 

surfaces, making it an ideal model compound for photocatalytic degradation studies [96]. 

The molecular structure consists of a phenothiazine core with dimethylamino 

substituents, providing characteristic optical and electrochemical properties [96]. 

The widespread use of methylene blue in textile, pharmaceutical, and biological 

applications has led to its frequent occurrence in industrial wastewater [96]. Despite its 

utility, methylene blue poses environmental and health concerns due to its persistence in 

aquatic systems and potential toxicity to marine organisms [97]. The dye can cause 

hemolysis and reduce the oxygen-carrying capacity of blood when present in significant 
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concentrations [98]. These factors have driven extensive research into effective removal 

and degradation methods. 

Methylene blue serves as an excellent model pollutant for evaluating photocatalytic 

materials due to its well-characterized properties and standardized testing protocols [99], 

[100]. The dye exhibits strong absorption in the visible region with a characteristic peak 

around 664 nm, allowing for easy monitoring of degradation kinetics through UV-vis 

spectroscopy [99]. The photocatalytic degradation of methylene blue typically proceeds 

through the formation of reactive oxygen species, leading to the breakdown of the 

aromatic structure and eventual mineralization [100]. 

Methylene blue was chosen as the model pollutant because it is a widely used industrial 

dye, is highly visible in water, and is easy to monitor spectroscopically during 

degradation. It is also a persistent and toxic cationic dye, so it serves as a relevant 

representative contaminant for evaluating photocatalytic wastewater treatment materials. 

In addition, MB has a strong absorption peak in the visible region, which makes its 

concentration changes simple to track by UV-Vis spectroscopy, allowing clear kinetic 

analysis of photocatalytic performance. For these reasons, it is commonly used as a 

standard probe molecule in photocatalysis studies. 
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Figure 1.3. Chemical Structure of (a) Methylene blue (MB), (b) Methyl orange, (c) 

Congo Red and (d) Rhodamine B dyes. 

1.6. Treatment Methods for Removal of Dyes 

The removal of dyes from wastewater requires sophisticated treatment approaches due to 

their complex chemical structures, high stability, and resistance to conventional biological 

processes [101]. Traditional treatment methods include physical adsorption, chemical 

coagulation, membrane filtration, and biological treatment, each with distinct advantages 

and limitations [101]. The selection of appropriate treatment methods depends on factors 

such as dye concentration, chemical structure, discharge volume, and economic 

considerations [101]. 

Adsorption has emerged as one of the most widely adopted methods for dye removal due 

to its simplicity, effectiveness, and cost-efficiency [102]. Various adsorbent materials 

including activated carbon, metal oxides, biomass, and polymer-based materials have 

been investigated for their dye removal capabilities [103]. The adsorption mechanism 

typically involves physical attraction, electrostatic interactions, and chemical bonding 

between the dye molecules and adsorbent surface [104]. 
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Advanced oxidation processes (AOPs) represent a promising category of treatment 

technologies that generate highly reactive species capable of mineralizing organic 

pollutants [105]. These processes include photocatalysis, ozonation, Fenton oxidation, 

and electrochemical oxidation, all of which can effectively degrade recalcitrant dye 

molecules. Among these, photocatalysis has gained particular attention due to its ability 

to utilize solar energy and achieve complete mineralization of organic pollutants [106]. 

 

Figure 1.4. Classifications of a dye removal and other related aspects. 

1.6.1. Photocatalysis and Photocatalysis Mechanism 

Photocatalysis is a light-driven process that utilizes semiconductor materials to generate 

reactive species capable of degrading organic pollutants and facilitating various chemical 

transformations [107]. The fundamental mechanism involves three key steps: light 

absorption, charge carrier generation and separation, and surface redox reactions [108]. 

When a photocatalyst absorbs photons with energy equal to or greater than its band gap, 

electrons are promoted from the valence band to the conduction band, creating electron-

hole pairs [109]. 
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The photogenerated electrons and holes can migrate to the catalyst surface where they 

participate in reduction and oxidation reactions, respectively [2]. Electrons typically 

reduce molecular oxygen to form superoxide radicals (O₂- ⁻), while holes can directly 

oxidize organic molecules or react with water/hydroxide ions to form hydroxyl radicals 

(- OH) [2]. These reactive oxygen species are highly oxidizing and can effectively 

degrade organic pollutants through various pathways including hydrogen abstraction, 

electron transfer, and addition reactions [2]. 

The efficiency of photocatalytic processes is governed by the competition between 

productive surface reactions and unproductive recombination of charge carriers [110]. 

Recombination can occur in the bulk material or at surface trap states, representing energy 

loss that reduces overall quantum efficiency [34]. Strategies for minimizing 

recombination include surface modification, composite formation, and the incorporation 

of electron acceptors or hole scavengers [34]. 

Photocatalytic semiconductors can be classified based on various criteria including 

chemical composition, crystal structure, band gap energy, and operational mechanisms 

[109]. The most common classification is based on the band gap energy, dividing 

materials into UV-active (band gap > 3.0 eV) and visible light-active (band gap < 3.0 eV) 

photocatalysts [111]. UV-active photocatalysts include TiO₂, ZnO, and SrTiO₃, while 

visible light-active materials encompass BiVO₄, WO₃, and various doped 

semiconductors. 

Another classification approach considers the photocatalytic mechanism, distinguishing 

between direct and indirect band gap semiconductors [112]. Direct band gap materials 

exhibit stronger optical absorption and more efficient electron-hole pair generation, while 

indirect band gap materials require phonon assistance for optical transitions [112]. The 
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choice between direct and indirect semiconductors depends on the specific application 

requirements and operational conditions. 

Composite photocatalysts represent a distinct class that combines multiple semiconductor 

components to achieve enhanced performance. These systems can be further classified 

based on their heterojunction type (Type I, Type II, or Z-scheme) and the nature of 

component interactions [38]. Z-scheme photocatalysts have gained particular attention 

due to their ability to maintain strong redox capability while achieving efficient charge 

separation. 

 

Figure 1.5. Classification of photocatalytic semiconductors based on band gaps, 

mechanism, and composite heterojunction configuration. 

1.6.2. Factors Affecting the Photocatalysis 

The efficiency of photocatalytic processes is influenced by numerous factors that can be 

broadly categorized into intrinsic material properties and external operational conditions 

[112]. Intrinsic factors include recombination time, band gap energy, crystal structure, 

surface area, particle size, and defect concentration, while external factors encompass 
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light intensity, pH, temperature, dissolved oxygen concentration, and pollutant 

concentration [107]. Understanding and optimizing these factors is crucial for achieving 

maximum photocatalytic efficiency. 

Charge carrier recombination time is an important intrinsic factor in photocatalysis. It is 

the average time that photogenerated electrons and holes stay apart before they are 

recombine. Shorter recombination times cause charge carriers to lose their charge quickly, 

which lowers the quantum efficiency of photocatalytic reactions. However, techniques 

like heterojunction formation, doping, or surface passivation can increase this lifetime to 

microseconds or longer, making redox processes at the catalyst surface more effective. 

To improve overall photocatalytic performance, especially in applications like water 

splitting and pollutant degradation, it is important to optimise recombination time through 

material design. 

Solar intensity and wavelength significantly affect the rate of electron-hole pair 

generation and overall photocatalytic activity [106]. Higher solar intensities generally 

lead to increased reaction rates up to a saturation point where all available photocatalyst 

sites are activated. The wavelength dependence is determined by the band gap energy of 

the photocatalyst, with optimal performance achieved when the incident photon energy 

matches or exceeds the band gap [112].  

However, the effect is not unlimited. At very high intensity, the gain may level off because 

the catalyst surface becomes saturated, charge recombination can increase, and mass-

transfer limitations may start to dominate. 

Solution pH plays a critical role in photocatalytic processes by affecting the surface 

charge of the catalyst, the speciation of pollutants, and the formation of reactive species. 

The point of zero charge (PZC) of the photocatalyst determines the surface charge at 
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different pH values, influencing the adsorption of charged pollutants and the efficiency 

of charge transfer processes [86]. Optimal pH conditions vary depending on the specific 

photocatalyst and target pollutant. 

Temperature effects in photocatalysis are complex, with opposing influences on different 

process steps [112]. While higher temperatures generally increase reaction rates and 

improve mass transfer, they can also promote undesirable recombination processes and 

reduce the adsorption of reactants. The optimal operating temperature represents a 

balance between these competing effects. 

1.6.3. Visible Light-Induced Photocatalysis 

Visible light-induced photocatalysis represents a significant advancement in 

environmental remediation and sustainable energy technologies, as it enables the 

utilization of solar radiation and artificial lighting for driving photochemical processes 

[113]. The development of visible light-active photocatalysts addresses the major 

limitation of conventional UV-active materials, which can only utilize a small fraction of 

the solar spectrum. This advancement has important implications for the practical 

application and economic viability of photocatalytic technologies. 

The extension of photocatalytic activity into the visible light region can be achieved 

through various strategies including band gap narrowing, sensitization, and the creation 

of mid-gap states [2]. Band gap narrowing can be accomplished through doping with 

metal or non-metal ions, which introduces new energy levels within the forbidden gap. 

Sensitization involves the use of dye molecules or narrow band gap semiconductors that 

can absorb visible light and inject electrons into the conduction band of wide band gap 

photocatalysts. 
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The mechanism of visible light photocatalysis can involve direct excitation of the 

photocatalyst or indirect processes through sensitization [113]. In direct excitation, visible 

light photons promote electrons from dopant levels or defect states to the conduction 

band, while in sensitization mechanisms, visible light is absorbed by sensitizer molecules 

that subsequently inject electrons into the photocatalyst. The choice of mechanism 

depends on the specific material system and application requirements. 

Recent advances in visible light photocatalysis have revealed new mechanisms such as 

the formation of intra-band transitions through organic compound adsorption on wide 

band gap semiconductors [114]. This mechanism enables visible light activity in materials 

traditionally considered UV-active, expanding the range of potential photocatalytic 

materials [115]. Understanding these mechanisms is crucial for the rational design of 

next-generation visible light-active photocatalysts. 

1.7. Metal Oxide Semiconductor for Visible Light-

Induced Photocatalysis 

Metal oxide semiconductors represent the most extensively studied class of photocatalytic 

materials due to their chemical stability, biocompatibility, and favorable electronic 

properties [116]. Common metal oxides such as TiO2, ZnO, Fe2O3, and WO3 exhibit 

excellent photocatalytic activity, though many are limited to UV light activation due to 

their wide band gaps [117]. The development of visible light-active metal oxide 

photocatalysts has become a major research focus, with strategies including doping, 

composite formation, and morphological control. 

The electronic structure of metal oxide semiconductors is characterized by oxygen 2p 

orbitals forming the valence band and metal d or s orbitals constituting the conduction 

band [118]. The band gap energy is determined by the energy difference between these 
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bands, which can be modified through various approaches [114]. The band edge positions 

relative to the water redox potentials determine the thermodynamic feasibility of 

photocatalytic water splitting and pollutant degradation reactions. 

Binary metal oxides such as ZnTiO3 and composite systems like NiO-ZnO have shown 

promise for visible light photocatalysis due to their tailored electronic structures and 

enhanced charge separation properties [119], [120], [121]. These materials often exhibit 

improved performance compared to their individual components due to heterojunction 

formation and synergistic effects [121] The design of such systems requires careful 

consideration of band alignment, interface engineering, and morphological control. 

1.7.1. Zinc Titanate (ZnTiO3) Structure and Its Properties 

Zinc titanates (ZnTiO3) are a type of oxide that has three parts and a perovskite-type 

(ABO3) structure. Previous studies have demonstrated that ZnTiO3 operates as an n-type 

semiconductor [122]. Zinc titanate has many different phases, and the ones that form 

depend on how it is heated. When ZnO and TiO2 are mixed together, they can form many 

different crystalline phases of zinc titanate, such as cubic, rhombohedral, and spinel. The 

type of phase that forms depend on how the mixture is heated [123]. Additionally, the 

ZnO-TiO2 combination, zinc titanate, can be found in different forms, such as cubic with 

the unit formula ZnTiO3, rhombohedral (or hexagonal) with the unit formula ZnTiO3, 

cubic spinel with Zn2TiO4, and cubic with the unit formula Zn2Ti3O8 [124]. The phases 

appear at different temperatures, so the phase found in ZTO will be greatly affected by 

the thermal treatment history of ZnO-TiO2 systems (Figure 1.6) [123], [124], [125]. There 

are two important phases of ZTO: one at low temperature that has cubic symmetry and 

the other at high temperature that has rhombohedral symmetry. Both of these phases have 

the same unit formula, ZnTiO3 [122], [126]. 
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Figure 1.6. Phase diagram of ZnO-TiO2 (adapted)[127] 

Zinc titanate cubic structure has a face-centered cubic lattice with Fm-3m space group 

symmetry (Figure 1.7 (b)), where Zn2+ cations mostly fill tetrahedral sites that are 

connected to four oxygen atoms. Ti4+ ions, on the other hand, fill octahedral sites that are 

surrounded by six oxygen atoms. 

Zinc titanate (ZnTiO3) crystallizes in the ilmenite structure with trigonal R-3 space group 

symmetry, where Ti4+ and Zn2+ cations occupy octahedral sites coordinated by six oxygen 

atoms (Figure 1.7 (a)) [119]. The crystal structure features distorted TiO6 and ZnO6 

octahedra that share corners and edges, creating a three-dimensional framework with 

specific bond lengths and angles [128]. 

The electronic structure of ZnTiO3 is characterized by a band gap energy suitable for 

visible light absorption, making it an attractive candidate for photocatalytic applications 
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[114]. The valence band is primarily composed of O 2p orbitals with some contribution 

from Zn 3d states, while the conduction band consists mainly of Ti 3d orbitals [129]. This 

electronic configuration results in favorable band edge positions for photocatalytic redox 

reactions and enables visible light activation. 

ZnTiO3 has demonstrated excellent photocatalytic activity for the degradation of various 

organic pollutants under visible light irradiation. Studies have shown that ZnTiO3 

synthesized through sol-gel methods exhibits high crystallinity and enhanced 

photocatalytic performance compared to other synthesis routes [120]. The photocatalytic 

mechanism involves the generation of reactive oxygen species, particularly hydroxyl 

radicals and superoxide ions, which effectively degrade organic contaminants. 

The photocatalytic performance of ZnTiO3 can be further enhanced through 

morphological control, surface modification, and composite formation [119]. 

Nanostructured ZnTiO3 with high surface area and optimized crystal facets exhibits 

improved light absorption and charge separation efficiency. 
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Figure 1.7. (a) Rhombohedral zinc titanate with a lattice parameter a = b = 5.13 Å, and c = 14.08 

Å, and (b) Cubic zinc titanate with a lattice parameter a = b = c = 3.84 Å. 

1.7.2. NiO-ZnO Structure and Its Properties 

The NiO-ZnO composite system represents an important class of heterojunction 

photocatalysts that combines the unique properties of both component oxides [121]. NiO 

is a p-type semiconductor with a band gap of approximately 3.6-4.0 eV, while ZnO is an 

n-type semiconductor with a band gap of 3.37 eV [130]. The formation of p-n 

heterojunctions between these materials creates built-in electric fields that facilitate 

charge separation and enhance photocatalytic activity. 

The crystal structure of NiO features a face-centered cubic rock salt structure, while ZnO 

adopts a hexagonal wurtzite structure (Figure 1.8) [38]. In composite systems, these 

materials can form intimate contact at the interface, enabling efficient charge transfer 

between the components. The morphology of NiO-ZnO composites can be controlled 

through various synthesis methods, with core-shell and dispersed configurations. 

The photocatalytic mechanism in NiO-ZnO composites involves the migration of 

photogenerated electrons from ZnO to NiO and holes from NiO to ZnO, effectively 

separating charge carriers and reducing recombination rates [121]. This charge separation 

mechanism is facilitated by the appropriate band alignment between the two 

semiconductors. The composite system exhibits enhanced visible light absorption 

compared to pure ZnO due to the contribution of NiO and interfacial states. 

NiO-ZnO composites have demonstrated superior photocatalytic performance for dye 

degradation under both UV and visible light irradiation [130]. The optimal NiO content 

and synthesis conditions significantly influence the photocatalytic activity, with excessive 

NiO loading potentially leading to increased recombination rates [121]. The magnetic 
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properties of NiO enable easy separation and recovery of the photocatalyst, making it 

attractive for practical applications. 

 

Figure 1.8. (a) Cubic NiO with a lattice parameter a = b = c = 4.19 Å, and (b) Hexagonal ZnO 

with a lattice parameter a = b = 3.24 Å and c = 5.22 Å. 

1.8. 2D Layered Structure and Its Properties 

Two-dimensional (2D) layered materials have emerged as a revolutionary class of 

nanomaterials with unique properties arising from their sheet-like structures and quantum 

confinement effects [131]. These materials are characterized by strong in-plane bonding 

and weak interlayer interactions, enabling easy exfoliation into individual layers with 

thicknesses ranging from single atomic layers to a few nanometers [132]. The reduced 

dimensionality leads to modified electronic, optical, and catalytic properties that differ 

significantly from their bulk counterparts. 

The high surface-to-volume ratio of 2D materials provides abundant active sites for 

catalytic reactions, while the layered structure facilitates efficient charge transport and 
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mass transfer [132]. The electronic structure of 2D materials is often characterized by 

direct band gaps and high carrier mobility, making them suitable for optoelectronic and 

photocatalytic applications [131]. The ability to tune properties through layer stacking, 

chemical functionalization, and heterostructure formation offers unprecedented 

opportunities for materials design. 

2D layered composite photocatalysts represent a promising approach for achieving 

enhanced photocatalytic performance through the combination of different materials 

[119]. These composites can exhibit unique properties such as extended light absorption, 

improved charge separation, and enhanced stability compared to individual components. 

The rational design of 2D composite photocatalysts requires understanding of interfacial 

interactions, band alignment, and charge transfer mechanisms. 

1.8.1. Graphene Oxide and Their Properties 

Graphene oxide (GO) is a heavily oxidized derivative of graphene containing various 

oxygen-containing functional groups including hydroxyl, epoxy, carboxyl, and carbonyl 

groups (Figure 1.9 (a)) [132]. The presence of these functional groups renders GO 

hydrophilic and provides numerous sites for chemical modification and functionalization. 

The electronic structure of GO is significantly different from pristine graphene, with an 

increased band gap due to the disruption of the π-conjugated system by oxygen 

functionalities [133]. 

The synthesis of graphene oxide is typically achieved through chemical oxidation 

methods such as the Hummers or modified Hummer’s methods [134]. These approaches 

involve the treatment of graphite with strong oxidizing agents, resulting in the 

intercalation of oxygen-containing groups and the expansion of interlayer spacing [134]. 
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The degree of oxidation can be controlled through reaction conditions, affecting the 

properties and applications of the resulting GO [134]. 

GO exhibits unique properties that make it attractive for photocatalytic applications, 

including high surface area, excellent dispersibility in aqueous solutions, and the ability 

to act as both electron acceptor and donor [131]. The oxygen-containing functional groups 

provide anchoring sites for the attachment of semiconductor nanoparticles, enabling the 

formation of stable composite materials [9]. The electronic properties of GO can be tuned 

through reduction processes, allowing for the optimization of charge transfer 

characteristics [131]. Reduced graphene oxide (Figure 1.9 (b)) is synthesized by 

removing oxygen functional groups through chemical, thermal, or electrochemical 

reduction methods. This restores the sp2 carbon network and greatly improves electrical 

conductivity, mechanical strength, thermal and photocatalytic properties compared to 

graphene oxide. 

The role of GO in photocatalytic composites is multifaceted, serving as a precursor for 

graphene, a cross-linked framework for constructing aerogel photocatalysts, a 

macromolecular surfactant, and a two-dimensional growth template [132]. GO can also 

function as a photocatalyst by itself under certain conditions, though its activity is 

generally lower than that of semiconductor-GO composites [117]. The versatility of GO 

makes it an ideal building block for designing advanced photocatalytic materials. 
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Figure 1.9. Illustration of (a) Graphene Oxide, and (b) Reduced Graphene oxide. 

1.9. Metal Oxide Semiconductor and Graphene Oxide 

Composite Effect on Photocatalysis 

The integration of metal oxide semiconductors with graphene oxide represents a 

significant advancement in photocatalytic materials design, offering synergistic effects 

that enhance overall performance [9], [117]. The unique properties of GO, including its 

high surface area, excellent electron mobility, and abundant functional groups, 

complement the photocatalytic activity of metal oxide semiconductors [131]. The 

formation of GO-semiconductor composites typically results in improved light 

absorption, enhanced charge separation, and reduced recombination rates [119]. 

The mechanism of enhancement in GO-semiconductor composites involves multiple 

factors including increased surface area, improved light scattering, enhanced charge 

transport, and modified band structure. GO acts as an electron acceptor, facilitating the 

separation of photogenerated charge carriers and extending their lifetime. The π-
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conjugated structure of GO, even in its oxidized form, provides pathways for electron 

conduction and can suppress recombination processes [132], [135]. 

The synthesis of GO-semiconductor composites can be achieved through various methods 

including in-situ growth, hydrothermal treatment, sol-gel processes, and electrostatic 

assembly [136]. The choice of synthesis method affects the morphology, interfacial 

contact, and overall performance of the composite materials. Optimal GO loading is 

critical, as excessive amounts can lead to light screening effects and increased 

recombination centers. 

Photocatalytic efficiency often increases with GO loading at first because GO improves 

dispersion, provides more adsorption sites, and helps separate photogenerated electrons 

and holes by acting as an electron-transport pathway. This usually enhances interfacial 

charge transfer and reduces recombination, which is why a moderate GO amount can 

improve activity. 

Beyond the optimum concentration, the efficiency can decrease because excess GO starts 

to cover the active oxide surface, block light from reaching the semiconductor, and 

promote sheet restacking or agglomeration. 

1.9.1. Titanium Dioxide (TiO2) and Graphene Oxide Composite 

Effect on Photocatalysis 

TiO2-GO composites represent one of the most extensively studied systems in 

photocatalytic research due to the excellent properties of both components [137]. The 

integration of GO with TiO2 addresses several limitations of pure TiO2, including rapid 

charge recombination, limited visible light absorption, and poor adsorption of organic 

pollutants [137]. The composite formation typically results in enhanced photocatalytic 

activity under both UV and visible light irradiation. 
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The enhanced performance of TiO2-GO composites can be attributed to several factors 

including improved charge separation through electron transfer from TiO2 to GO, 

enhanced light absorption due to the optical properties of GO, and increased adsorption 

capacity for organic pollutants [138]. The oxygen-containing functional groups on GO 

provide strong interactions with TiO2 nanoparticles, ensuring good interfacial contact and 

efficient charge transfer [138]. 

Studies have demonstrated that TiO2-GO composites can achieve nearly 100% 

degradation efficiency for various organic dyes under natural sunlight irradiation [137]. 

The synthesis method significantly influences the properties of TiO2-GO composites, 

with hydrothermal and sol-gel methods being most commonly employed. 

The photocatalytic mechanism in TiO2-GO composites involves the excitation of TiO2 

upon light absorption, followed by electron transfer to GO sheets [137]. This charge 

separation reduces recombination rates and allows for more efficient utilization of 

photogenerated charge carriers. The enhanced visible light activity can be attributed to 

the photosensitization effect of GO and the formation of Ti-O-C bonds at the interface 

[138]. 

1.9.2. Zinc Oxide (ZnO) and Graphene Oxide Composite Effect 

on Photocatalysis 

ZnO-GO composites have attracted significant attention due to their enhanced 

photocatalytic performance and the complementary properties of both components [139]. 

ZnO is an n-type semiconductor with excellent photocatalytic activity, while GO provides 

high surface area and electron transport capabilities [140]. The formation of ZnO-GO 

composites typically results in improved charge separation, enhanced light absorption, 

and increased surface area for photocatalytic reactions. 
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The synthesis of ZnO-GO composites can be achieved through various methods including 

one-pot synthesis, hydrothermal treatment, and sol-gel processes [139]. The morphology 

of ZnO nanoparticles can be controlled through synthesis parameters, with common 

shapes including nanorods, nanoparticles, and nanoflowers [141]. 

Experimental studies have demonstrated that ZnO-GO composites exhibit superior 

photocatalytic activity compared to pure ZnO for the degradation of methylene blue and 

other organic dyes [140]. The enhancement factor can reach up to 3-4 times under visible 

light irradiation, depending on the GO content and synthesis conditions [139]. The 

improved performance is attributed to the efficient electron transfer from ZnO to GO, 

which suppresses recombination and extends charge carrier lifetime [140]. 

1.9.3. Nickel Oxide (NiO) and Graphene Oxide Composite Effect 

on Photocatalysis 

NiO-GO composites represent an emerging class of photocatalytic materials that combine 

the p-type semiconducting properties of NiO with the exceptional electronic properties of 

GO [142]. The formation of NiO-GO composites creates unique heterojunctions that 

facilitate charge separation and enhance photocatalytic activity [143]. The p-type nature 

of NiO complements the electron-accepting properties of GO, creating efficient pathways 

for charge transport [143]. 

The synthesis of NiO-GO composites typically involves the reduction of nickel 

precursors in the presence of GO, followed by calcination or hydrothermal treatment 

[143]. The interaction between NiO and GO can occur through various mechanisms 

including electrostatic interactions, π-π stacking, and chemical bonding through oxygen-

containing functional groups [143]. The morphology and composition of the composites 

can be controlled through synthesis parameters. 
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The photocatalytic mechanism in NiO-GO composites involves the generation of 

electron-hole pairs in NiO upon light absorption, followed by charge transfer processes 

that separate carriers and reduce recombination rates [144]. GO acts as an electron 

acceptor and transport medium, facilitating the movement of charges to reactive sites 

[136]. The composite formation also enhances light absorption and provides additional 

surface area for photocatalytic reactions. 

Recent studies have demonstrated the potential of NiO-GO composites for various 

photocatalytic applications including dye degradation, water splitting, and air 

purification. The performance of these composites is highly dependent on the GO content, 

synthesis method, and operating conditions. The development of three-dimensional NiO-

GO architectures has shown promise for improving mass transfer and light utilization 

efficiency. 

1.10. Density Functional Theory (DFT) 

Density Functional Theory (DFT) has emerged as a powerful computational tool for 

understanding and predicting the electronic, structural, and optical properties of metal 

oxide semiconductors [145]. DFT provides a quantum mechanical framework for 

calculating the ground-state properties of many-electron systems by expressing the total 

energy as a functional of the electron density [145]. This approach has been instrumental 

in advancing the fundamental understanding of photocatalytic materials and guiding 

experimental design efforts. 

The application of DFT to metal oxide semiconductors involves solving the Kohn-Sham 

equations within appropriate exchange-correlation functionals [146]. Common 

functionals include the local density approximation (LDA), generalized gradient 

approximation (GGA), and hybrid functionals that incorporate exact exchange [145]. The 
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choice of functional significantly affects the accuracy of calculated properties, 

particularly band gaps and magnetic properties. 

DFT calculations can provide valuable insights into various properties of metal oxide 

semiconductors including band structure, density of states, formation energies, and 

optical absorption spectra [147]. These calculations complement experimental 

characterization techniques and can help explain observed phenomena such as 

photocatalytic activity, defect formation, and dopant incorporation [148]. The predictive 

capability of DFT enables the screening of potential materials before synthesis, 

significantly accelerating materials discovery processes. 

1.10.1. DFT for Metal Oxide Semiconductor 

The electronic structure calculations of metal oxide semiconductors using DFT provide 

fundamental insights into their photocatalytic properties [147]. The band structure 

calculations reveal the nature of electronic transitions, band gap energies, and the 

dispersion of electronic states throughout the Brillouin zone [145]. The density of states 

(DOS) analysis helps identify the contribution of different atomic orbitals to the valence 

and conduction bands, providing information about the chemical bonding and electronic 

properties. 

DFT calculations have been extensively applied to study the electronic properties of 

common photocatalytic materials such as TiO2, ZnO, and other metal oxides [10]. These 

studies have revealed the orbital contributions to band edges, the role of crystal structure 

on electronic properties, and the effects of different polymorphs on photocatalytic activity 

[10]. The calculated band edge positions can be compared with experimental values to 

validate the computational approach and provide thermodynamic insights into 

photocatalytic reactions. 
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The challenges in DFT calculations of metal oxide semiconductors include the accurate 

treatment of correlation effects, particularly in materials containing transition metals with 

partially filled d orbitals [149]. Standard DFT functionals often underestimate band gaps 

and fail to describe strongly correlated systems accurately. The use of DFT+U methods 

or hybrid functionals can improve the description of these systems by better accounting 

for electron correlation effects. 

1.10.2. DFT for Composite of Metal Oxide Semiconductor 

DFT calculations of composite metal oxide semiconductors present additional challenges 

due to the need to model interfaces, heterojunctions, and complex structures. The 

computational modeling of composite materials requires careful consideration of 

interface structures, charge transfer mechanisms, and band alignment at heterojunctions 

[145]. These calculations provide insights into the enhanced photocatalytic performance 

observed in experimental composite systems. 

The study of heterojunction formation in composite materials involves calculating the 

band alignment between different semiconductor components. DFT calculations can 

predict the type of heterojunction (Type I, Type II, or Z-scheme) based on the relative 

positions of band edges. This information is crucial for understanding charge transfer 

mechanisms and designing efficient photocatalytic systems. The formation of interface 

states and their effects on electronic properties can also be investigated through DFT 

calculations [46]. 

Composite materials involving 2D materials such as graphene oxide require special 

attention to van der Waals interactions and interlayer coupling effects [150]. Standard 

DFT functionals may not accurately describe these weak interactions, necessitating the 

use of dispersion-corrected functionals or van der Waals density functionals. The 
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electronic properties of graphene oxide composites are particularly sensitive to the degree 

of oxidation and the nature of interfacial interactions. 

The computational cost of studying composite materials can be significant due to the need 

for large supercells and the complexity of the systems. Various approximations and 

modeling strategies have been developed to make these calculations tractable while 

maintaining accuracy. 

1.10.3. DFT for Doping in Metal Oxide Semiconductor 

DFT calculations of doped metal oxide semiconductors provide valuable insights into the 

effects of dopant incorporation on electronic structure, stability, and photocatalytic 

properties [10]. The theoretical study of doping involves calculating formation energies, 

electronic structures, and defect levels introduced by foreign atoms in the host lattice [46]. 

These calculations help predict optimal doping concentrations and identify the most 

effective dopant species for specific applications. 

The formation energy calculations determine the thermodynamic stability of doped 

systems and the conditions under which dopant incorporation is favorable. The formation 

energy depends on factors such as chemical potentials of constituent elements, defect 

charge states, and the Fermi level position [145]. These calculations can predict the 

solubility limits of dopants and the conditions for avoiding secondary phase formation. 

The electronic structure of doped systems reveals the effects of dopant incorporation on 

band structure, density of states, and the formation of localized defect states [147]. Metal 

dopants in oxide semiconductors can introduce d-orbital states within the band gap, 

affecting optical absorption and charge transport properties [147]. The position and nature 

of these states determine whether the dopant acts as a shallow donor/acceptor or a deep 

trap center. 
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DFT calculations can predict the effects of doping on optical properties, including 

changes in band gap energy, absorption spectra, and photocatalytic activity. The 

comparison between calculated and experimental optical properties provides validation 

of theoretical models and helps interpret experimental observations. These calculations 

are particularly valuable for understanding the mechanisms of visible light activation in 

doped photocatalysts. 

In this work, we perform theoretical analysis using the pseudopotential DFT-based first-

principle method to simulate and analyze the structural, electrical, and optical 

characteristics of pure and doped ZnTiO3. Quantum Espresso (QE) was utilized to 

conduct a computation-based analysis of properties. The QE code package utilizes the 

Generalized Gradient Approximation (GGA) function for performing geometrical 

optimization and calculating various attributes. ZnTiO3 has a hexagonal symmetrical 

structure at a temperature near to 900°C, specifically belonging to the 'R-3' space group 

which has a hexagonal structure. Unit cell that contains 6 Zn atoms, 18 oxygen atoms, 

and 6 Ti atoms, for a total of 30 atoms. The atom is doped for zinc (Zn). which means 

ZnTiO3 has undergone A site doping. The computation and analysis of QE were 

conducted using density functional theory, which incorporates the plane-wave 

pseudopotential method to provide fast and accurate findings. The electron-ion 

interaction has been examined using the ultrasoft pseudopotential proposed by GGA. The 

energy cutoff was set at 340 eV, and a k mesh of 5 × 5 × 2 was used to produce Brillouin 

zone integrations for geometrical optimization and other calculations. 

1.11. Objectives of Thesis Work 

The primary objective of this thesis work is to design and develop composite of graphene 

oxide and metal oxide semiconductor with various methods to enhanced photocatalytic 
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performance under visible light irradiation and to develop metal doped metal oxide 

semiconductor with various methods to enhanced photocatalytic performance under 

visible light irradiation through the systematic integration of experimental synthesis 

methods and theoretical DFT calculations. The research aims to address the critical 

limitations like wide band gap and rapid recombination of conventional photocatalysts by 

creating materials that can efficiently utilize solar radiation for environmental 

remediation applications. The comprehensive approach combines materials synthesis, 

characterization, performance evaluation, and computational analysis to achieve 

fundamental understanding and practical advancement. 

The specific objectives include the synthesis of novel composite nanomaterials 

incorporating metal oxide semiconductors, graphene oxide, and strategic doping elements 

to achieve optimal photocatalytic performance. The research will investigate various 

synthesis methods including solid state mixing, liquid state mixing, hydrothermal, and 

plasma treatment to control morphology, composition, and interfacial properties. The 

systematic variation of synthesis parameters will enable the optimization of material 

properties for photocatalytic applications. 

A key objective is to establish structure-property relationships through comprehensive 

characterization using techniques such as X-ray diffraction, electron microscopy, 

spectroscopic methods, and electrochemical measurements. The photocatalytic 

performance will be evaluated using methylene blue as a model pollutant under visible 

light irradiation, with detailed kinetic studies and mechanism investigation. The research 

aims to achieve superior degradation efficiency compared to existing photocatalytic 

materials while maintaining long-term stability and reusability. 
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The integration of DFT calculations represents a crucial objective for providing 

theoretical understanding of the observed experimental results. The computational studies 

will focus on electronic structure analysis, band alignment calculations, and the prediction 

of optimal doping concentrations. The theoretical insights will guide experimental design 

and help explain the enhanced photocatalytic performance of the developed materials. 

1.12. Thesis Outline 

This thesis is organized into several chapters that systematically address the design, 

synthesis, characterization and theoretical understanding of composite materials for 

enhanced visible light photocatalysis. The structure follows a logical progression from 

fundamental concepts and literature review to experimental methodology, results 

discussion, and theoretical analysis.  

The present work systematically investigates several modification strategies, including 

metal oxide-graphene oxide composites, plasma treatment of metal oxides, and doping in 

ZnTiO3-based systems. Chapter 1 provides a detailed introduction and motivation, while 

Chapter 2 describes the synthesis routes and characterization techniques used throughout 

the thesis. In Chapter 3, the influence of graphene oxide compositing on the structural, 

surface, and electronic properties of ZnTiO3 is examined using different synthesis 

methods. Chapter 4 focuses on enhancing the photocatalytic activity of ZnTiO3 via 

nitrogen plasma treatment. Chapter 5 investigates Cu doping in ZnTiO3 assisted by deep 

eutectic solvents and employs density functional theory to analyse the electronic structure 

and density of states of Cu-doped ZnTiO3, thereby correlating experimental and 

computational findings. Chapter 6 extends the doping study by examining Mg-doped 

ZnTiO3 at different concentrations using DFT to understand how Mg substitution 

modifies the structural and electronic properties. Chapter 7 then explores the effect of 
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graphene oxide compositing on other metal oxide systems by studying NiO-ZnO-GO 

heterostructures. In Chapter 8, the knowledge obtained from these photocatalyst systems 

is used to design a solar-powered photocatalytic reactor intended for future deployment 

of these materials, and Chapter 9 presents the overall conclusions and outlines the future 

scope of the thesis. 

Chapter 1: Introduction provides comprehensive background information on 

nanomaterials, photocatalysis, and the motivation for developing visible light-active 

composite materials. This chapter establishes the theoretical foundation and identifies the 

research gaps that the thesis aims to address. It covers various aspects including 

nanomaterial properties, photocatalytic mechanisms, and computational approaches. It 

also presets literature review of recent advances in photocatalytic materials, with 

emphasis on composite systems and visible light activation strategies. This chapter 

examines the current state of the art, identifies key challenges, and positions the thesis 

work within the broader context of photocatalytic research. The review covers 

experimental and theoretical studies relevant to the proposed research objectives. 

Chapter 2: Experimental Methodology describes the synthesis procedures, 

characterization techniques, and experimental protocols used in the research. This chapter 

provides detailed information on material preparation methods, instrumental techniques, 

and data analysis procedures. The reproducibility and reliability of experimental methods 

are emphasized to ensure the validity of research findings. 

Chapter 3: In this chapter, we prepare reduced graphene oxide-zinc titanate (ZTO) 

composite powders by mixing ZTO with 1 wt.% graphene oxide (GO) in solid and liquid 

states under open environments, and under hydrothermal conditions. The treatment 

temperature was 400 oC in the first two cases and 180 oC in hydrothermal. Structural and 



47 | P a g e  

 

chemical characterizations performed using XRD, SEM, BET, XPS, DRS, and PL are 

correlated with their photocatalytic performance. Mixing leads to significant structural 

and chemical changes in GO and ZTO particles but of different natures depending on the 

process. All the mixing routes reduce GO to r-GO. Unlike hydrothermal mixing, mixing 

under an open environment converts the rhombohedral ZnTiO3 to cubic Zn2TiO4 due to 

loss of oxygen. However, hydrothermal mixing leads to a loss in crystallinity of the 

ZnTiO3 particles resulting into a larger specific surface area. XPS results suggest good 

binding between the r-GO sheets and the oxide particles. Liquid state mixing leads to the 

highest reduction in bandgap, probably due to maximal oxygen vacancy formation in this 

process. Mott-Schottky analysis is done to estimate the charge carrier density in all the 

samples. EIS shows that the hydrothermally prepared composite has the smallest Rct. High 

surface area, less conversion to Zn2TiO4, changes in bandgap, good binding of ZTO with 

GO sheets, and more facile charge transfer in hydrothermally prepared composites have 

important implications in photocatalytic applications. 

Chapters 4: In this chapter, we show that photocatalytic activity of rhombohedral zinc 

titanate under visible light irradiation can be enhanced by nitrogen plasma exposure. The 

sol-gel prepared rhombohedral zinc titanate was treated with nitrogen plasma prepared in 

a custom-designed setup that allowed the plasma-treated particles to be immersed in 

liquid immediately after plasma treatment without bringing them into contact with the 

ambient environment. We found that plasma treatment resulted in an enhancement of the 

first-order rate constant of methylene blue (MB) degradation under visible light by 

approximately 56%. Characterizations of the particles using Scanning Electron 

Microscopy (SEM), X-ray Photoelectron Spectroscopy (XPS), X-Ray Diffraction (XRD), 

(Diffuse Reflectance Spectroscopy) DRS, and Brunauer–Emmett–Teller (BET) suggest 
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that the enhancement can be ascribed to the creation of oxygen vacancies and 

enhancement in the surface area due to etching.  

Chapters 5: This chapter reports the successful synthesis of Cu-doped zinc titanate 

(ZnTiO3) nanoparticles using a deep eutectic solvent (DES)-assisted approach for 

enhanced photocatalytic applications. The chloride-based DES system enabled controlled 

doping and uniform particle morphology at moderate temperatures, offering a greener 

alternative to conventional high-temperature solid-state methods. Comprehensive 

characterization through X-ray diffraction (XRD), scanning electron microscopy (SEM), 

UV-visible spectroscopy, and energy-dispersive X-ray spectroscopy (EDX) confirmed the 

successful incorporation of Cu dopants into the ZnTiO3 lattice structure. Density 

functional theory (DFT) calculations revealed that Cu doping introduces intermediate 

energy states within the bandgap, effectively narrowing the optical bandgap from the 

pristine ZnTiO3 value and enhancing visible light absorption. The modified electronic 

structure promotes efficient charge carrier separation and reduces electron-hole 

recombination rates. The synergistic combination of DES-mediated synthesis and 

strategic Cu doping presents a promising pathway for developing high-performance 

photocatalysts for environmental remediation and solar energy conversion applications. 

Chapters 6: This chapter shows a detailed analysis of the structural and electronic 

properties of pure zinc titanate (ZnTiO3) and magnesium (Mg)-doped ZnTiO3 

(Zn1−xMgxTiO3, where x = 0.167, 0.333, 0.5, and 0.667) and compared with experimental 

band gap of ZnTiO3. We conducted the analysis using first-principles and density-

functional-theory calculations using the Quantum Espresso package. The objective was 

to investigate the effect of Mg substitution on zinc titanate ZnTiO3. In the pure ZnTiO3 

system, calculations reveal an indirect electronic structure gap. At a doping level of 0.333, 

ZnTiO3 with Mg impurities have an indirect electronic structure gap of 1.81 electron volts 
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(eV). The investigation of structural and electronic characteristics indicates that x = 0.333 

Mg doped ZnTiO3 significantly reduce the electronic structure gap of ZnTiO3 while 

maintaining the same kind of electronic structure gap, which is an indirect electronic 

structure gap. The density functional theory study shows that Mg substitution in ZnTiO3 

change their electronic structure and density of states and experimental band gap is nearly 

same as computational band structure gap which validates the exchange-correlation 

treatment and pseudopotentials employed for the band-structure calculation for this 

system. 

Chapters 7: In this chapter, we prepare composites of NiO, ZnO, and GO with 1% and 

10% GO and measure their photocatalytic activity in the MB degradation reaction under 

visible light illumination. The oxides are prepared by the sol-gel route, and GO is mixed 

using a hydrothermal method. The rate constant value in the 1% GO and 10% GO 

composites are, respectively, 1.76 and 2.35 times higher as compared to that in the binary 

composite of NiO-ZnO. The rate constants with our GO-based composites also compare 

favourably with previously reported composites. Structural and chemical 

characterizations performed using XRD, SEM, BET, XPS, DRS, and PL are correlated 

with their photocatalytic performance. It is found that GO is reduced in the composites to 

r-GO, and the NiO band gap decreases to the visible range, which we attribute to the 

bonding of the NiO particles with the GO sheets. We also propose that the composite 

forms a double heterojunction structure of r-GO/NiO/ZnO. Because of the work function 

difference between the GO and NiO, the bands bend-up from r-GO to NiO. Since NiO is 

a p-type semiconductor and ZnO an n-type, the bands bend-down from NiO to ZnO. The 

band structure thus formed leads to an efficient carrier separation. Overall, we attribute 

the enhanced rate constants in our samples to the reduction in the NiO band gap so as to 
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lie in the visible range, causing higher carrier generation, and the formation of double 

heterostructures, causing more effective carrier separation. 

Chapter 8: This chapter explain design of solar-powered photocatalytic reactor system 

for wastewater treatment by combining solar energy with oxidation methods in a slanted 

framework that accommodates horizontally positioned photocatalytic tubes and high-

efficiency microreactor modules, all energized by a photovoltaic (PV) panel equipped 

with real-time monitoring electronics. Wastewater continuously enters an inlet manifold, 

which evenly distributes it into parallel channels lined with economical semiconductor 

photocatalysts in primary tubes and visible-light-active catalysts in secondary 

microreactors. Solar irradiation generates electron-hole pairs that produce reactive 

oxygen species, which mineralize pollutants. The microreactors use microchannels to 

optimize the catalyst-water interface, improve mass transfer, and increase photon 

utilization through light scattering, while the photovoltaic system manages pumps, flow, 

and pressure using sensors. This concept provides swift, nearly total deterioration at a low 

cost, making it suitable for scalable, decentralized applications in off-grid locations. 

Chapters 9: In this chapter, we bring our thesis work to a conclusion and outline some 

potential scope and suggestions for future work. 

1.13. Novelty of the Thesis 

The multitype strategy adopted in this work is used to link graphene oxide compositing, 

plasma treatment, and density functional theory analysis within a unified framework for 

metal oxide photocatalysts. Several modification routes are designed for ZnTiO3 and 

related oxides, including plasma treatment and graphene oxide compositing is 

systematically evaluated. In addition, doping is investigated experimentally, and 
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complementary DFT calculations are performed to correlate dopant concentration with 

changes in the electronic structure and band gap. 

A detailed literature survey presented in this chapter confirms that, to the best of our 

knowledge, no prior study has (i) examined nitrogen-plasma-treated ZnTiO3 using a 

custom reactor that preserves the treated surface during quenching, while correlating 

oxygen-vacancy formation, dispersion behaviour, and visible-light MB degradation, (ii) 

established the role of GO content in forming a double heterojunction rGO-NiO-ZnO 

structure with quantified improvements in photocatalytic kinetics, and (iii) combined 

DES-assisted Cu doping and systematic Mg doping of ZnTiO3 with first-principles DFT 

calculations to link dopant concentration with electronic-structure changes and to validate 

calculated band gaps against experimental values. Therefore, this thesis constitutes the 

first integrated experimental-computational effort to address these specific gaps for 

ZnTiO3- and NiO-ZnO-based visible-light photocatalysts 
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2. CHAPTER 2 

 

Synthesis Methods and Characterization 

Techniques 

2.1. Synthesis method of nanomaterials 

Nanomaterials are typically synthesised using two primary methodologies: the "Top-

down" approach and the "Bottom-up" approach [151]. The Top-down method breaks 

larger bulk materials into smaller molecules, while the Bottom-up method combines 

smaller atomic-sized materials to make larger bulk materials. Because nanoparticles are 

smaller, they have more surface area, which makes their properties different from those 

of bulk materials.   This change in size and shape affects properties like how well 

electricity and heat flow through them.   Nanomaterials are used in many fields, including 

catalysis, medicine, semiconductors, and energy, because they have unique properties. 

There are many ways to make nanomaterials, such as sol-gel, soft-template, chemical 

vapour deposition (CVD), hydrothermal synthesis, thermal deposition, green synthesis, 

and solvothermal approaches. In our current thesis, we employed two methodologies, sol-

gel and hydrothermal, to synthesise metal oxide-based nanoparticles and their 

composites. Figure 2.1 shows a picture of the different steps used to make nanomaterials. 
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Figure 2.1. Nanomaterials synthesis methods.  

2.1.1. Sol-gel method 

The sol-gel process is an easy way to change the properties of materials by changing a 

number of factors, such as the types of precursors, solvents, reaction medium pH, 

temperature, reaction time, concentration, reagent and catalyst properties, the addition of 

organic additives, the duration of gelation, and the temperature of calcination [152]. The 

wet chemical method for making inorganic metal oxides is called "sol-gel processing." 

The chemistry behind it is based on the hydroxylation and condensation of molecular 

precursors. Metal alkoxides are likely the most versatile precursors for the sol-gel 

synthesis of oxides, due to their high reactivity with nucleophilic agents like water [153]. 

There are two types of solvents used in the sol-gel process: "aqueous" and "non-aqueous."   

So, in the aqueous sol-gel method, water was the solvent, and in the non-aqueous sol-gel 

method, organic compounds were the solvents [154]. The chemical reactivity of metal 

alkoxides concerning hydrolysis and condensation primarily depends on the 
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electronegativity of the metal atom and its ability to increase its coordination number 

[155]. A top-down strategy uses a suitable precursor that is smaller in size to make 

nanoparticles [156]. A top-down approach to the surface architecture of nanoparticles 

leads to flaws, which are a major problem because surface chemistry and other physical 

properties depend heavily on surface structure [118]. In bottom-up synthesis, 

nanoparticles are made by putting together smaller parts [119]. This method starts by 

making smaller parts, which are then put together to make final particles that are in the 

nanometre range [157]. 

2.1.2. Hydrothermal method 

The hydrothermal method to synthesise materials using high-temperature, high-pressure 

water solutions in closed containers (Autoclave) (Figure 2.2). It was first developed from 

geological research and is now very important for making crystals and nanomaterials. In 

autoclaves, reactions happen at temperatures above 100 oC and pressures above 1 atm. 

Water can dissolve precursors that would normally not dissolve, and it can also help with 

dissolution-recrystallization pathways with precise control. To help solutes dissolve in 

the hotter area and settle on seeds in the cooler area, a temperature gradient is usually set 

up. This allows for controlled nucleation and growth through solution transport and 

supersaturation. Process parameters, including temperature, pressure, pH, mineralisers, 

precursor concentration, and duration, affect supersaturation kinetics, nucleation density, 

and crystal habit, which in turn determine the morphology and phase purity. The main 

benefits are precise control of particle size, shape, and crystallinity; the ability to reach 

metastable phases at moderate temperatures; and higher purity through in situ 

recrystallisation. 

Using water as the reaction medium makes the method relatively safe for the environment 

and eco-friendly. It also encourages environmentally friendly synthesis methods and 
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lowers the risks that come with using solvents. This method works on a wide range of 

materials, including oxides, sulphides, phosphates, zeolites, and composites. It makes it 

easier to grow single crystals and nanostructures with less agglomeration. Some examples 

are solvothermal methods that use solvents that aren't water, microwave-assisted 

hydrothermal processes that speed up and even out heating, and near/supercritical water 

systems that help nucleation and growth. Continuous-flow hydrothermal reactors enable 

scalable and reproducible nanoparticle synthesis by merging precursor streams with near 

or supercritical water to induce instantaneous hydrolysis and precipitation. The field 

progressed from geochemical research to the development of engineered autoclaves that 

safely contain reactive substances under extreme conditions, thereby improving the range 

of chemistries and the quality of products. Hydrothermal synthesis has become one of the 

most popular ways to make functional nanomaterials in both research and industry 

because it is simple, flexible, and works well at low temperatures. By changing the 

chemistry of the precursors, mineralisers, and heating methods, it is possible to improve 

features like phase composition, defect density, and surface area for use in catalysis, 

electronics, and energy. 

 

Figure 2.2. Hydrothermal synthesis route. 
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2.1.3. Hummers’ method 

The Hummers’ method is a standard wet-chemical oxidation process that turns graphite 

into graphite oxide. This is then broken down into graphene oxide (GO) using KMnO4 

and NaNO3 in concentrated H2SO4. Modified Hummers’ methods make acids and 

oxidants stronger to make them more useful and efficient. The original Hummers’ 

process, which was first used in 1958, mixes graphite with concentrated sulphuric acid 

and sodium nitrate. Then, potassium permanganate is added to turn the graphitic lattice 

into graphite oxide, which is a layered precursor of GO when it is exfoliated. Strong acids 

first intercalate to make graphite intercalation compounds. Then, permanganate-derived 

oxidants (like Mn2O7 in situ) come in and add oxygen functionality by targeting basal 

planes and edges. The reaction starts at a low temperature to control exothermicity. It is 

then heated to complete oxidation, and finally, water is added to help hydrolysis and break 

the material down into graphene oxide sheets. A hydrogen peroxide quench at about 90-

95 °C turns manganese residues into soluble forms and clears up suspensions. This makes 

brown graphene oxide dispersions with typical high mass yields for graphite oxide (e.g., 

~188 g per 100 g graphite), which are then turned into graphene oxide. The resulting 

substance has epoxide, hydroxyl, carbonyl, and carboxyl groups that make it hydrophilic 

and make it easier to change the chemical structure and make composites. Modified 

Hummers’ methods (Figure 2.3) get rid of NaNO3 and add more KMnO4, using a mixed 

acid system (usually 9:1 H2SO4/H3PO4). This system has been shown to oxidise better 

than the original formulation. These changes lower the number of reagents needed while 

keeping high yields and shortening the reaction time, which makes the process more cost-

effective and easier to scale up. Despite these differences, the basic order stays the same: 

acid intercalation, strong permanganate-based oxidation, and water-induced 

hydrolysis/exfoliation. After that, peroxide quenching is used to get rid of manganese 
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species. Protocols always say that cold baths should start when KMnO4 is added, that 

heating should be controlled during deep oxidation, that dilution should be done carefully 

to avoid uncontrolled exothermic reactions, and that H2O2 should be added at the end to 

make stable GO dispersions. The 9:1 H2SO4/H3PO4 method is a well-known improvement 

that gets rid of NaNO3 and raises KMnO4. It is a safe, NaNO3-free way that is widely 

used in modern laboratory syntheses of GO. Modified Hummers' methods, improve 

oxidant and acid chemistries to make GO production more efficient and scalable for 

modern research and applications. 

 

Figure 2.3. Synthesis of graphene oxide by modified Hummers’ method. 

2.2. Analytical characterization techniques 

Analytical characterisation techniques refer to an extensive set of methodologies and 

instruments utilised to investigate and elucidate the properties, composition, structure, 

and behaviour of substances and materials. These methods are used in many areas of 

science, such as chemistry, materials science, biology, environmental science, and 

pharmaceuticals, to name a few. 

The main goal of analytical characterisation is to learn as much as possible about a 

sample’s qualities and characteristics. This information may include things like the 

elemental makeup, molecular structure, component concentration, surface shape, thermal 

properties, and more.   Analytical characterisation techniques are crucial for advancing 
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scientific knowledge, promoting technological innovation, and facilitating various 

industrial applications. Here are some commonly used analytical characterization 

techniques: 

2.2.1. X-ray diffractogram (XRD) 

X-ray diffraction (XRD) is a technique for characterising the structure of a crystal by 

looking at how dispersed X-rays interfere with each other [158]. Furthermore, XRD 

techniques are utilised to determine the crystal structure of materials by analysing the 

diffraction pattern produced when X-rays interact with a crystalline sample. X-ray 

diffraction occurs when the inter-planar distance (d) within a crystal is close to the 

wavelength (λ) of the X-ray radiation, which is usually the Cu Kα emission line (λ = 

1.5406 Å). Diffraction occurs at an angle (θ) when Bragg’s law is satisfied as following 

equation (2.1). 

    2𝑑 sin 𝜃 = 𝑛𝜆                              (2.1) 

Where, n is an integer value. 

A plot of diffraction intensity vs. the angle of reflection (2θ) (diffraction pattern) [159] 

shows the crystallographic structure of materials. The peak locations can tell you: (i) the 

average distance between atomic rows, (ii) the direction of a single crystal or grain, (iii) 

the structure of an unknown material, and (iv) the size, shape, and internal stress of small 

crystalline areas.   As a result, the XRD patterns are used to find out what the materials 

are made of and how their crystalline phase structure works. 
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Figure 2.4. Schematic diagram of X-ray diffractogram represents the diffraction of 

incident x-rays from parallel planes. 

2.2.2. Scanning Electron microscopy (SEM)/Energy dispersive X-ray 

spectroscopy (EDX) analysis 

Scanning Electron Microscopy (SEM) is a very adaptable and extensively utilised 

analytical technique for materials characterisation, providing exceptional insights into 

surface morphology, topography, and microstructural characteristics at the nanoscale. A 

scanning electron microscope functions by utilising a precisely focussed electron beam 

produced by a thermionic or field emission electron cannon, which methodically scans 

the sample surface in a regulated raster pattern. High-energy electrons, typically 

accelerated at voltages ranging from 1 to 30 kV, interact with the sample material through 

elastic and inelastic scattering, producing various signals that convey essential 

information regarding the sample's surface properties and composition [160].  
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The core principle of SEM operation is based on the production of secondary electrons 

(SE), backscattered electrons (BSE), and distinctive X-rays, which serve as the main 

source of analytical data. Secondary electrons, generated by inelastic scattering with 

loosely bound outer shell electrons, offer remarkable topographical contrast and are 

especially responsive to differences in surface shape and roughness. Backscattered 

electrons, on the other hand, arise from elastic scattering with atomic nuclei and provide 

compositional contrast due to variations in atomic number, facilitating qualitative phase 

differentiation in multiphase systems. The spatial correlation between signal intensity and 

electron beam position, along with suitable magnification levels, enables the production 

of high-resolution surface images with dimensional accuracy at sub-nanometer scales, 

significantly surpassing the optical diffraction limit of traditional light microscopy. 

A significant constraint of electron microscopy examination of electrically insulating 

materials arises from electron buildup on the sample surface during electron 

bombardment. The buildup of surface charge generates localised electrostatic fields that 

alter the trajectory of the incoming electron beam, leading to significant image 

deterioration marked by geometric distortion, diminished contrast, and unpredictable 

beam deflection. This process, referred to as "charging," poses a significant challenge 

when analysing nanocomposite materials, hydroxide compounds, and oxide systems that 

typically have high electrical resistivity. 

The method for alleviating charging effects entails the application of a conductive 

metallic overlayer over the insulating sample surface before SEM examination. The 

sputter-coating method, usually executed with high-purity metals like gold (Au), platinum 

(Pt), or carbon (C), produces a thin, highly conductive surface sheet typically measuring 

between 5 and 20 nanometres in thickness. The deposition occurs by physical vapour 

deposition (PVD) processes, in which metal atoms are released from a target cathode 
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through energetic ion bombardment in an inert gas environment, and later condense onto 

the cooled sample substrate. This metallic layer efficiently grounds surface charge while 

maintaining the essential morphology of the sample, as the coating thickness is 

significantly less than the typical microstructural characteristics of interest. 

Energy Dispersive X-ray Spectroscopy (EDS), also known as Electron Dispersive X-ray 

Analysis (EDXA) or Energy Dispersive Spectroscopy, is a powerful semi-quantitative 

analytical method for ascertaining the elemental composition of materials at spatial 

resolutions near the diameter of the SEM beam. The fundamental principle of EDS 

analysis is based on the characteristic X-ray emission that results when an incoming 

electron beam dislodges inner-shell electrons from sample atoms, thereby generating 

vacancies in low-binding-energy orbitals. Subsequent relaxation processes, during which 

electrons from higher-energy shells occupy these vacancies, lead to the emission of 

distinctive X-rays with energies that perfectly correspond to the atomic identity of the 

emitting element [161].  

The morphological characterisation of synthesised nanomaterials in this study was 

performed using a field emission scanning electron microscope (FE-SEM, JSM-7900 F, 

JEOL, Tokyo, Japan). Field emission electron sources utilise tunnelling emission from a 

pointed tungsten cathode under elevated electric field gradients, resulting in significant 

enhancements in beam brightness and spatial resolution relative to traditional thermionic 

sources. The JSM-7900 F platform has operational features such as ultra-high-resolution 

imaging, concurrent imaging modalities (secondary electron and backscattered electron 

imaging), and integrated analytical functions enabling real-time characterisation. The 

device features both secondary electron (SE) and backscattered electron (BSE) detectors, 

facilitating thorough morphological and compositional analysis. 
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Analysis of elemental composition and chemical dispersion was conducted using a Zeiss 

electron microscope with an integrated Energy Dispersive X-ray (EDS) analyser. The 

analytical EDS system functioned at accelerating voltages from 5 to 20 kV, chosen to 

enhance X-ray production efficiency while reducing sample contact volume and 

mitigating spatial resolution deterioration. The 5 kV operating condition primarily 

improves surface-sensitive analysis with superior lateral spatial resolution (generally 0.5-

1.0 μm), whereas the 20 kV condition significantly boosts X-ray generation efficiency, 

enhancing detection sensitivity for trace element analysis, albeit with an increased 

interaction volume. 

Before electron microscopic analysis, all samples preliminary treatment to reduce surface 

charging artefacts. A thin conductive layer of high-purity gold (Au) was applied to the 

sample surface via physical vapour deposition (sputter coating) procedures, with the 

coating thickness regulated to roughly 5-10 nanometres. The gold coating, although 

providing metallic contrast at high magnifications, does not significantly hinder the 

visualisation of nanostructural features due to its negligible thickness compared to the 

sample size. 

2.2.3. X-ray photoelectron spectroscopy (XPS) 

X-ray photoelectron spectroscopy (XPS) is an advanced surface characterisation method 

that yields quantitative elemental composition, chemical oxidation states, and electronic 

structure data from material surfaces. The technique is based on the fundamental concept 

of the photoelectric effect, in which the absorption of sufficiently intense X-ray photons 

by a sample result in the emission of core electrons from the surface atoms [162]. X-ray 

photoelectron spectroscopy functions by irradiating a sample with monochromatic X-

rays, usually produced by magnesium (Mg Kα, 1253.6 eV) or aluminium (Al Kα, 1486.6 
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eV) sources. Upon the impact of high-energy photons on the sample surface, atoms 

experience photoionisation, resulting in the ejection of core electrons from inner electron 

shells, each possessing distinct kinetic energies (Figure 2.5). The energy relationship 

dictating this process is articulated by the fundamental photoelectric equation: [163].  

         𝐸𝑘 = ℎ𝜈 − 𝐵𝐸 − 𝜙               (2.2)  

EK stands for the kinetic energy of the photoelectrons that are released, BE stands for the 

binding energy of the electron in an orbital, h stands for Planck’s constant, ν stands for 

the frequency of the incoming radiation, and ϕ stands for the work function of the 

material’s surface. Given that the incident X-ray energy (hν) is constant and accurately 

determined, the binding energy of each detected photoelectron can be directly computed 

by measuring its kinetic energy. This binding energy is distinctive to each element and 

orbital, functioning as an elemental "fingerprint" that facilitates accurate identification 

[163]. 
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Figure 2.5. Mechanism of photoelectron emission in XPS technique. 

XPS necessitates ultra-high vacuum (UHV) conditions with pressures between 10-8 and 

10-10 mbar to avert collisional interactions between emitted photoelectrons and remaining 

gas molecules, which could distort spectrum characteristics and diminish analytical 

sensitivity. The approach has remarkable surface sensitivity, with photoelectrons mostly 

emanating from the uppermost 1-10 nanometres of the material, but the theoretical sample 

depth may reach around 20 nanometres, contingent upon the photoelectron kinetic energy 

and matrix composition. 

XPS possesses a significant advantage in its capacity to identify not only elemental 

composition but also the oxidation states and chemical surroundings of individual 

elements via binding energy (BE) alterations. When an atom engages in chemical bonding 

or undergoes a change in oxidation state, its core electrons encounter modified 

electrostatic surroundings, leading to observable variations in binding energy. An 

elevation in oxidation state (removal of valence electrons) leads to augmented binding 

energy, whereas the addition of valence electrons diminishes binding energy.  

XPS measurement data are generally displayed as intensity (counts per second) vs binding 

energy. Each peak in an XPS spectrum represents photoelectrons emitted from distinct 

electron shells or subshells with varying binding strengths. The correlation between 

observed photoelectron kinetic energy and binding energy via Equation 2.2 facilitates the 

systematic comparison of XPS data with reference material databases, hence allowing for 

unequivocal identification of elemental and chemical states. 

2.2.4. UV-Visible/diffuse reflectance spectroscopy (DRS) 

The UV-Vis spectrophotometer is widely regarded as one of the most common and 

flexible ways to analyse materials. This method often depends on most molecules taking 
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in UV-Vis light [137]. This technique is based on the fundamental principle of the Beer-

Lambert law, as described in the equation (2.3) [164]. 

𝐴 = 𝑙𝑜𝑔
𝐼0

𝐼
= 𝜀𝑐𝑙                                       (2.3)      

 

Where A is the absorbance, I0 is the intensity of the light coming into the sample cell, and 

I is the intensity of the light leaving the sample cell. c (M = mol dm-3) is the molar 

concentration of the solute, l is the length of the sample cell in centimetres, and ε (M-1cm-

1) is the molar absorptivity. This method scans the sample from the UV range of 200 nm 

to 400 nm and into the visible range of 400 nm to 800 nm.  

Samples usually take in light energy, which makes the UV-Vis spectrum. When 

molecules absorb energy, electrons move from lower-energy orbitals that are already 

filled (HOMO) to higher-energy orbitals that are not filled (LUMO) [165]. Antibonding 

orbitals (π* and σ*) are the empty orbitals, while σ orbitals, π orbitals, and nonbonding 

(n) orbitals are the occupied orbitals [165]. There are certain selection rules that tell us 

which transitions between orbitals are allowed and which ones aren’t. The conservation 

of the spin quantum number of electrons must be followed for allowed transitions. If this 

is not the case, the transition is called a "forbidden transition" [165]. 

A graph of absorbance (A) against wavelength (λ) is the most common way to show the 

UV-Vis spectrum. The wavelength that corresponds to the highest absorption is called 

λmax, which is a unique value for the specimen [165]. Also, UV-Vis spectroscopy is very 

important for studying photocatalysis and adsorption because it helps us understand how 

fast the reactions happen by measuring the concentration of the molecules. 

Also, UV-Vis DRS is an optical method that shows the electrical band structure of 

semiconducting materials. An Agilent Cary 5000 UV-Vis-NIR spectrophotometer was 

used to get the UV-Visible diffuse reflectance spectra. The wavelength range was 200-
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800 nm. The NIR inactive area reference sample, barium sulphate (BaSO4), was used to 

make baseline corrections. 

In order to extract the band gap (Eg) value, the Kubelka-Munk method is used, which 

described by equation (2.4). 

   

   𝐸𝑔 = [𝐹(𝑅) ∗ ℎ𝜈]1/𝑛                                                     (2.4) 

 

    𝐹(𝑅) =
(1−𝑅)2

2𝑅
       (2.5) 

 

In this case, h stands for Planck’s constant, ν stands for the radiation frequency, R stands 

for diffuse reflectance, and n is the exponent constant [166]. For indirect allowed 

transitions, n is 2, and for direct allowed transitions, n is 1/2. The Kubelka-Munk theory 

in which F(R) is the Kubelka-Munk function. The band gap of the semiconductor is the 

wavelength at which absorption starts to increase.  

2.2.5. BET surface area analyser 

Brunauer-Emmett-Teller (BET) used to find out the specific surface area, average pore 

diameter (BJH), and specific pore volume [167]. As the size of a nanomaterial’s particles 

grows, its surface area decreases. This is an important factor in determining how well it 

works as a catalyst. Gas adsorption-desorption techniques are commonly employed to 

determine the surface area and pore size distribution of solid materials. The data that was 

collected is shown as a BET isotherm, which shows how much gas was adsorbed in 

relation to the pressure (P/P0).   There are five different types of adsorption isotherms, 

which are shown below: 
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Type I isotherm: This is often used for microporous materials that don’t have a lot of 

surface area on the outside, like those with pore diameters less than 2 nm. As shown in 

Figure 2.6, it is divided into two groups: Type I(a), which includes microporous materials 

with mostly narrow micropores that are less than 1 nm wide, and Type I(b), which 

includes materials with wider micropores and possibly thin mesopores that are less than 

2.5 nm wide. 

Type II isotherm: refers to materials that are either nonporous or macroporous, 

distinguished by diameters exceeding those of micropores. At low pressures in Type II 

isotherms, nitrogen gas fills up the micropores. The knee is where monolayer formation 

starts, and medium pressure is where multilayer formation happens. Capillary 

condensation also happens at higher pressures. 

Type III isotherm is distinguished by feeble interactions between the adsorbent and 

adsorbate.   Because the curve doesn’t have an asymptote, it can’t form a monolayer. 

Because of this, we can’t give you any information about monolayer coverage or 

formation. 

Type IV isotherms are linked to mesoporous adsorbents with pore diameters ranging from 

2 to 50 nm. Figure 2.6 shows that it can be divided into two groups: Type IV(a) isotherm 

comes from capillary condensation, while Type IV(b) isotherm comes from conical and 

cylindrical mesopores. A monolayer appears in areas of lower pressure, and then 

multilayers form [168]. 

At low relative pressure (P/P0), the Type V isotherm looks a lot like the Type III isotherm. 

This means that the adsorbent and the adsorbate don’t interact very strongly. When 

pressure rises (higher P/P0), molecules start to stick together before the pores are full. 
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Type V isotherms are often observed in the adsorption of water onto hydrophobic 

microporous and mesoporous adsorbents. 

Type VI isotherm: shows how molecules stick to a very smooth, nonporous surface in 

layers, one on top of the other. The step height shows how much each adsorbed layer can 

hold, but the sharpness of the step changes depending on the system and temperature. 

.  

Figure 2.6. Physisorption isotherms,type- I to VI, in the classification of Bruauer, Emett 

and Teller. (Adapted from) [169] 
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2.2.6. Photoluminescence (PL) spectroscopy 

Photoluminescence spectroscopy is a non-invasive and very sensitive optical method used 

to analyse the electronic structure, optical characteristics, and photophysical behaviour of 

materials, especially semiconductors and photocatalytic systems [165]. In contrast to 

ground-state approaches, PL spectroscopy specifically investigates excited-state 

behaviour by observing the radiative recombination of photogenerated charge carriers 

[170].  

When a material absorbs photons with energy equal to or greater than its optical bandgap 

(Eg), electrons in the valence band (VB) acquire adequate energy to transition to the 

conduction band (CB), concurrently generating positively charged holes in the VB. 

Subsequent to photoexcitation, these charge carriers experience energy relaxation via 

phonon-electron scattering, ultimately reaching the band edges. The radiative 

recombination process, in which electrons from the conduction band recombine with 

holes from the valence band, releases energy as radiated photons. The energy of the 

released photon directly correlates with the energy difference between the conduction and 

valence band edges, providing insights on the material's electrical structure and the 

behaviour of photogenerated carriers [170]. 

Photoluminescence data can be acquired via two complementing techniques: steady-state 

photoluminescence (SSPL) and time-resolved photoluminescence (TRPL). Steady-state 

photoluminescence delivers spectral intensity data throughout a wavelength range, 

producing metrics including peak position, full-width at half-maximum (FWHM), and 

integrated intensity. Time-resolved photoluminescence, in contrast, quantifies the 

temporal decrease of luminescence intensity after pulsed excitation, yielding quantitative 

data on carrier lifetimes and the kinetics of recombination events. 
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The intensity and temporal dynamics of photoluminescence directly indicate the 

equilibrium between radiative and nonradiative recombination mechanisms. In 

photocatalytic applications, the photoluminescence intensity is directly related to the rate 

of charge carrier recombination. Materials with elevated luminescence intensity generally 

have minimal defect concentrations and extended carrier lifetimes, while diminished 

photoluminescence intensity suggests effective nonradiative recombination and/or fast 

entrapment of carriers at defect locations. 

Radiative Recombination: Electrons from the conduction band directly recombine with 

holes in the valence band by k-conserving vertical transitions, releasing photons at 

energies that correspond to the bandgap or marginally below (for Stokes-shifted 

emission). The likelihood and frequency of radiative transitions are contingent upon the 

material's band structure, selection procedures, and the density of accessible states. 

Nonradiative Recombination: This mechanism releases energy as thermal energy instead 

of photons. Shockley-Read-Hall (SRH) recombination entails recombination via 

intermediary deep-level defect states, whereas Auger recombination is a triadic process 

in which the energy liberated by one recombining pair is imparted to a third charge carrier, 

elevating it to higher energy levels. In photocatalysts, nonradiative paths are not entirely 

adverse; defect states can serve as charge separation centres, promoting electron transfer 

to catalytic sites. 

The apex of the photoluminescence spectrum offers an optical approximation of the 

material's bandgap energy; however, this value may underestimate the actual bandgap 

derived from absorption spectroscopy because of Stokes shifting. The Stokes shift, 

defined as the energy difference between absorbed and emitted photons, results from the 

structural relaxation of the excited state and signifies the existence of defect states. A 
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larger Stokes shift generally correlates with more disorder and elevated defect 

concentration. 

2.2.7. Dynamic Light Scattering (DLS) technique 

Dynamic light scattering (DLS), alternatively referred to as photon correlation 

spectroscopy (PCS) or quasi-elastic light scattering (QELS), is a non-invasive optical 

method utilised to ascertain the hydrodynamic particle size distribution and colloidal 

stability properties of nanoparticle suspensions and molecular solutions. The integration 

of electrophoretic light scattering (ELS) with this technique facilitates the concurrent 

determination of zeta potential, offering thorough colloidal characterisation vital for 

comprehending particle behaviour in pharmaceutical, cosmetic, and materials scientific 

domains [171]. 

The DLS methodology is based on the observation of Brownian motion, which is the 

random and continuous movement of suspended particles caused by heat collisions with 

solvent molecules. As dispersed particles experience Brownian diffusion inside the 

medium, the continual redistribution of their positions produces variations in the intensity 

of scattered light when irradiated by a monochromatic laser. The primary equation 

determining particle size determination is the Stokes-Einstein equation: 

𝐷 =
𝐾𝛽𝑇

6𝜋𝜂𝑅𝐻
                                                                  (2.6)        

D represents the translational diffusion coefficient (m2/s), Kβ denotes the Boltzmann 

constant (1.38 × 10-23 J/K), T signifies the absolute temperature (K), η indicates the 

dynamic viscosity of the dispersant (Pa·s), and RH refers to the hydrodynamic radius (m). 

This equation indicates that particle diffusion is inversely related to size; smaller particles 

diffuse quickly due to less inertia and undergo proportionately more thermal impulses 
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compared to their mass, whereas bigger particles exhibit slower movement. The 

assessment of particle motion thus offers a quantitative foundation for size estimation 

when temperature and solvent viscosity are accurately established. 

The instrumental setup focusses a monochromatic laser beam through an optically clear 

cuvette filled with a dilute particle suspension. The incident photons engage with 

dispersed particles, producing scattered light at all angles in accordance with the Rayleigh 

scattering regime. The dispersed light, gathered at a specific angle, displays temporal 

intensity variations that directly convey information regarding particle diffusion rates. 

The hydrodynamic diameter (Z-average size) obtained from the Stokes-Einstein equation 

signifies the effective diameter of a spherical particle that would diffuse at the observed 

rate, considering the hydration shell and any electrical double layer enveloping the 

particle surface. This measure fundamentally varies from morphological sizes obtained 

using electron microscopy or atomic force microscopy, as the hydrodynamic diameter 

includes contributions from surface-associated solvent layers, ions, and any surface-

bound polymers or ligands. Significant discrepancies between DLS-derived 

hydrodynamic size and transmission electron microscopy (TEM) measurements typically 

indicate particle non-sphericity (especially pertinent for rod-like or plate-like 

morphologies), anisotropic hydration, or surface functionalisation effects, rather than 

instrumental error. 

The application of an electric field within a specialised electrophoresis cell converts 

dynamic light scattering (DLS) into electrophoretic light scattering (ELS), also known as 

laser Doppler electrophoresis or phase analysis light scattering (PALS). When an 

alternating or direct electric field is applied across the cell, charged particles undergo 

directed motion superimposed on their random Brownian motion. This electrophoretic 
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mobility appears as a frequency or phase change in the scattered laser light, resembling 

the Doppler effect seen with acoustic signals from moving sources. 

The zeta potential value measures the electrostatic potential at the hydrodynamic shear 

plane, which is the theoretical border separating ions firmly attached to the particle 

surface (Stern layer) from ions in the diffuse outer region. Zeta potentials of ±30 mV or 

greater generally signify robust electrostatic stabilisation and a diminished propensity for 

aggregation, whereas values around zero denote potential colloidal instability and an 

increased danger of flocculation. The measurement thus offers essential insight into 

dispersion stability and particle-particle interaction dynamics. 

Samples must be optically transparent or demonstrate only slight turbidity to allow laser 

penetration without significant multiple scattering, which produces erroneous large-size 

artefacts in the correlation function. Highly concentrated particle dispersions generally 

necessitate dilution into the original dispersant medium to mitigate concentration 

dependent electrostatic interactions and measurement artefacts. 

2.2.8. Electrochemical measurements 

The electrochemical characterisation of the synthesised materials was conducted via a 

three-electrode setup linked to a electrochemical workstation. The configuration included 

an indium tin oxide (ITO) glass substrate coated with the synthesised semiconductor 

material functioning as the working electrode (anode), a platinum (Pt) wire serving as the 

counter electrode, and an Ag/AgCl (3 M KCl) electrode utilised as the reference electrode 

[172]. All measurements were conducted at ambient temperature in an aqueous NaOH 

electrolyte solution (0.5 M) to guarantee adequate ionic conductivity and stability of the 

working electrode. Before utilisation, the electrolyte solution was purged with nitrogen 

gas for around 15 minutes to eliminate dissolved oxygen and stabilise the system. 
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The Electrochemical Impedance Spectroscopy (EIS) analysis was conducted to examine 

the charge-transfer resistance (Rct), interfacial kinetics, and electronic conductivity of the 

electrode-electrolyte interface. Impedance measurements were collected across the 

frequency spectrum of 100 kHz to 0.1 Hz, utilising an applied AC perturbation amplitude 

of 10 mV centred at the open-circuit potential (OCP). The resultant Nyquist graphs 

(imaginary versus real impedance) were examined with equivalent circuit modelling via 

Nova software. The semicircular region in the Nyquist plot typically represents the 

charge-transfer process at the electrode/electrolyte interface, where a smaller semicircle 

diameter signifies a lower Rct and consequently accelerated charge-transfer kinetics. 

Mott-Schottky tests were performed to investigate the semiconductor's intrinsic electronic 

characteristics within a frequency range of 1-10 kHz and an AC amplitude of 5-10 mV. 

The M-S plots (1/C2 vs applied potential) were utilised to ascertain the flat-band potential 

(Efb) and charge carrier density (Nd) of the semiconductor material in accordance with the 

Mott-Schottky equation: 

1

𝐶2 =
2

𝑒𝜀𝜀0𝑁𝑑
(𝐸 − 𝐸𝑓𝑏 −

𝐾𝑇

𝑒
)                                                      (2.7) 

The variables ε, εo, e, C, E, Efb, K, T, and Nd denote the dielectric constant, permittivity 

of free space, elementary charge, space charge region capacitance, applied potential, flat 

band potential, Boltzmann constant, absolute temperature, charge carrier density, 

respectively.   

A positive slope of the M-S figure denotes n-type conductivity, while a negative slope 

shows p-type behaviour. The linear segment of the curve was extrapolated to 1/C2 = 0 to 

determine the flat-band potential. The carrier density was derived from the slope of the 

M-S curve, offering insights into the dopant concentration and photoelectrochemical 

efficacy of the synthesised material. 
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The EIS and M-S studies combined furnish extensive insights into charge transport 

kinetics, semiconductor band energetics, and electrode/electrolyte interface behaviour, 

which together dictate the electrochemical and photoelectrocatalytic efficiency of the 

synthesised materials. 

2.3. Materials and technical specifications of characterizing       

instruments 

2.3.1. Materials 

All the chemicals, such as zinc acetate dihydrate [Zn(CH3COOH)2⋅2H2O: M.W = 219.50 

g/mol] from RFCL Limited in India, tetrabutyl orthotitanate [Ti(OC4H9)4: M.W. = 340.32 

g/mol] from TCI in Japan, glacial acetic acid [CH3COOH: M.W = 60.05 g/mol] from 

SDFCL, India and Copper nitrate trihydrate [Cu(NO3)2. 3H2O: M.W. = 241.60 g/mol) 

purchased from molychem, India.  

Sodium nitrate [NaNO3: M.W = 84.99 g/mol], graphite, potassium permanganate 

[KMnO4: M.W = 158.03 g/mol], hydrochloric acid (HCl: M.W = 36.46 g/mol), and 

hydrogen peroxide [H2O2: M.W = 34.01 g/mol] were purchased from molychem, India. 

Sulphuric acid [H2SO4: M.W = 98.08 g/mol] and phosphoric acid [H3PO4: M.W = 97.99 

g/mol] purchased from rankem, India, are used to synthesize graphene oxide. 

Zinc nitrate hexahydrate [Zn (NO3)2.6H2O, M.W. = 297.48 g/mol], terephthalic acid 

[C8H6O4, M.W. = 166.13 g/mol], C-tab [C19H42BrN, M.W. = 364.46 g/mol], and nickel 

nitrate hexahydrate [Ni (NO3)2.6H2O, M.W. = 290.80 g/mol] were procured from 

Molychem Limited. Solvents used during synthesis of NiZnO, DMF [HCON(CH3)2, 

M.W. = 73.09 g/mol] and methanol [CH3OH, M.W. = 32.04 g/mol], were procured from 

Loba Chemie Pvt. Ltd. and Molychem Limited, respectively. All materials were of 
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analytical grade and were used without further purification. In addition to this, methylene 

blue [M.W. is 319.85 g/mol] is used for photocatalysis studies. 

2.3.2. Details of the characterization instruments used in this work 

We used a PANalytical X'pertpro MPD diffractometer with monochromatic Cu Kα 

radiation (λ = 1.5406 Å) across a diffraction angle (2θ) range of 10 to 90 degrees and a 

step size of 0.03 degrees to get X-ray diffraction (XRD) data for powder and grazing 

incidence angle. We took field emission scanning electron microscopy (FESEM) pictures 

of powder and using a JSM-7900F machine from JEOL, Japan. We then confirmed the 

chemical composition using an EDX analyser in FESEM. The accelerating voltage for 

the SEM pictures was between 5 and 10 kV.   We used UV-Visible diffuse reflectance 

spectroscopy (DRS) on an Agilent Cary 5000 UV-Vis-NIR spectrophotometer to look at 

the optical properties (absorbance, reflectance, and transmittance) across a wavelength 

range of 200-800 nm. We used a UV-Vis spectrometer (LAB INDIA spectrometer) to 

study degradation of pollutants in water. An Agilent Cary Eclipse was used to get the 

steady-state photoluminescence emission spectra of particles at an excitation wavelength 

of 380 nm. A Micromeritics Flex 3 BET analyser was used to study the BET surface area 

and pore size distribution of powder samples. We used a Zetasizer (model: Zetasizer Nano 

ZS) from Malvern Panalytical to look at the average particle size and zeta potential (ZP) 

of the particles. The experiments in X-ray Photoelectron Spectroscopy (XPS) were done 

with a PHI 5000 Versa Probe spectrometer that had an Al Kα X-ray anode. The C 1s peak 

of carbon at 284.8 eV was used as a reference for binding energy calibration. All 

measurements were taken at room temperature. We used a Multi Autolab M204 

electrochemical instrument to measure the electrochemical properties in a quantitative 

way.   The system had a standard three-electrode setup, with catalyst-coated ITO glass as 



78 | P a g e  

 

the anode, coiled platinum as the counter electrode, and Ag/AgCl as the reference 

electrode. 

 

 



 

3. CHAPTER 3 

 

Synthesis and characterization of zinc titanate-

graphene oxide composites prepared by ambient 

and hydrothermal conditions 

 

3.1. Abstract 

We prepare reduced graphene oxide-zinc titanate (ZTO) composite powders by mixing 

ZTO with 1 wt.% graphene oxide (GO) in solid and liquid states under open 

environments, and under hydrothermal conditions. The treatment temperature was 400 oC 

in the first two cases and 180 oC in hydrothermal. Structural and chemical 

characterizations performed using XRD, SEM, BET, XPS, DRS, and PL are correlated 

with their photocatalytic performance. Mixing leads to significant structural and chemical 

changes in GO and ZTO particles but of different natures depending on the process. All 

the mixing routes reduce GO to r-GO. Unlike hydrothermal mixing, mixing under an open 

environment converts the rhombohedral ZnTiO3 to cubic Zn2TiO4 due to loss of oxygen. 

However, hydrothermal mixing leads to a loss in crystallinity of the ZnTiO3 particles 

resulting into a larger specific surface area. XPS results suggest good binding between 

the r-GO sheets and the oxide particles. Liquid state mixing leads to the highest reduction 
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in bandgap, probably due to maximal oxygen vacancy formation in this process. Mott-

Schottky analysis is done to estimate the charge carrier density in all the samples. EIS 

shows that the hydrothermally prepared composite has the smallest Rct. High surface area, 

less conversion to Zn2TiO4, changes in bandgap, good binding of ZTO with GO sheets, 

and more facile charge transfer in hydrothermally prepared composites have important 

implications in photocatalytic applications. 

3.2. Introduction 

In this chapter, different synthesis routes are used to prepare composites of graphene 

oxide with ZnTiO3, and the resulting materials are analysed to understand how the 

structural, surface, and electronic properties of ZnTiO3 are modified for visible-light 

photocatalysis. By comparing composites obtained via solid-state, liquid-state, and 

hydrothermal processing, the roles of phase composition, surface area, bandgap, and 

interfacial binding with GO are systematically evaluated. 

Diverse categories of catalysts employed in photocatalysis include transition metal-

centered complexes, organic photosensitizers, metal oxides, two-dimensional materials, 

quantum dots, and plasmonic metals [173]. Photocatalytic reactions involve charge 

generation on the catalyst and a subsequent charge transfer from the catalyst to the 

reacting species to trigger the desired reaction. Hence the concerned reactions are redox 

reactions. Metal oxides serve to be good photocatalytic materials because photogenerated 

electrons can help with reduction reactions, and holes in the valence band can help with 

oxidation reactions [174]. Moreover, metal oxides are the most prevalent minerals in the 

Earth's crust, resulting in lower prices relative to other wide-bandgap semiconductor 

materials. Certain metal oxides, like zinc oxide and tin oxide, demonstrate both 

conductivity and optical transparency, allowing the extensive application of transparent 
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conducting oxides in optoelectronic devices [175][176]. Transparency to light and facile 

conduction of electrons are the features that make these metal oxide semiconductors 

especially attractive for optoelectronic processing.  

The electron-hole generation depends on the bandgap, and it should be smaller than the 

photon energy, as it signifies the minimal energy necessary to elevate an electron to the 

conduction band, enabling its participation in electrical conductivity. For photocatalysis 

and photovoltaics, a more efficient absorption of solar light is preferable, one that spans 

a far broader spectrum of wavelengths. This deficiency is propelling the pursuit of broad-

bandgap metal oxide materials exhibiting optical responses in the visible to near-infrared 

ranges. Bandgap in oxides has been engineered to adjust to the visible spectrum using 

several approaches such as varying processing conditions, particle size, [177], [178], 

[179], [180] doping with metals, [181], [182] non-metals, [183][184] and generation of 

vacancies [185][186]. Doping not only reduces the bandgap but also introduces new 

spectral characteristics in the visible to near-infrared ranges, hence enhancing overall 

absorption efficiency [187]. The investigation of emergent behavior via oxygen vacancy 

manipulation has catalyzed a surge of scientific interest [188], [189], [190], [191]. 

To ensure that the diffusive transport occurs to the particle surface before recombination, 

the particles’ specific area may be enhanced by making them porous. A larger surface area 

also ensures a higher number of active reaction sites for charge transfer. However, the 

mass transfer starts being a limiting process with the porous particles [192]. The 

processing conditions and calcination temperature are seen to affect crystalline phase and 

porosity characteristics and thereby influence the photocatalytic effectiveness of zinc 

titanate [193], [194], [195]. 
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The charge separation of the electron-hole pairs generated upon shining the light can be 

achieved by several approaches, and creating a heterojunction that generates an internal 

electric field separating the electron-hole pairs has been the most effective approach. 

Using ultra-thin film geometry, sandwich substructures, applying external electrical bias, 

metal doping and modification, creating vacancies, creating surface defects by using pits, 

and applying magnetic fields [196], [197], [198], [199], [200], [201], [202], [203] have 

been several other approaches to separate the charges of opposite polarities and utilize 

them for surface active redox reactions. 

Charge transfer resistance (Rct), a parameter measured by electrochemical impedance 

spectroscopy (EIS) that quantifies the resistance against the transfer of charge (electrons 

or holes) from the immobilized solid electrode to redox species in the liquid phase 

occurring at the heterogeneous interface, is also crucial in determining the homogeneous 

photocatalytic performance in liquid phase [204].  

Zinc titanate shows multiple phases such as cubic and rhombohedral [205], [206] with 

favorable band gaps matching the energy of visible light. Porosity in zinc titanate 

materials can also be engineered by processing conditions; for example, zinc titanate 

prepared by the electrospinning route and calcined at 800 °C has shown improved 

photocatalytic activity [207]. The pore size of zinc titanate facilitates the adsorption of 

organic contaminants. Prior research has shown that graphene composites can enhance 

the light absorption capacity [208]. The nanoscale dimensions of TiO2/graphene 

photocatalysts yield an extensive surface area [137].  Metal-CNT composites can 

decrease electron-hole recombination [209]. Carbon has been incorporated in TiO2 by 

using sol-gel as well as mechanochemical treatment, and the sol-gel method yielded 

samples with a narrower bandgap [210], [211]. In view of the observed bandgap 

narrowing in TiO2 resulting from carbon, here we explore the ZTO-GO composites 
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prepared by three different routes and assess their potential application in photocatalysis 

based on the characterization results of these samples. 

In this work, we study changes in the surface area, bandgap, binding of ZTO with GO 

sheets, and charge transfer of zinc titanate in composites of these particles with graphene 

oxide prepared using three different methods. These three methods are as follows: (i) The 

solid-state mixing, in which we mix laboratory prepared ZTO powders with GO powder 

and treat the mixture at 400 oC, (ii) the liquid state mixing, wherein we mix  GO with the 

ZTO suspension under stirring, the resulting mixture was dried to obtain a solid precursor, 

and the dried composite powder was then heat-treated at 400 °C for 1 h, and (iii) mixing 

under hydrothermal conditions, in which the treatment temperature was 180 oC. Detailed 

analysis of the characterization data shows hydrothermally prepared samples show a 

reduction in the bandgap, an increase in surface area, increased charge separation, and 

reduced charge transfer resistance and hence can serve as a potential material for 

photocatalytic applications. 

3.3 Experimental section 

3.3.1. Materials 

All materials were of analytical grade and were used without further purification. The 

zinc and titanium precursors were zinc acetate dihydrate from RFCL Limited in India and 

tetra butyl ortho titanate from TCI in Japan. SDFCL, India, supplied acetic acid glacial. 

Sodium nitrate, graphite, potassium permanganate, hydrochloric acid, and hydrogen 

peroxide were purchased from MOLYCHEM, India. Sulphuric acid and phosphoric acid 

purchased from RANKEM, India, are used to synthesize graphene oxide. 
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3.3.2. Synthesis of zinc titanate (ZnTiO3) (ZTO) 

ZTO powder was synthesized using the sol-gel method. The mole ratio of Zn: Ti was 

determined to be 1:0.9 [207]. In a typical synthesis, 2.25 g of zinc acetate dihydrate and 

3.14 mL of titanium tetra butoxide were dissolved in 3.33 mL of acetic acid (CH3COOH) 

separately. Both solutions were mixed with magnetic stirring and heated to around 50 °C 

followed by mixing with deionized water (10 mL). After mixing deionized water, a 

transparent sol was obtained, which over time formed a gel. During the gel aging process, 

it was realized that maintaining a constant temperature is critical for getting a transparent 

and homogeneous gel. To remove excess solvent, dry for 10 hours at 120 °C. The resulting 

gel was calcined at 800 °C equilibrated for 3 hours at a heating rate of 10 °C/min to obtain 

the final powders. 

3.3.3. Synthesis of graphene oxide (GO) 

Graphene oxide (GO) was synthesized from graphite powder (GP) via a modified 

Hummer method [212]. Under constant stirring, 6 g of sodium nitrate was mixed into 230 

mL of concentrated sulphuric acid and phosphoric acid (9:1 weight ratio), followed by 

the addition of 10.0 g of graphite. After 4 hours, 30 g of KMnO4 was gradually added to 

the above solution while maintaining a temperature below 20 °C. The mixture was stirred 

at 35 °C for 48 hours, and the resulting solution was diluted by vigorously stirring in 460 

mL of water. To ensure that the reaction with KMnO4 was completed, the suspension was 

treated with a 5 mL H2O2 solution (30 %). The resulting mixture was filtered, and the 

graphite oxide residue was washed repeatedly with HCl and H2O before drying; graphite 

oxide was thus obtained. We get graphene oxide after sonicating it several times. 
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3.3.4. Synthesis of composite I  

Composite I was synthesized by a solid-state method. Initially, 3 g of the GO powder and 

300 g of ZTO were highly mixed in powder form and then put in a furnace at 400 oC for 

1 hr. to reduce GO. 

3.3.5. Synthesis of composite II 

Composite II was synthesized in the presence of solvent (deionized water). Initially, 3 g 

of the GO powder and 300 g of ZTO are dispersed in 40 mL of water. Vigorously stir it 

for 4 hr. and then sonicate for 2 hr. to get ZTO-GO suspension. Then, dried to obtain a 

solid precursor, and the dried composite powder was then heat-treated at 400 °C for 1 h. 

to reduce GO. 

3.3.6. Synthesis of composite III 

Composite III was synthesized by the hydrothermal method. All the compositions and 

processes are the same as a composite II synthesis until the formation of ZTO-GO 

suspension. After that, we transferred this suspension into a 50 mL Teflon autoclave and 

held it at 180 oC for 12 hr. Then, final composite was obtained by centrifuge and dried at 

60 oC. 

3.4 Electrochemical measurements 

The electrochemical characteristics were quantitatively determined using a Multi Autolab 

M204 electrochemical system. The system consisted of a typical three-electrode 

configuration, with catalyst-deposited ITO glass serving as the anode, coiled Pt as the 

counter electrode, and Ag/AgCl as the reference electrode. A 0.5 M KOH solution was 

employed as the electrolyte. The operational anodes were fabricated in the following 

manner: A suspension was prepared by mixing a 100 mg sample with a 300 μL mixed 
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solution of tritron X, ethanol, and acetic acid. Then the mentioned mixture was evenly 

distributed over a 47 mm2 ITO glass and dried at a temperature of 40 °C. 

3.5 Result and discussion 

3.5.1. X-ray diffraction (XRD) 

Figure 3.1 presents the X-ray diffraction patterns of GO and composite samples I, II, and 

III. The majority phase present in the composites was the hexagonal ZnTiO3 (JCPDS file 

number 25-0671) with R-3 space group symmetry. Some residual impurities of rutile-

TiO2, ZnO, and cubic-Zn2TiO4 were also found as suggested by indexing the peaks in the 

diffraction pattern. The relative fractions of each phase were estimated from calculating 

the areas under the respective peaks and are presented in Table 1.  

The GO samples show its characteristic strong peak at a 2θ value close to 10.9° [213]. 

These samples also show graphitic peak at around 27o and r-GO reflections at around 22o.  

The characteristic GO peak at 10.9o was found absent in the XRD diffraction patterns of 

composites. The composite samples show weak signals at 2θ value close to 23o. These 

observations are taken to conclude that in composite samples the GO has been reduced to 

r-GO. Yang et al. have observed gradual disappearance of the GO peak near 10o as the 

TiO2 fraction is increased, with complete disappearance of this peak at a GO:TiO2 ratio 

of 1:2.5  [214]. They have also attributed the disappearance of the GO peak to the 

transformation of GO to r-GO in the presence of TiO2.The reduction of GO to rGO in the 

presence of TiO2 during heat treatment is attributed to thermal deoxygenation of the 

oxygen-containing functional groups of GO. Epoxy, hydroxyl, and carboxyl groups are 

removed at elevated temperature, leading to the release of gaseous species such as CO 

and CO2 and partial restoration of the sp2 carbon framework. The TiO2 surface can further 

assist this process through interfacial interactions that promote charge redistribution and 
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facilitate oxygen removal from GO. In the presence of the oxide matrix, interfacial 

interactions may further assist this process by promoting defect formation and 

accelerating oxygen removal from the GO surface [215]. As a result, GO is transformed 

into a more conductive rGO-like phase in the composite system [216]. In our samples, 

the GO fraction is much smaller (1%). Due to a significantly smaller fraction of GO 

present in our samples as compared to the crystalline oxides, the corresponding peaks in 

the XRD are weak and noisy, but still their presence is discernible as seen in Figure S1. 

The XRD patterns of the composites when magnified near the 2θ value close to 22o as 

presented in supplementary material Figure S1 show that the rGO peak gradually shifts 

to smaller angles, suggesting that due to the reduction of the graphene oxide, the graphene 

sheets become less compact. This is expected since oxygen atoms responsible for 

mediating the bonding between the neighboring sheets are lost upon reduction, thereby 

loosening the graphene sheets. Formation of graphite is also seen in composite I and II, 

formed by allowing the gases to escape, but not in composite III. Our first conclusion 

from XRD analysis is that GO is reduced to r-GO in the presence of zinc titanate [217], 

and even some graphite is formed if heat treatment occurs in an open environment. 

We also notice that two higher order peaks at 2θ of 38.5o and 51o which are respectively 

due to (015) and (107) reflections from hexagonal ZTO, are more prominent in 

composites than in native ZTO (Figure 3.1). It could be due to the hexagonal symmetry 

of the graphene oxide that matches with ZTO and thereby promotes long-range ordering 

of ZTO atoms in these higher order planes. 

Composite I, II, and III are prepared by three different routes where samples are finally 

heat treated at the same temperature of 400 oC in each case. GO is known to undergo 

thermal reduction at 200 oC [218]. Botta et al. [219] have shown that a mixture of zinc 

and anatase TiO2 when activated, undergoes chemical transformation upon heat treatment 
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to produce Zn2TiO4 and ZnTiO3. However, conversion to Zn2TiO4 is observed to occur 

above 600 oC with an optimal duration of activation only (unlike conversion to ZnTiO3 

that speeds up monotonically as the activation time is increased). The optimally activated 

mixture is found to undergo high conversion to Zn2TiO4 above 600 oC. The Zn2TiO4 is 

also susceptible to converting to ZnTiO3 from the following reaction: Zn2TiO4 + TiO2 → 

2ZnTiO3. However, our results show that in the presence of GO, heat treatment at a much 

lower temperature in an open environment impedes the forward conversion of Zn2TiO4 

to ZnTiO3 and promotes the reverse reaction.  

GO acts as a powerful reducing agent and electron-dense support. During heat treatment, 

GO can undergo thermal decomposition or reduction, creating local structural defects and 

oxygen vacancies. This localized reducing atmosphere actively favors the reformation of 

the inverse spinel structure Zn2TiO4, promoting the reverse tendency [220]. 

A comparison of the XRD patterns of the three composites shows that the formation of 

Zn2TiO4 is promoted in composite I and II but not in composite III. This is concluded 

from the enhanced peak intensities observed at the 2θ value close to 30o and 35.3o, the 

former of which is assigned to the (220) reflection from Zn2TiO4, whereas the latter peak 

results from an overlap of the (311) reflection from Zn2TiO4 and the (110) reflection from 

ZnTiO3 phases. Chantelle et al. [221] have observed the (311) reflection to be the plane 

that crystallizes first in Zn2TiO4. A deconvolution of the peak at 35.3o is presented in 

Figure 3.3. The Zn2TiO4 has a lower oxygen fraction than ZnTiO3. The preferential 

formation of Zn2TiO4 can be attributed to the loss of oxygen during heating. Since the 

composite I and II are prepared in an open environment unlike the composite III, therefore 

loss of oxygen is more facile in these samples. In general, Zn2TiO4 is formed at a higher 

temperature of 700 oC [221], but in the presence of GO, we observe it to form at a much 

lower temperature. A comparison of the deconvoluted reflections of the Zn2TiO4 and 
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ZnTiO3 phases in Figure 3.2 shows that the peak width of the ZnTiO3 is higher compared 

to that of Zn2TiO4 in composite I and II, whereas an opposite trend is observed in 

composite III. This suggests that the crystallinity is better restored for ZnTiO3 in 

composite III, whereas composite I and II have better crystallinity for Zn2TiO4. This 

observation also suggests that in composite I and II, the formation of Zn2TiO4 is favored 

over ZnTiO3, unlike in composite III. Formation of TiO2 is also higher in composite I and 

II as compared to composite III as listed in Table 1. This is because ZnTiO3 transforms to 

Zn2TiO4 according to the following reaction: 2ZnTiO3 → Zn2TiO4 + TiO2, and the 

presence of GO at ambient conditions allows decreasing oxygen content in such a case. 

The lower rGO contribution in Composites I and II can be attributed to partial thermal 

reduction in open environment and decomposition of GO during calcination, whereas the 

comparatively higher rGO contribution in Composite III is consistent with the 

hydrothermal route, which better preserves the carbonaceous phase and promotes its 

incorporation into the composite. 

We also note that in all the samples, the (311) reflection from Zn2TiO4 near 35o is almost 

double its (220) reflection near 30o. This would be expected because the number of 

Zn:Ti:O atoms is 12:24:48 in the (311) plane, which is nearly double than 5:11:22 in the 

(220) plane. 

Another evidence of loss of oxygen from the ZnTiO3 phase comes from a comparison of 

its (104) and (110) reflections in the composite samples. The plane (110) in Rh-ZTO has 

only Zn and Ti atoms, whereas (104) is from 6 oxygen atoms. In composite I and II, the 

relative intensity of the (104) reflection is significantly smaller, whereas in composite III 

they are comparable. Therefore, this relative decrease of the (104) reflection in composite 

I and II suggests that oxygen atoms are lost from the (104) plane in these samples, whereas 

the loss of oxygen is prevented in composite III.  



90 | P a g e  

 

The composite III also shows the XRD reflections to have larger FWHM values (Table 

S1). This suggests less crystallinity and hence a larger surface area in these samples. The 

amorphousness may play an important role in enhancing the photocatalytic property of 

the particles either by enhancing the surface area or by favorably altering the electronic 

density of states [189]. 

 

Figure 3.1. XRD patterns of ZTO, composite I, II, III, and GO. 

Table 3.1. Calculation of the percentage of phase present in the sample. 

 ZnTiO3 Composite I Composite II Composite III 

         ZnTiO3 74.04% 27.21% 27.79% 65.05% 
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Zn2TiO4 18.42% 42.98% 40.63% 14.45% 

TiO2 4.63% 18.48% 20.35% 6.00% 

ZnO 2.90% 9.08% 9.19% 13.58% 

rGO - 0.42% 0.43% 0.91% 

Graphite - 1.83% 1.60% 0 

 

 

 

Figure 3.2. Deconvoluted XRD peaks for (311) and (110) planes of Zn2TiO4 and 

ZnTiO3 in (a) ZTO, and composite (b) I, (c) II, and (d) III. 

3.5.2 Surface Area Analysis  

Nitrogen adsorption-desorption isotherms of composites are shown in Figure 3.3. The 

specific BET Surface area of ZTO, composite I, composite II, and composite III are 1.0 
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m2/g, 1.3 m2/g, 1.3 m2/g and 1.4 m2/g, respectively. If we compare the surface area of 

composite III with ZTO, then there is a 40% increase in surface area. Figure 3.3(a-d) 

shows type II isotherms with a very steep capillary condensation step in the relative 

pressure (p/p0) range of 0.8–1.0, as indicated by the hysteresis, which is typical of an 

ordered mesostructured with a large and uniform pore size. A high relative pressure 

uptake (p/p0~0.9) is observed, indicating the presence of inter-crystalline pores. 

 

Figure 3.3. The BET surface area and isotherm of (a) ZTO, and composites (b) I, (c) II, 

and (d) III. 

3.5.3 Field Emission Scanning Electron Microscopy (FESEM) analysis 

FESEM images of GO and various composite samples are presented in Figure 3.4. In 

Figures 3.4 (a) and (b), GO sheets in stacked form are clearly visible, with a C/O ratio of 
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1.9 as obtained from the EDX data (Figure S2). Typical values of this ratio lie around 1.4 

[222]. Whereas in composite II and III obtained by liquid phase processing, the detached 

graphene sheets decorated with the oxide particles are visible (Figures 3.4 (e) and (f) for 

composite II, and Figures 3.4 (g) and (h) for composite III), the composite I obtained by 

solid state processing did not show detached graphene sheets (Figures 3.4 (c) and (d)). 

This may be expected since the detachment of r-GO sheets will be better facilitated in the 

liquid phase. The composite III also has a higher fraction of ZnO rods (Figure 3.4(g)), as 

confirmed from the elemental mapping through EDX as presented in Figure 3.5. Rods are 

those of ZnO. Formation of ZnO is found to be facilitated in the hydrothermal method in 

the presence of graphene oxide. The atomic composition of GO, composite I, composite 

II, composite III from areal EDX is shown in Table 2. The variation in C, Zn, and Ti 

contents between Composites I and II is attributed to local inhomogeneity in GO 

distribution, particle packing, and interfacial aggregation, because different method is 

used in synthesis of composite I and II. The carbon content differs across all three samples 

because the synthesis route affects GO dispersion, surface coverage, and the extent of 

partial thermal reduction of the carbonaceous phase. 
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Figure 3.4. FESEM images of samples at smaller magnification (left column) and larger 

magnification (right column).  Images of GO (a, b), composite I (c, d), composite II (e, 

f), and composite III (g, h) samples. 
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Figure 3.5. EDX mapping of composite III. 

Table 3.2. The atomic composition of GO, composite I, composite II, composite III 

from areal EDX. 

 C% O% Zn% Ti% 

GO 62.2 37.8 - - 

Composite I 9.5 49.4 30.7 10.4 

Composite II 68.5 23.6 2.9 5 

Composite III 58.3 26.9 6.7 8 
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3.5.4 X-ray Photoelectron spectroscopy 

One of the important factors influencing photocatalytic reactions is the separation of 

electron-hole pairs, which in turn depends, among other things, on the intimacy of the 

contact between the materials at the junction. In our samples, the oxide particles form a 

junction with the r-GO, as seen in the SEM images, and by analyzing the XPS spectra of 

these samples, we conclude that the quality of binding between the oxides and r-GO is 

the best in the composite III.  

The C1s and O1s XPS spectra from all the samples are presented respectively in Figures 

3.6 and 3.7. The C1s electrons from C-O bonds show significantly weaker signals in 

composited samples, thereby suggesting the reduction in the GO and forming r-GO in 

these cases [223]. 

The de-convoluted spectra of the O1s signal in all the samples presented in Figure 3.7 

shows two major peaks, one at a higher binding energy close to 532 eV and the other 

closer to 530 eV. The higher binding energy peak is attributed to the oxygen from the 

hydroxyl group adsorbed on the surface [224], [225]. The lower binding energy peak is 

attributed to the lattice oxygen, which may be bonded to zinc or titanium. Although these 

lattice oxygen atoms bonded to different cations show their XPS peaks at slightly different 

binding energy values [226], [227], we assume here that the first peak is due to the joint 

contribution of the two different lattice oxygen atoms. We note that, among the 

composites (Figures 3.7 (c), (d), and (e)), the composite III in Figure 3.7(e) has a hydroxyl 

signal significantly dominant compared to the lattice oxygen signal, unlike in the other 

two composites seen in Figures 3.7(c) and (d). This could be due to the fact that the third 

composite prepared under hydrothermal conditions undergoes high temperature, high 
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pressure treatment in presence of water that may lead to much higher irreversible 

hydroxyl group attachment to the particle surface.  

A comparison of the peak positions in Figures 3.6 and 3.7 shows that the O1s peaks in 

the ZTO-GO composite samples from lattice oxygen generally shift towards lower 

binding energy values as compared to ZTO samples implying comparatively easier 

release of electrons in the composites. This could be caused by the loss of oxygen in 

composites that leaves behind excess electrons with the lattice that raises the chemical 

potential of the electrons such that release of electrons is easier in the composite samples. 

Although the bulk carbon percentage is low, XPS is a surface-sensitive technique and 

therefore records the chemistry of only the near-surface region, where the GO-derived 

carbonaceous phase is preferentially distributed. The C1s electrons also show a shift 

towards lower BE values as compared to pure GO samples. This can be explained by the 

observation that in composites, the GO reduces to r-GO making the GO richer in 

electrons, so that binding energy of the C1s electrons decreases in the r-GO present in the 

composite samples. The maximal shift is observed in the composite III (Table S2, 

Supporting Document) suggesting the highest reduction occurring in the hydrothermal 

method, which is in agreement with the XRD result presented in Table 1. The O1s signal 

in composites is not being compared with the Figure 3.7(a) because in composites, the 

oxygen has been significantly lost from the GO samples due to reduction, and the oxygen 

signal in the composites is assumed to be dominated by the oxygen atoms associated with 

the metal oxide.  
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Figure 3.6. XPS of C1s of (a) GO, (b) composite I, (c) composite II, and (d) composite 

III. 
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Figure 3.7. XPS of O1s of (a) GO, (b) ZTO, (C) composite I, (d) composite II, and (e) 

composite III. 
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3.5.5 Optical behavior from UV-Vis Diffuse Reflectance Spectroscopy 

The band gap of the samples is determined by analyzing the reflectance spectra obtained 

from UV-Vis DRS spectroscopy [228]. We plot [F(R)×hν] n against energy hν (Tauc plot) 

using the reflectance R measured by DRS, as shown in Figure 3.8. The Kubelka Munk 

function, F(R), is defined by the following relationship: 

𝐹(𝑅) =
(1−𝑅)2

2𝑅
                                                      (3.1) 

Here n = 2 denotes a direct allowed transition, and n = 1/2 denotes an indirect allowed 

transition [228]. We have assumed n =1/2. 

Figure 3.8(a) shows the raw data on reflectance of all the samples from DRS 

measurements, and Figures 3.8(b)-(e) shows the transformed data where [F(R)×hν]n is 

plotted against hν, and the linear part of the curves are extrapolated to obtain the band-

gap. The bandgaps measured for various samples are 2.85 eV for ZTO, 2.81 eV for 

composite I, 2.59 eV for composite II, and 2.73 eV for composite III. We attribute this 

decrease in bandgap to the loss of oxygen that results into the formation of oxygen 

vacancies. These oxygen vacancies are known to introduce donor states and lead to the 

narrowing down of the bandgap. In composite I, the reduction is not very effective due to 

solid state mixing leading to a small reduction in bandgap. Between composite II and III, 

oxygen loss is inhibited in composite III, thereby causing less oxygen vacancy. Hence, in 

composite II the highest change in bandgap occurs. However, due to the surface area 

effect, the specific surface area has been found to be highest in the composite III. 

In the Tauc plots of the composite I and II, we also observe a second linear rise in the 

curve, which can be attributed to Zn2TiO4 in the samples. When extrapolated to the energy 

axis, the bandgap values corresponding to these second rises in the curves range between 

3-3.4 eV. The Zn2TiO4 has been reported to have a bandgap in the range of 3.3eV to 3.7 
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eV [229] .The second rise in the curve is not prominent in the composite III because the 

composite III has ZnTiO3 as a majority phase with much smaller fraction of Zn2TiO4, as 

was concluded from the XRD data. 

 

 



102 | P a g e  

 

Figure 3.8. (a) UV DRS data in terms of reflectance. The plot of the Kubelka-Munk 

function versus the energy of exciting light that results in the band-gap of (b) ZTO, (c) 

composite I, (d) composite II, (e) composite III. 

3.5.6 Photoluminescence Spectroscopy 

The photoluminescence emission spectra have been widely employed to explore the 

effectiveness of charge carrier trapping, migration, and transfer, as well as to comprehend 

the fate of electron-hole pairs in semiconductors. In Figure 3.9, there are four emission 

bands observed in the visible region (excited at 400 nm), close to 423 nm, 460 nm, 485 

nm, and 547 nm. The first band can be attributed to a transition caused by pure ZTO (2.9 

eV), close to the band gap measured from DRS data (2.8 eV). The second emission at 

around 460 nm (~2.69 eV) showing in the PL spectra could be attributed to the transition 

from donor states to the valence band. The third emission band near 485 nm (~2.55 eV) 

could be attributed to the transition from donor to acceptor states [230]. The fourth 

emission band near 547 nm indicates (2.27 eV) ZTO, composite I, II, and III defects 

[231]. Figure 3.9 suggests that the samples prepared by the hydrothermal method have a 

higher reduction in emission intensity than other methods, which means there is an 

enhancement in carrier lifetime, leading to longer-lived carriers. Increased carrier 

lifetimes in these samples could be one reason for their improved photocatalytic activity. 

The increased lifetime can be attributed to better binding of the ZTO particles with the 

rGO sheets, as concluded from the XPS data. 
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Figure 3.9. Photoluminescence spectra of ZTO, composite I, composite II, composite 

III. 

3.5.7 Mott-Schottky Analysis   

The Mott Schottky plot showing the variation of the inverse square of the measured 

capacitance against applied electrode voltage is presented in Figure 3.10. The flat-band 

potential (Vfb) is measured from the intercept of the linear part of the curve on the abscissa 

and the slope of the linear part is inversely proportional to donor density and is used to 

measure the donor density [232], [233]. Vfb is seen to shift negatively for the composites 

as compared to ZTO, revealing a smaller barrier for charge transfer in the composites. 

Graphene oxide sheets form an inherent barrier layer to block electron transfer from the 
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conduction band or trap sites of the composite to the electrolyte, retarding charge 

recombination in the composite/electrolyte interface [234]. The slopes of the composite 

II, and III showed a lower value, clearly indicating higher donor density [235]. The charge 

carrier density (Nd) of ZTO, composite I, composite II, and composite III are 2.02 x 1021 

m-3, 1.50 x 1021 m-3, 7.95 x 1020 m-3, and 6.76 x 1020 m-3 respectively. 

 

Figure 3.10. Mott- Schottky plot of ZTO, composite I, composite II, and composite III. 

3.5.8 Nyquist plot from electrochemical impedance analysis 

In order to compare the charge transfer resistance for various samples, the Nyquist plots 

determined from the electrochemical impedance data for different samples are plotted in 

Figure 3.11. The constant phase element is linked to a non-uniform current distribution 
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due to material heterogeneity and is comparable to double layer capacitance [236]. The 

lower arc radius of the materials signifies weaker interfacial charge transfer resistance, 

leading to a more rapid charge transfer mechanism [237].  

A semicircular shape at the high frequency is observed for the composite I and II whereas 

a semicircle at high frequency and a linear rise at lower frequencies are observed in ZTO 

and composite III. The corresponding equivalent circuits (simple Randles circuit for ZTO 

and composite III and Randles circuit with Warburg elements included for composite I 

and composite II) used to determine the charge-transfer resistance (Rct) by semi-circular 

fit of EIS data are also shown in Figure 3.11. We consider mass transfer resistance in 

modeling the equivalent circuits by including Warburg elements for composite III and 

ZTO samples, but not in composite I and II. However, since our main concern is the 

comparison of the charge transfer resistance, therefore ignoring Warburg impedance in 

composites I and II doesn’t affect our analysis and conclusions. By fitting the semicircular 

part of the curve yield Rct values of 1081.2 kΩ for composite I, and 1017.5 kΩ for 

composite II, 49.6 kΩ for ZTO, and a much smaller value of 3.1 kΩ for composite III.  

The lowest value of Rct for composite III is indicative of the most facile transfer of holes, 

which may be indicative of increased photoactivity. 

Much higher values of Rct for composite I and II compared to ZTO and composite III 

correlate with the presence of a higher fraction of Zn2TiO4 (and a smaller fraction of 

ZnTiO3) in composite I and II and a smaller fraction of Zn2TiO4 (and a higher fraction of 

ZnTiO3) in ZTO and composite III.  
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Figure 3.11. Nyquist plot of ZTO, composite I, composite II, and composite III. 

3.6 Conclusion 

In this chapter, the focus was on understanding how compositing GO with ZnTiO3 

modifies the structural, surface, and electronic properties of ZnTiO3. Therefore, the 

application studies were not experimentally explored in this chapter. Instead, the results 

obtained here suggest that the composite may improve visible-light photocatalytic 

performance by enhancing charge separation, surface area, and interfacial electron 

transfer. 



 

4. CHAPTER 4 

 

Improving ZnTiO3 dispersion in water and 

thereby its photocatalytic activity towards MB 

degradation by plasma exposure using custom 

designed set-up 

4.1. Abstract 

In this work, we show that photocatalytic activity of rhombohedral zinc titanate under 

visible light irradiation can be enhanced by nitrogen plasma exposure. The sol-gel 

prepared rhombohedral zinc titanate was treated with nitrogen plasma prepared in a 

custom-designed setup that allowed the plasma-treated particles to be immersed in liquid 

immediately after plasma treatment without bringing them into contact with the ambient 

environment. We found that plasma treatment resulted in an enhancement of the first-

order rate constant of methylene blue (MB) degradation under visible light by 

approximately 56%. Characterizations of the particles using Scanning Electron 

Microscopy (SEM), X-ray Photoelectron Spectroscopy (XPS), X-Ray Diffraction (XRD), 

(Diffuse Reflectance Spectroscopy) DRS, and Brunauer–Emmett–Teller (BET) suggest 

that the enhancement can be ascribed to the creation of oxygen vacancies and 

enhancement in the surface area due to etching.  



108 | P a g e  

 

4.2. Introduction 

The previous chapter established that different synthesis routes can be used to prepare 

composites of graphene oxide with ZnTiO3, and that the resulting materials can be 

analysed to understand how the structural, surface, and electronic properties of ZnTiO3 

are modified by GO compositing. In the present chapter, the focus shifts from interfacial 

compositing to surface defect engineering, by improving the properties of ZnTiO3 

through nitrogen plasma treatment and examining how its structural, surface, and 

electronic characteristics are altered. By correlating plasma-induced changes in 

dispersion behaviour, surface area, and oxygen-vacancy formation with photocatalytic 

performance, this chapter evaluates plasma exposure as a complementary route for 

enhancing ZnTiO3-based visible-light photocatalysts. 

Photocatalytic materials significantly contribute to the treatment of water and effluents, 

antibacterial activity, and gas purification from industry, hence serving as a crucial 

component in environmental remediation[238]. Addressing both environmental pollution 

and the energy crisis through photocatalysis using semiconductor materials utilizing solar 

energy is an attractive route for achieving pollutant degradation, hydrogen production via 

CO2 photoreduction, water splitting into bacterial disinfection, and hydrocarbon 

fuels[239].  ZnTiO3 is a promising photocatalyst (semiconductor) that has been 

extensively studied for effluent treatment and the removal of contaminants from 

water[183], [207]. ZnTiO3 among photocatalysts arises from its distinctive attributes, 

such as exceptional stability, accessibility, eco-friendliness, biological and chemical 

inertness, and cost-effectiveness[240]. Two important points to the utilization of ZnTiO3 

more effectively as a photocatalytic material: the first is the reduction in electron-hole 

pair recombination, which increases the generation of several reactive species such as OH 

during photodegradation processes, and the second is the improved optical response to 
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the UV spectrum due to its relatively low bandgap[241]. Surface engineering is a viable 

route for improving the photocatalytic activity of semiconductors, and methods such as 

UV irradiation, plasma treatment, and electron bombardment have been shown to 

favorably alter the surface characteristics of materials[242], [243], [244], [245], [246]. 

Plasma treatment is an attractive approach for surface alteration in catalyst manufacturing 

because it is simple, cost-effective, environmentally friendly, and energy efficient. In this 

method, the chemically active species comprising of excited ions, atoms, electrons, and 

radicals, distinguished by an extreme electron temperature (1*104 -10*104 K) and a low 

gas temperature (approximately room temperature), may readily interact with the material 

surfaces at low temperatures without compromising the underlying structure of the 

materials[247]. Recently, eco-friendly plasma surface treatments have been shown to 

markedly enhance the photodegradation effectiveness of photocatalytic materials[248]. 

Bharti et al. exposed Co and Fe doped titanium dioxide films to plasma treatment in 

atmospheric air, which enhanced their optical adsorption and absorbance range through 

the production of oxygen vacancies and Ti3+[249]. Yamada et al. investigated the 

photocatalytic properties of nitrogen plasma-treated titanium dioxide films and showed 

an improvement in their visible light activity[250]. Karuppiah et al. discovered that 

plasma treatment may produce uniformly dispersed particles with a consistent shape, 

preventing agglomeration and enhancing the interaction between the component and the 

support in Ni/Al2O3-CeO2[251]. To our knowledge, there are no existing studies on the 

impact of plasma treatment on the surface characteristics and photocatalytic efficacy of 

ZnTiO3. 

In this study, ZnTiO3 synthesized by the sol-gel technique [207] underwent further plasma 

treatments in nitrogen using a custom-designed discharge plasma reactor, where the 

plasma-treated powder was immersed in a suitable solvent inside the reactor itself before 
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exposure to ambient conditions. When zinc titanate is exposed to plasma, the high-energy 

reactive species etch the surface, which increases the specific surface area and provides 

more active sites for the adsorption of dye molecules. Additionally, the plasma treatment 

introduces oxygen vacancies or functional groups that act as electron trap sites. These 

defects help capture photogenerated electrons, reducing the electron-hole recombination 

rate and leading to better charge separation. In the thesis, it is also noted that the treatment 

improves the suspension stability of the particles in water which is verified by zeta 

potential and reducing particle agglomeration, which further enhances light absorption 

and contact with the pollutant. Immersion inside the liquid in the reactor enables the 

isolation of the powder samples from the environment, thereby preventing the treated 

surface from reacting with atmospheric oxygen. A comparative study examining the 

impact of plasma on the chemistry of the surface, topography, and phase of ZnTiO3 was 

investigated using X-ray photoelectron spectroscopy (XPS), scanning electron 

microscopy (SEM), and X-ray diffraction (XRD). The photodegradation effectiveness of 

ZnTiO3 and plasma-treated ZnTiO3 was examined based on their capacity to break down 

the Methylene Blue (MB) dye. We found that the plasma treatment improved the first 

order rate constant of photodegradation reaction from a value of 0.00538 min⁻¹ to 0.00838 

min⁻¹ in the plasma treated samples. As expected, it was also found that the powder 

dispersion improved significantly after plasma treatment. 

4.3. Experimental section 

4.3.1. Materials 

All materials were of analytical grade and were used without further purification. The 

zinc and titanium precursors were zinc acetate dihydrate from RFCL Limited in India and 

tetra butyl ortho titanate from TCI in Japan. SDFCL, India, supplied acetic acid glacial. 
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4.3.2. Zinc titanate synthesis 

ZnTiO3 particles were synthesized using the sol-gel method [2,12]. Zn (CH2COO)2·2H2O 

(2.25 g) was combined with CH3COOH (6.66 mL) under gentle stirring for 30 min at 

ambient temperature. Following the incorporation of the zinc salt into the CH3COOH 

solution, Ti {OCH(CH3)2}4 (3.40 mL) was introduced with continuous agitation at 

ambient temperature, resulting in a viscous, homogenous, white solution. Ten milliliters 

of deionized water were added into this combination, resulting in a clear and uniform 

solution. The reaction temperature increased to 60 °C and stirred for 2 hrs. Subsequently, 

the resultant solution was placed at an ambient temperature for 20 hrs. and transformed 

into a gel. After that it was subsequently calcined in an air muffle furnace at 800 °C for 3 

hrs. The final product was pulverized using a crusher and pestle to obtain a fine powder, 

hereafter referred to as ZnTiO3. 

4.3.3. Plasma treatment of zinc titanate  

Plasma treatment of ZnTiO3 was conducted using a custom-designed plasma treatment 

apparatus fabricated by Excel Instruments (Maharashtra, India). The setup enables the 

isolation of the treated samples from the atmosphere by providing a liquid inlet port that 

enables the pouring of liquid over the sample after plasma treatment without breaking the 

vacuum. A liquid solvent, which is water in our case, was introduced into the reactor to 

immerse the samples before they were removed from the chamber. ZnTiO3 was plasma-

treated at an initial vacuum pressure of 10-2 Torr and at ambient temperature. The 

experimental setup is shown in Figure 4.1. The experiment was conducted in a stainless-

steel reactor with two identical electrodes. The high-voltage electrode was linked to the 

power frequency output, whereas the low-voltage electrode was earthed. The plasma 

treatment reactor was powered by a pulsed DC power supply. Plasma-treated ZnTiO3 was 
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mixed with deionized water under a vacuum of approximately 10-2 Torr. Viscosity and 

Dynamic Light Scattering (DLS) measurements of this suspension were performed to 

examine the effect of plasma treatment. After 60 min, the sample was recovered and dried 

at 60 °C, and the subsequently obtained powder was designated here as PT-ZnTiO3.  

 

Figure 4.1. Customized plasma treatment Instrument. 

4.3.4. Test for photocatalytic MB degradation 

MB, which is known for its strong stability with photons and its solubility in water, was 

employed as a pollutant. For analysis, the photocatalyst (50 mg) was dispersed in 100 mL 

of MB (aq.) (40 mg/L) within a specially designed photocatalytic reactor, using light-

emitting diodes (LEDs) as the light source. Before irradiation, the dispersion was agitated 

for 30 min in the dark to guarantee that MB attained the absorption-desorption 

equilibrium on the photocatalyst surface. Subsequently, the dispersions were treated with 
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visible white light LEDs. At specified intervals, 2 mL samples were collected and 

centrifuged to eliminate particles. The filtrates were examined by measuring the changes 

in the absorption of MB using a UV-Vis spectrophotometer. 

4.4. Results and discussions  

4.4.1. Suspension stability in water  

Viscosity was measured by placing a suspension of ZnTiO3 in DI water on a sample 

holder, and then a parallel plate geometry with a 50 mm diameter was used to measure 

viscosity at a constant shear rate of 10 s-1. The effect of the plasma on the suspension 

viscosity of ZnTiO3 is shown in Figure 4.2. As clearly shown, the suspension of ZnTiO3 

with plasma treatment shows nearly 2.75 mPa.s viscosity, and in the case of ZnTiO3 

without plasma treatment, it shows nearly the same viscosity as that of DI water, which 

is 0.8 mPa.s. PT-ZnTiO3 shows nearly 3.5 times more viscosity than ZnTiO3. Exposure 

to plasma leads to an altered electronic structure owing to the formation of oxygen 

vacancies. The chemically altered surface is exposed to water, which exposes it to the 

surroundings by breaking the vacuum. Therefore, we expect extensive hydroxylation of 

the particle surface in water, and thereby, the development of surface charge on these 

particles as compared to the untreated particles[252], [253]. Hence, the plasma-treated 

particles form a better dispersion in water because of the higher particle charge and higher 

viscosity. Although the viscosity showed a mildly decreasing trend with time, which can 

arise from particle aggregation, the aggregation kinetics were very slow.  
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Figure 4.2. Viscosity of suspension of ZnTiO3 and suspension obtained by plasma 

treatment of ZnTiO3. 

The development of particle charge upon plasma treatment was also evident from DLS 

analysis. Figure 4.3 shows the particle size distribution of ZnTiO3 and PT-ZnTiO3 

obtained by the DLS method using water as the solvent. The average hydrodynamic 

diameters of ZnTiO3 and PT-ZnTiO3 were 550 and 500 nm, respectively. The PT-ZnTiO3 

samples show an increase in the fraction of smaller particles, which suggests the 

suppression of particle aggregation upon plasma treatment. The PT samples also show a 

wider variation in zeta potential values compared to the untreated particles, clearly 

suggesting a wide range of charges on them, which enhances their dispersion in water. 
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Figure 4.3. (a) Zeta potential of suspension of ZnTiO3, (b) particle-size distribution of 

suspension of ZnTiO3, (c) zeta potential of suspension of PT-ZnTiO3, and (d) particle-

size distribution of PT-ZnTiO3 suspension. 

4.4.2. Field Emission Scanning Electron Microscopy (FESEM) analysis 

The surface appearance and microstructure of ZnTiO3 and PT-ZnTiO3 were examined 

using SEM. Compared to pure ZnTiO3 (Figure 4.4(a, b)), which consists of a solid 

hexagonal particle, PT-ZnTiO3 (Figure 4.4(c, d)) features nanopores on the surface of the 

ZnTiO3 particle due to the bombardment of plasma on the surface of ZnTiO3. EDX 

elemental analysis (Figure 4.5) revealed that a small amount of nitrogen was present in 

PT- ZnTiO3 due to nitrogen plasma treatment, which may increase the efficiency of 

photocatalysis in plasma-treated samples[247], [254].  
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Figure 4.4.FESEM images of (a, b) ZnTiO3, and (c, d) PT- ZnTiO3. Lower panels 

correspond to higher magnification. 
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Figure 4.5. FESEM images of native and plasma treated ZnTiO3 are respectively 

shown in (a) and (b), and their elemental composition mapping obtained by EDX are 

shown in (c) and (d). 

4.4.3. X-ray diffraction (XRD) 

X-ray diffraction (XRD) patterns of pure ZnTiO3 and PT-ZnTiO3 are shown in Figure 4.6. 

Both samples show characteristic diffraction peaks at 21.19, 23.91, 32.8, 35.15, 40.45, 

48.94, 53.44, 56.45, 61.97, and 63.39, consistent with the peaks of rhombohedral ZnTiO3 

(JCPDS 00-015-0591) with impurity phases of Zn2TiO4 (cubic), TiO2 (rutile), and ZnO. 

Both samples exhibited identical peaks, indicating that plasma treatment did not alter the 

crystal structure and composition of phases present in ZnTiO3 and PT- ZnTiO3 are 

approximately same (Table 1).  

a b 

c d Element Weight % Atomic % 

O K 27.6 57.6 

Ti K 29.0 20.2 

Zn K 43.4 22.2 

  

Element Weight % Atomic % 

N K 1.4 3.3 

O K 27.5 55.7 

Ti K 31.6 21.4 

Zn K 39.5 19.6 
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Figure 4.6. X-ray diffractogram of ZnTiO3, and PT- ZnTiO3. 

Table 4.1. Composition of phases present in ZnTiO3 and PT- ZnTiO3. 

Phases ZnTiO3 (untreated) PT-ZnTiO3 

ZnTiO3 (rhombohedral) 86.47% 86.56% 

Zn2TiO4 (cubic) 6.97% 6.81% 

TiO2 (rutile) 4.87% 5.03% 

ZnO (hexagonal) 1.68% 1.59% 
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4.4.4. Surface Area Analysis  

Figure 4.7 illustrates N2 adsorption-desorption for both native and plasma-treated PT-

ZnTiO3. These samples showed a type II isotherm, characterized by a very high 

adsorption capacity at elevated pressures (P/P0:0.9-1), indicating the existence of 

macropores[255]. The hysteresis was found to be much higher in the plasma-treated 

samples, suggesting that these particles became mesoporous. The BET surface area of 

PT-ZnTiO3 was determined to be 11.9 m2 g-1, around seven times higher than that of 

ZnTiO3 (1.7 m2 g-1). The alterations in the morphology of the surface and the increase in 

the specific surface area are mostly due to the etching effect induced by plasma treatment, 

as confirmed by SEM imaging. [256]. The plasma contained abundant highly active and 

energetic molecules that contributed to the formation of pores in the ZnTiO3 

particles[257]. The increased specific surface area facilitates the absorption of more 

active species and reactants on the surface. Consequently, we expect that PT-ZnTiO3 will 

exhibit superior photocatalytic activity compared to ZnTiO3. 

 

Figure 4.7. The BET surface area and isotherm of (a) ZnTiO3, and (b) PT- ZnTiO3. 

a b 
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4.4.5. Optical behaviour from UV-Vis Diffuse Reflectance Spectroscopy 

The impact of plasma treatment on optical properties was examined using UV-Vis diffuse 

reflectance spectroscopy (DRS). Figure 4.8 (b) shows the Tauc plot obtained from the 

UV-Vis DRS (Figure 4.8 (a)) used to determine the bandgap. A small band gap reduction 

from 2.85 eV in untreated samples to 2.78 eV in the plasma treated samples is observed. 

Defects are known to significantly affect the bandgap and photocatalytic activity of 

ZnTiO3 photocatalysts[258], [259]. Tay and Niu et al. indicated that oxygen vacancies 

may reduce the bandgap in ZnTiO3 by creating gap states near the valence band, thereby 

inducing bandgap narrowing[258], [260]. Here, we conclude that exposure to plasma 

promotes the formation of oxygen vacancies in zinc titanate[260], a conclusion that is 

further supported by our XPS results. 

 

Figure 4.8. (a) UV–vis DRS, and (b) Tauc plots of ZnTiO3 and PT-ZnTiO3. 

4.4.6. X-ray Photoelectron spectroscopy 

The impact of plasma treatment on the chemical speciation and surface composition was 

further examined using XPS, and the data are presented in Figure 4.9. High-resolution O-

1s spectrum of ZnTiO3 and PT- ZnTiO3 were fitted using Gaussian curves. The XPS data 

confirmed that the plasma treatment promoted the formation of oxygen vacancies in zinc 
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titanate, whereas the cations were hardly affected by the nitrogen plasma. The 

deconvoluted signal due to O1s in Figure 4.9 arises from two species: the metal-bonded 

oxygen (O-Zn and O-Ti) appearing at smaller binding energy values, and oxygen lying in 

the neighborhood of vacancies at a larger binding energy. In native ZnTiO3 the first type 

(metal-bonded oxygen) appears at 529.36 eV and the second kind at 530.75 eV[226], 

[261]. The same two species are also found in the PT-ZnTiO3 samples, as seen in Figure 

4.9 (b), where the former appears at 529.48 eV and the latter at 531.06 eV. However, the 

second peak due to the oxygen near the vacancies was found to have nearly 17% larger 

FWHM and nearly 7% larger area in the PT samples as compared to the untreated 

samples, indicating a larger abundance of surface vacancies in PT-ZnTiO3[262].  

Additional evidence of significant oxygen vacancy formation in plasma-treated samples 

comes from the XPS signal of Zn2+ ions. The Zn 2p core-level XPS spectrum in Figure 

4.9(c, d) shows that the otherwise symmetric peaks due to 2p1/2 and 2p3/2 electrons 

(centered around 1021 and 1044 eV) in ZnTiO3 develop small shoulders towards the 

higher BE side in the PT-ZnTiO3 samples. Deconvolution of the 2p1/2 and 2p3/2 peaks in 

the plasma-treated samples shows the presence of additional small peaks at 1022.4 and 

1045.7 which may originate from the Zn2+ ions surrounded by oxygen vacancies[263]. 

The XPS spectra of the Ti 2p for ZnTiO3 and PT-ZnTiO3 are presented in the Figure 4.9(e, 

f), displaying two peaks at 463.68 eV and 457.8 eV, which correspond to the Ti2p1/2 and 

Ti2p3/2 electrons respectively. The nearly identical Ti signals in the two samples 

confirmed that the chemical environment of Ti4+ was not altered upon plasma 

treatment[261]. Thus, the XPS analysis lends support to the conclusion that the major 

effect brought about by the plasma treatment in ZnTiO3 is the formation of oxygen 

vacancies. 
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Figure 4.9. XPS signals from (a) O1s of ZnTiO3, (b) O1s of PT-ZnTiO3, (c) Zn2p of 

ZnTiO3, (d) Zn2p of PT-ZnTiO3, (e) Ti2p of ZnTiO3, and (f) Ti2p of PT-ZnTiO3. 

4.5. Photocatalytic degradation of methylene blue 

The photocatalytic activities of the native and plasma-treated zinc titanate were compared 

by studying their effects on the photocatalytic degradation of methylene blue (MB) under 

c d 

b a 

e f 
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visible light irradiation. Before irradiation, the suspensions were magnetically agitated in 

the dark for 30 min to achieve absorption-desorption equilibrium between the 

photocatalyst and methylene blue. Subsequently, the LED was turned on and the 

concentration of MB was monitored over time by measuring its absorption spectrum in 

the presence of the particles and using the peak absorbance at 600 nm at pH 12 for 

concentration measurement of the MB dye. The time dependence of the absorption 

spectra is presented in Figures 4.10 (a, b). The measured concentrations from the 

absorption curves are plotted against time in Figures 4.10 (c, d). The concentration 

dependence on time (C(t)) is fitted to the following first-order kinetics equation to extract 

the value of k: 

− ln(
𝐶

𝐶0
) = 𝑘𝑡                                                              (4.1) 

where, C0 is the initial dye concentration. The kinetic rate constant was determined to be 

0.00838 min⁻¹ for PT-ZnTiO3, which is around 1.56 times greater than those of ZnTiO3 

(0.00538 min⁻¹). The results indicated that plasma treatment markedly enhanced the 

photocatalytic activity of ZnTiO3 by optimizing its surface characteristics, thereby 

enhancing the specific surface area. Based on the foregoing discussion of the 

characterization data of the zinc titanate particles, we conclude that exposure to nitrogen 

plasma enhances the photocatalytic activity of zinc titanate for two reasons: (i) it forms 

oxygen vacancies, which leads to a reduction in the observed bandgap caused by the gap 

states introduced by vacancy formation, and (ii) the plasma treatment significantly 

enhances the surface area by etching, generating more active sites for the catalytic 

reaction. The improved photocatalytic performance can be correlated with the combined 

influence of surface area, defect chemistry, and charge separation behavior induced by 

plasma treatment. The increase in accessible surface sites enhances adsorption of 
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methylene blue molecules, while the modified surface defects and oxygen vacancies 

promote charge trapping and reduce electron-hole recombination. In addition, the 

improved interfacial characteristics of the plasma-treated sample facilitate more efficient 

charge transfer during photocatalysis. Therefore, the enhanced degradation rate is not due 

to a single parameter, but rather to the synergistic effect of these structural and electronic 

modifications. 

 

Figure 4.10. The absorption spectra of MB dye after varying time for (a) ZnTiO3 and 

(b) PT-ZnTiO3. First order kinetics fit for the degradation of MB for (c) ZnTiO3 and (d) 

PT-ZnTiO3. 

Finally, Table 4.2 presents a comparison of the rate constants of the MB photocatalytic 

degradation reaction in the presence of other catalyst particles reported in the literature. 

The results indicate that the photodegradation of PT-ZnTiO3 is suitable and shows 

a b 

c d 
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reasonable photodegradation performance for MB, showing better performance than 

many other photocatalysts. 

Table 4.2. Comparison of degradation efficiency and kinetics for different 

photocatalysts. 

Photocatalyst 

Catalyst 

amount 

(mg/mL) 

MB 

concentration 

(mg/L) 

Irradiation 

time 

(min.) 

Rate 

constant 

(min-1) 

Reference 

ZnTiO3 0.5 40 45 0.00538 This work 

PT-ZnTiO3 0.5 40 45 0.00838 This work 

Zn3Ti1-LDH 0.25 20 180 0.00637 [264] 

ZnTiO3 0.1 20 25 0.00399 [240] 

10%PANI/ ZnTiO3 0.1 20 25 0.00479 [240] 

1%Ag/10%PANI/ZnTiO3 0.1 20 25 0.00738 [240] 

0.1 % of Ag-Fe co-doped 

ZnTiO3 

0.2 10 90 0.0011 [265] 

0.3 % of Ag-Fe co-doped 

ZnTiO3 

0.2 10 90 0.0021 [265] 

ZnTiO3(hexagonal)-

TiO2(anatase) 

1 10 120 0.0013 [266] 

 

4.6. Conclusion 

In this chapter, the main focus was on understanding how plasma treatment influences 

the structural and photocatalytic properties of ZnTiO3. The results show that plasma 

treatment modifies the surface chemistry, defect concentration, and charge carrier 
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behavior of the material. These changes contribute to the improved photocatalytic 

degradation of methylene blue under visible-light irradiation. The observed enhancement 

in photocatalytic activity clearly indicates that plasma treatment is an effective surface 

modification strategy for ZnTiO3. 



 

5. CHAPTER 5 

 

Synthesis and characterization of deep eutectic 

solvent-assisted Cu doped zinc titanate and its 

DFT study 

5.1 Abstract 

This study reports the successful synthesis of Cu-doped zinc titanate (ZnTiO3) 

nanoparticles using a deep eutectic solvent (DES)-assisted approach for enhanced 

photocatalytic applications. The chloride-based DES system enabled controlled doping 

and uniform particle morphology at moderate temperatures, offering a greener alternative 

to conventional high-temperature solid-state methods. Comprehensive characterization 

through X-ray diffraction (XRD), scanning electron microscopy (SEM), UV-visible 

spectroscopy, and energy-dispersive X-ray spectroscopy (EDX) confirmed the successful 

incorporation of Cu dopants into the ZnTiO3 lattice structure. Density functional theory 

(DFT) calculations revealed that Cu doping introduces intermediate energy states within 

the bandgap, effectively narrowing the optical bandgap from the pristine ZnTiO3 value 

and enhancing visible light absorption. The modified electronic structure promotes 

efficient charge carrier separation and reduces electron-hole recombination rates. The 

synergistic combination of DES-mediated synthesis and strategic Cu doping presents a 
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promising pathway for developing high-performance photocatalysts for environmental 

remediation and solar energy conversion applications. 

5.2 Introduction 

The previous chapter established that graphene oxide compositing leads to significant 

modifications in the structural, surface, and electronic properties of ZnTiO3, and also 

demonstrated the impact of plasma treatment.  In the present chapter, the focus is on 

improving the properties of the ZnTiO3 by Cu doping and examining how the deep 

eutectic solvent assists the doping process to further enhance the properties of ZnTiO3. In 

addition, a DFT study is carried out to computationally understand how Cu incorporation 

improves the properties of the metal oxide with the help of density of states and band 

structure. 

Transition metal doping has proven to be an effective strategy for enhancing 

photocatalytic performance by modulating the electronic structure and optical properties 

of semiconductor materials [148], [267], [268], [269]. Copper doping offers several 

advantages including the introduction of intermediate energy levels within the bandgap, 

enhanced visible light absorption, and improved charge carrier dynamics [270], [271]. 

The Cu2+ ions can act as electron traps, effectively reducing the recombination rate of 

photogenerated charge carriers and extending their lifetime for participating in redox 

reactions [272], [273], [274]. 

Conventional synthesis methods for doped zinc titanate materials typically require high-

temperature solid-state reactions (nearly 900 °C), which often result in poor dopant 

distribution, large particle sizes, and high energy consumption [268], [270], [275]. Deep 

eutectic solvents (DESs) have emerged as environmentally supportive alternatives to 

traditional organic solvents, offering unique advantages including low toxicity, 
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biodegradability, tunable physicochemical properties, and the ability to facilitate 

controlled crystallization at moderate temperatures [276], [277], [278], [279], [280]. 

Choline chloride-based DES systems have demonstrated exceptional versatility in 

materials synthesis due to their hydrogen bonding networks that can stabilize precursor 

species and direct crystal growth [281], [282], [283], [284]. Despite the growing interest 

in both Cu-doped photocatalysts and DES-mediated synthesis, the integration of these 

approaches for ZnTiO3 preparation remains largely unexplored.  

In this work we investigate the DES-assisted synthesis of Cu-doped ZnTiO3, combining 

experimental characterization with computational insights from density functional theory 

calculations. The study aims to elucidate the role of DES in facilitating uniform Cu 

doping, understanding the electronic structure modifications induced by Cu 

incorporation. The findings provide fundamental insights into the structure-property 

relationships of doped zinc titanate and demonstrate a sustainable synthetic approach for 

developing next-generation environmental remediation materials. 

5.3 Experimental section 

5.3.1 Materials 

All materials were of analytical grade and were used without further purification. The 

zinc and titanium precursors were zinc acetate dihydrate from RFCL Limited in India and 

tetra butyl ortho titanate from TCI in Japan. SDFCL, India, supplied acetic acid glacial. 

Copper nitrate trihydrate purchased from MOLYCHEM, India. 

5.3.2 Synthesis of zinc titanate (ZTO) 

ZTO powder was synthesized using the sol-gel method. The mole ratio of Zn: Ti was 

determined to be 1:0.9 [119]. In a typical synthesis, 2.25 g of zinc acetate dihydrate and 
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3.14 mL of titanium tetra butoxide were dissolved in 3.33 mL of acetic acid (CH3COOH) 

separately. Both solutions were mixed with magnetic stirring and heated to around 50 ◦C 

followed by mixing with deionized water (10 mL). After mixing deionized water, a 

transparent sol was obtained, which over time formed a gel. During the gel aging process, 

it was realized that maintaining a constant temperature is critical for getting a transparent 

and homogeneous gel. To remove excess solvent, dry for 10 h at 120 ◦C. The resulting 

gel was calcined at 800 ◦C equilibrated for 3 h at a heating rate of 10 ◦C/min to obtain the 

final powders. 

5.3.3 Synthesis of Cu doped ZTO 

Then, 70 mg Cu (NO3)2·3H2O was added to 10 mL DI water under vigorous stirring at 

75 °C. After 30 min, the Cu (NO3)2·3H2O was dissolved entirely into DI water. 

Subsequently, 500 mg of ZTO was added to the DI water containing the dissolved Cu salt 

with 24 h of stirring. The obtained Cu/ZnTiO3 slurry in DI water was washed with 

deionized water and ethanol using vacuum filtration. The collected product was dried 

overnight in a vacuum oven at 175 °C. The samples obtained are denoted ZnTiO3/Cu 

(14% with DI). 

5.3.4 Synthesis of DES 

The DES were prepared using the quaternary ammonium salt of choline chloride and urea 

as hydrogen bond donors at a molar ratio of 1:2. The as-prepared DES solution was placed 

in a three-necked flask and kept under constant magnetic stirring at a temperature of 60 

°C for 1 hr. After 1 hr the entire mixture was converted entirely into a viscous transparent 

liquid, which was used as an ionic solvent [285]. 
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5.3.5 Synthesis of DES assisted Cu doped ZTO 

Then, 70 mg Cu (NO3)2·3H2O was added to 10 mL DES solution under vigorous stirring 

at 75 °C. After 30 min, the Cu (NO3)2·3H2O was dissolved entirely into the DES solvent. 

Subsequently, 500 mg of ZTO was added to the DES containing the dissolved Cu salt 

with 24 h of stirring. The obtained Cu/ZnTiO3 slurry was washed with deionized water 

and ethanol using vacuum filtration. The collected product was dried overnight in a 

vacuum oven at 175 °C. A similar procedure was employed by varying amount of Cu 

(NO3)2·3H2O to 140 mg. The obtained sample are denoted ZnTiO3/Cu (14% with DES) 

and ZnTiO3/Cu (28% with DES) respectively. 

5.4 Results and discussion 

5.4.1 X-ray Diffraction (XRD) 

Figure 5.1 is an X-ray Diffraction (XRD) pattern comparing the crystalline structures of 

pristine ZnTiO3 and Cu-doped ZnTiO3 synthesized with different Cu content and 

solvents. The peaks are indexed to four main phases, identified by rhombohedral ZnTiO3 

(JCPDS file number 00-015-0591/ R-3 space group symmetry) main phase in all samples, 

cubic Zn2TiO4 (JCPDS file number 00-002-1033 / Fd3m space group symmetry) as minor 

phase, tetragonal anatase TiO2 (JCPDS file number 03-065-1118/ (P42/mnm) space group 

symmetry) and hexagonal ZnO (JCPDS file number 01-075-0576/ P63mc space group 

symmetry) as a secondary phase. The peaks in the pattern have been indexed according 

to these structures. The peaks positioned at the 2θ values of 24.11, 32.96, 35.38, 40.69, 

49.23, 53.70, 56.70, 62.15, and 63.65o correspond to ZnTiO3 [119], 30.02, and 42.98 

correspond to Zn2TiO4, 27.65, and 54.57 correspond to TiO2 [286]and 31.98, 34.63, and 

36.42 correspond to ZnO [287]. Percentage of phases presented in Table 5.1. 
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All samples show dominant ZnTiO3 peaks, indicating it's the major crystalline phase. The 

pristine ZnTiO3 has the sharpest and most intense peaks, showing high crystallinity. In 

Cu-doped samples slight peak broadening is observed, may indicate reduced crystallite 

size or increased lattice strain with increase in lattice constant (Table 5.2). The intensity 

of TiO2 and ZnO peaks are somewhat suppressed in doped samples, suggesting improved 

phase purity with higher Cu doping or better dispersion with DES/DI. 

Doping with Cu shows no new Cu phases appear, implies Cu is well incorporated (likely 

substituted or interstitial doped) rather than forming separate CuO phases [288]. Doping 

reduces secondary phase intensity, potentially enhances photocatalytic properties by 

reducing charge recombination sites [289]. 
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Figure 5.1. XRD patterns of ZnTiO3, ZnTiO3/Cu (14% with DES), ZnTiO3/Cu (28% 

with DES), and ZnTiO3/Cu (14% with DI). 

Table 5.1. Calculation of the percentage of phase present in the sample. 

Phases ZnTiO3 

ZnTiO3/Cu 

(14% with 

DES) 

ZnTiO3/Cu 

(28% with 

DES) 

ZnTiO3/Cu 

(14% with DI) 

ZnTiO3 83.54% 86.36% 88.21% 88.81% 

Zn2TiO4 06.77% 06.45% 07.06% 06.01% 

TiO2 01.80% 02.35% 02.40% 02.40% 

ZnO 07.87% 04.83% 02.32% 02.76% 

 

Table 5.2. Calculation of lattice constants of different phases present in samples. 

 

Phases 

ZnTiO3 

(Rhombohedral) 

a=b≠c 

Zn2TiO4 

(Cubic) 

a=b=c 

TiO2 (Tetragonal) 

a=b≠c  

ZnO (Hexagonal) 

a=b≠c 

Samples a c a a c a c 

ZnTiO3 5.065 13.801 8.408  4.560  2.181 3.225 5.192 

ZnTiO3/Cu 

(14% with DES) 
5.073 13.867 8.422 4.569 2.949 3.244 5.129 

ZnTiO3/Cu 

(28% with DES) 
5.094 13.900 8.465 4.594 2.955 3.246 5.258 

ZnTiO3/Cu 

(14% with DI) 
5.079 13.801 8.434 4.574 2.974 3.236 5.232 
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5.4.2 Field Emission Scanning Electron Microscopy (FESEM) 

Figure 5.2(a, b) shows pristine zinc titanate exhibits well-defined with relatively uniform 

size distribution. Figure 5.2(c, d) the introduction of 14% copper using DES dramatically 

alters the morphological landscape. The sample displays extensive nanoparticle clustering 

and agglomeration. The morphology suggests that DES facilitates the uniform 

distribution of copper species, leading to enhanced interaction between the copper and 

zinc titanate. Figure 5.2 (e, f) shows with increase in copper content to 28%, the 

morphological characteristics become even more pronounced. The images show dense, 

highly aggregated structures forming extensive networks. The high copper content 

appears to promote extensive interconnectivity between particles, creating a three-

dimensional porous network. Figure 5.2(g, h) shows sample synthesized with deionized 

water as the medium presents a markedly different morphology compared to its DES 

counterpart. The use of DI water instead of DES appears to promote nanoscale particle 

growth. 
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Figure 5.2. FESEM images of samples at smaller magnification (left column) and larger 

magnification (right column).  Images of ZnTiO3 (a, b), ZnTiO3/Cu (14% with DES) (c, 

d), ZnTiO3/Cu (28% with DES) (e, f), and ZnTiO3/Cu (14% with DI) (g, h) samples. 

In Figure 5.3(a, b) ZnTiO3 shows Zn, Ti, O are uniformly distributed that supports 

homogeneous structure and No Cu signal detected. Figure 5.3(c, d) ZnTiO3/Cu (14% with 

DES) shows well-dispersed across the sample, suggesting successful doping of copper 

and Zn, Ti, O still uniformly present that shows that DES route results in fine distribution 

of Cu. Figure 5.3(e, f) ZnTiO3/Cu (28% with DES)shows that Cu intensity is higher and 

more concentrated, aligning with higher Cu loading. Distribution is relatively uniform, 

although some clustering likely occurs at high concentrations. In Figure 5.3(g, h) 

ZnTiO3/Cu (14% with DI) shows Cu present but spread seems slightly less uniform 

compared to DES at same loading that suggests the solvent influences the copper 

dispersion. 
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Figure 5.3. FESEM images of (a) ZnTiO3, (c) ZnTiO3/Cu (14% with DES), (e) 

ZnTiO3/Cu (28% with DES), (g) ZnTiO3/Cu (14% with DI), and their elemental 

composition mapping obtained by EDX are shown in (b) ZnTiO3, (d) ZnTiO3/Cu (14% 

with DES), (f) ZnTiO3/Cu (28% with DES), (h) ZnTiO3/Cu (14% with DI). 

5.4.3 Optical behavior from UV-Vis Diffuse Reflectance Spectroscopy 

This figure 5.4 (b) presents a Tauc plot vs Energy (eV) derived from UV-Vis DRS (figure 

5.4 (a) for various Cu-doped ZnTiO3 samples, showing the effect of Cu doping 

concentration and solvent type on the optical band gap. The band gap (Eg) is estimated by 

extrapolating the linear region of the curve to intersect the energy axis. Doping with Cu 

reduces the band gap is due to introduction of impurity levels (Cu 3d orbitals) near the 

valence or conduction band [290], [291], [292]. Slight lattice distortion that alters 

electronic transitions. Effect of Cu doping concentration increasing Cu from 14% to 28% 

(in DES) results in further band gap narrowing from 2.963 eV to 2.947 eV indicates that 

higher Cu content continues to contribute to electronic structure modification. DES-

doped samples have lower band gaps compared to DI water. Suggests DES promotes 
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better Cu incorporation or defect formation, enhancing band gap reduction. DES may 

provide a more uniform or reactive medium during synthesis [293]. Shift toward lower 

energies (red shift) with doping and DES use. This implies enhanced visible-light 

absorption, desirable in photocatalysis or solar applications. 

 

Figure 5.4. (a) UV-Vis DRS, and (b) The tauc plot versus the energy of exciting light 

results in the band-gap of ZnTiO3, ZnTiO3/Cu (14% with DES), ZnTiO3/Cu (28% with 

DES), and ZnTiO3/Cu (14% with DI). 

5.4.4 Surface Area Analysis 

Figure 5.5 depicts the nitrogen adsorption-desorption isotherms. An increased surface 

area of the ZnTiO3/Cu compared to pure ZnTiO3 is expected [294]. DES assisted Cu 

doping increases the surface area of ZnTiO3 by controlling the nucleation and growth of 

nanoparticles (confirmed by FESEM images) and preventing their agglomeration [295]. 

The BET surface areas of ZnTiO3, ZnTiO3/Cu (14% with DES), ZnTiO3/Cu (28% with 

DES), and ZnTiO3/Cu (14% with DI) are found to be 1.1 m2/g, 3.2 m2/g, 4.7 m2/g and 2.2 

m2/g, respectively, revealing a 96% increase in surface area in 14% Cu with DI, 180% 

increase in surface area in 14% Cu with DES and 269%  increase in surface area in 28% 

Cu with DES. 
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Figure 5.5. The BET isotherms of (a) ZnTiO3, (b) ZnTiO3/Cu (14% with DES), (c) 

ZnTiO3/Cu (28% with DES), and (d) ZnTiO3/Cu (14% with DI). 

5.4.5 X-ray Photoelectron spectroscopy (XPS) 

Figure 5.6 presents the O1s spectra from all the samples. Figure 5.6 shows two peaks in 

which first peak shows lattice oxygen and second peak shows OH [296], [297]. There is 

shift in lattice oxygen peak towards higher binding energy (Table 3) in ZnTiO3/Cu (14% 

with DES), ZnTiO3/Cu (28% with DES), and (d) ZnTiO3/Cu (14% with DI) as compared 

to ZnTiO3 by 1.2eV, 1.3eV and 0.2eV respectively. This shift in peak position towards 

higher binding energy may be due to more electronegativity of copper as compared to 

zinc [298]. 
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Figure 5.6. XPS of O1s of (a) ZnTiO3, (b) ZnTiO3/Cu (14% with DES), (c) ZnTiO3/Cu 

(28% with DES), and (d) ZnTiO3/Cu (14% with DI). 

In figure 5.7 (a) Zn2p spectra exhibit Zn2p3/2 and Zn2p1/2 centered near 1021.4 eV and 

1044.5 eV across all samples, consistent with Zn2+ in oxide environments [119]. In Figure 

5.7 (b) Ti2p spectra are dominated by Ti4+ with Ti2p3/2 near to 458.3 eV and Ti2p1/2 near 

to 464 eV [299].  

In Figure 5.8, Cu 2p spectra indicate that Cu is incorporated into ZnTiO3 primarily as 

Cu⁺/Cu²⁺ species substituting for cations in the oxide and forming surface Cu-O 

environments rather than remaining metallic. The main Cu 2p3/2 and Cu 2p1/2 component 

at ~932.5 eV and ~952 eV signifies lattice-incorporated Cu⁺ that can replace Zn2+ and 

introduce charge-compensating defects such as oxygen vacancies, which are beneficial 
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for charge transport and catalytic activity in doped oxides..Cu 2p3/2 and Cu 2p1/2 

component at ~934.5 eV and ~954.5 eV characteristic of Cu2+ in octahedral or distorted 

CuO-like coordination, consistent with Cu²⁺ occupying surface or near‑surface sites in 

the oxide framework and interacting strongly with the O sublattice. Compared with the 

main peaks, the satellite peaks at about ~940.8 eV, ~943.3 eV, ~960.7 eV and 962.9 eV 

are located at higher binding energy [300], [301], [302], [303], [304].  

 

Figure 5.7. XPS of (a) Zn2p, (b) Ti2p for ZnTiO3, ZnTiO3/Cu (14% with DES), 

ZnTiO3/Cu (28% with DES), and ZnTiO3/Cu (14% with DI). 
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Figure 5.8. XPS of Cu2p for (a) ZnTiO3/Cu (14% with DES), (b) ZnTiO3/Cu (28% with 

DES), and (c) ZnTiO3/Cu (14% with DI). 
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Table 5.3. Peak positions of XPS for ZnTiO3, ZnTiO3/Cu (14% with DES), ZnTiO3/Cu 

(28% with DES), and ZnTiO3/Cu (14% with DI). 

Samples O1s Bonds Ti2p Bonds Zn2p orbital Cu2p Bonds 

ZnTiO3 

529.7 Zn-O/Ti-O 458.3 Ti2p3/2 1021.4 Zn2p3/2 - - 

531 O-H 464.1 Ti2p1/2 1044.3 Zn2p1/2 - - 

ZnTiO3/

Cu (14% 

with 

DES) 

530.9 Zn-O/Ti-O/Cu-O 458.2 Ti2p3/2 1021.5 Zn2p3/2 
932.5     Cu2p3/2 

934.5     Cu2p3/2 

531.9 O-H 464.2 Ti2p1/2 1044.7 Zn2p1/2 
940.8       satellite 

943.3       satellite 

- - - - - - 
952         Cu2p1/2 

954.5      Cu2p1/2 

- - - - - - 
960.7      satellite 

962.9      satellite 

ZnTiO3/

Cu (28% 

with 

DES) 

531 Zn-O/Ti-O/Cu-O 458.3 Ti2p3/2 1021.4 Zn2p3/2 
932.5       Cu2p3/2 

934.5       Cu2p3/2 

532.1 O-H 464.2 Ti2p1/2 1044.6 Zn2p1/2 
940.8       satellite 

943.7       satellite 

- - - - - - 
952.5       Cu2p1/2 

954.7       Cu2p1/2 

- - - - - - 
961.2       satellite 

963.4       satellite 

ZnTiO3/

Cu (14% 

with DI) 

529.9 Zn-O/Ti-O/Cu-O 458 Ti2p3/2 1021.3 Zn2p3/2 
933          Cu2p3/2 

935          Cu2p3/2 

531.9 O-H 463.7 Ti2p1/2 1044.3 Zn2p1/2 
940.5       satellite 

943.5       satellite 

- - - - - - 
952.3       Cu2p1/2 

955.1       Cu2p1/2 

- - - -   
961       satellite 

963.2       satellite 
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5.5 Computational section 

5.5.1 Calculation method and crystal structure 

In this chapter, DFT calculations were employed to model pure and Cu‑doped ZnTiO3, 

allowing us to analyze changes in lattice structure, band structure, density of states, and 

Fermi-level position induced by Cu substitution at the Zn site. Such calculations are 

widely used to explain how doping alters the electronic structure, introduces new states, 

shifts the band gap into the visible region, and improves charge separation, which in turn 

supports and rationalizes the experimentally observed trends in optical and photocatalytic 

properties. 

We conducted a theoretical analysis using the pseudopotential DFT-based first-principle 

method [147] to simulate and analyze the structural, electrical, and optical characteristics 

of pure and doped ZnTiO3. Quantum Espresso (QE) was utilized to conduct a 

computation-based analysis of properties [305]. The QE code package utilizes the 

Generalized Gradient Approximation (GGA) function for performing geometrical 

optimization and calculating various attributes. ZnTiO3 has a hexagonal symmetrical 

structure at a temperature near to 900 °C, specifically belonging to the 'R-3' space group. 

Figure 5.9 depicts the arrangement of a unit cell of ZnTiO3, which has a hexagonal 

structure. Figure 5.9 depicts a cell that contains 6 Zn atoms, 18 oxygen atoms, and 6 Ti 

atoms, for a total of 30 atoms. The copper (Cu) atom is doped for zinc (Zn). which means 

ZnTiO3 has undergone A site doping. The process of doping Cu has been carried out using 

the formula Zn0.833Cu0.167TiO3. The computation and analysis of QE were conducted 

using density functional theory, which incorporates the plane-wave pseudopotential 

method to provide fast and accurate findings. The electron-ion interaction has been 
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examined using the ultrasoft pseudopotential proposed by GGA. The energy cutoff was 

set at 340 eV, and a k mesh of 5 × 5 × 2 was used to produce Brillouin zone integrations 

for geometrical optimization and other calculations. 

 

Figure 5.9. A schematic representation of the pure zinc titanate ZnTiO3 using the 

VESTA package. 

5.5.2 Structural properties 

Figure 5.9 displays the structure of pure zinc titanate ZnTiO3, which was plotted using 

the VESTA software [306]. The pure ZnTiO3 possesses a hexagonal shape that is 

classified under the space group "R-3" (N◦ 148). The zinc atoms are located at the 

coordinates (0,0,0.36), and the titanium atoms are located at the coordinates (0,0,0.14). 

The oxygen atoms are situated in the coordinates (0.015, 0.370, 0.421). The experimental 

measurements provide information on the lattice parameters and symmetry space of 

ZnTiO3. After the geometry optimization of Cu-doped ZnTiO3, a reduction in the lattice 

parameters a=b=5.77 Å and c=12.88 Å was found. An investigation was conducted to 
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compare the lattice details of doped ZnTiO3 using the process of geometric optimization. 

The ZnTiO3 crystal has lattice parameters of a = b = 5.87 Å, c = 12.97 Å, and angles α = 

β = 90° and γ = 120°. The lattice parameter of the hexagonal phase ZnTiO3 decreases 

after Cu doping. This is because the ionic radius of Cu2+ (0.73 Å) is less than that of Zn2+ 

(0.74 Å), and both ions occupy the A site of the hexagonal ZnTiO3. After Cu doping, we 

observed a decrease in the lattice parameter and unit cell volume, with a minor fractional 

value. 

5.5.3 Electronic properties 

This study used GGA methods to show the electronic band structures and partial density 

of states (DOSs) of pure and doped ZnTiO3. The aim was to investigate the behavior of 

the system and analyze its optoelectronic properties, both for pure and doped ZnTiO3, 

along with high symmetry directions. The band structure of hexagonal ZnTiO3 offers 

insight into its electrical structure and how it is altered by doping. Figure 5.10 depicts the 

band structure of undoped ZnTiO3 and each ZnTiO3 doped with Cu. Figure 5.10(a) and 

5.10(b), represents undoped ZnTiO3 and Cu doped ZnTiO3. In figure 5.10(a) the valence 

band between the M and K points has a maximum level, whereas the conduction band at 

the M point has the lowest level. This indicates that the material has an indirect bandgap 

of 2.92 eV. This bandgap has been found in prior studies, which provides evidence for the 

high precision of our theoretical work. Figure 5.10 clearly shows that the expansion of 

valence bands does not go beyond 0 eV. The line corresponding to the 0 eV energy level 

denotes the Fermi energy level (Ef). In figure 5.10(b), Cu doped ZnTiO3 has a indirect 

bandgap around the M point with a value of 2.44 eV. A material must possess an indirect 

bandgap to be considered a reliable tool for photocatalysis applications. This occurrence 

may be attributed to many factors. For instance, when a semiconductor has low doping 
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concentrations, atomic states (also known as localized states) are introduced inside the 

gap. 

 

Figure 5.10. Band Structures of (a) ZnTiO3 and (b) Cu doped ZnTiO3. 

Figure 5.11(a) and 5.11(b) illustrates the partial density of states (PDOS) for undoped 

ZnTiO3 and Cu-doped ZnTiO3 respectively. The analysis of the partial density of states 

revealed that the contribution of atomic orbitals had an impact on the total density of 

states. Figure 5.11(a) of the partial density of states (PDOS) shows that the valence band 

(VB) of undoped ZnTiO3 is mostly made up of the oxygen 2p and zinc 3d states. On the 

other hand, the conduction band (CB) in undoped ZnTiO3 is mostly dominated by the 

titanium 3d state, with minor contributions from the oxygen 2p and zinc 4s states. In 

figure 5.11(b), after doping, in valance band there is contribution from the oxygen 2p, 

copper 3d and zinc 3d state and in conduction band domination of titanium 3d state, with 

minor contributions from the oxygen 2p and zinc 4s states. When Cu replaces Zn, it 

affects the VB by introducing the copper 3d state and the CB by decreasing intensity of 

titanium 3d state. The presence of the dopant atom's orbitals in the valence band (VB) or 

conduction band (CB) might lead to changes in energy levels because of hybridization 

with the existing orbitals. The band gap reduces due to the metal nature of Cu.  
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Figure 5.11. Partial density of states (PDOS) of (a) ZnTiO3 and (b) Cu doped ZnTiO3. 

5.6 Conclusion 

This study demonstrated that Cu doping, assisted by deep eutectic solvent, plays an 

important role in modifying the structural and functional properties of ZnTiO3. The 

experimental results showed that the doping process influences the phase composition, 

crystallinity, surface characteristics, and optical behavior of the material. The DFT study 

further provided a theoretical explanation for these changes by showing how Cu 

incorporation affects the electronic structure and related properties of ZnTiO3. Together, 

the experimental and computational findings establish that Cu doping is an effective 

approach for improving the properties of ZnTiO3. This chapter therefore provides a clear 

understanding of the structure-property relationship and supports the potential of the 

modified material for future functional applications. 

 

 

 

 



 

6. CHAPTER 6 

 

The effect of Mg-doping on the structural and 

electronic properties of ZnTiO3: A first-principles 

study and compared with experimental band gap 

of ZnTiO3 

6.1. Abstract 

This work shows a detailed analysis of the structural and electronic properties of pure 

zinc titanate (ZnTiO3) and magnesium (Mg)-doped ZnTiO3 (Zn1−xMgxTiO3, where x = 

0.167, 0.333, 0.5, and 0.667) and compared with experimental band gap of ZnTiO3. We 

conducted the analysis using first-principles and density-functional-theory calculations 

using the Quantum Espresso package. The objective was to investigate the effect of Mg 

substitution on zinc titanate ZnTiO3. In the pure ZnTiO3 system, calculations reveal an 

indirect electronic structure gap. At a doping level of 0.333, ZnTiO3 with Mg impurities 

have an indirect electronic structure gap of 1.81 electron volts (eV). The investigation of 

structural and electronic characteristics indicates that x = 0.333 Mg doped ZnTiO3 

significantly reduce the electronic structure gap of ZnTiO3 while maintaining the same 

kind of electronic structure gap, which is an indirect electronic structure gap. The density 

functional theory study shows that Mg substitution in ZnTiO3 change their electronic 
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structure and density of states and experimental band gap is nearly same as computational 

band structure gap which validates the exchange-correlation treatment and 

pseudopotentials employed for the band-structure calculation for this system. 

6.2. Introduction 

The previous chapter established that graphene oxide compositing leads to significant 

modifications in the structural, surface, and electronic properties of ZnTiO3, and also 

demonstrated the impact of plasma treatment and Cu doping on ZnTiO3-based systems. 

These results highlighted that both defect engineering and dopant-induced band structure 

modulation can be used to tune visible-light activity.  Building on these insights, the 

present chapter extends the theoretical investigation to Mg doping in ZnTiO3. 

Specifically, this chapter examines how the electronic properties, including band structure 

and density of states, evolve when Mg is incorporated into ZnTiO3, and further explores 

the effect of varying the percentage of Mg doping on the overall performance of the 

material. This progression allows for a more comprehensive understanding of dopant-

induced structural and electronic modifications. 

Researchers have conducted limited experimental studies using Mg-doped ZnTiO3 

ceramic material. In a referenced work, Yin-Lai Chai et al. [307] experimented on Mg-

doped ZnTiO3. They found that it significantly enhances the electrical conductivity 

qualities of ZnTiO3 ceramic, making it an excellent material option. The dopant's 

enhanced electrical properties make it suitable for photocatalytic applications, 

specifically dye degradation. Therefore, our investigation is centered around examining 

the characteristics of ZnTiO3 ceramic with Mg atom doping to compare them with 

existing experimental literature on ZnTiO3. Our goal is to determine the optimal 

concentration of the donor atom, making it a promising candidate for applications in 
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photocatalysis. An in-depth analysis of various theoretical and experimental research 

studies shows that the incorporation of donor atoms, such as Mg, can improve the 

structural and electronic properties of ZnTiO3 ceramic.  

 

This work presents a theoretical study on the doping of Mg atoms in ZnTiO3 utilizing 

quantum espresso and experimental band gap of ZnTiO3 [308], [309]. A First-Principles 

Density Functional Theory (DFT) study was conducted to investigate the impact of A site 

doping in pure ZnTiO3 ceramic using the 3s element ‘Mg’. The doping formula Zn1-

xMgxTiO3 (x = 0.167, 0.333, 0.5, and 0.667) was employed to examine the changes in 

structural and electronic properties. Based on current research and literature, we identified 

three essential characteristics. We aimed to investigate the changes that occur when We 

add varying amounts of Mg as a dopant. Our objective is to analyze different doping and 

compare with experimental band gap studies on ZnTiO3. This will help us identify the 

appropriate quantities of Mg that lead to enhanced structural and electrical characteristics. 

6.3. Calculation method and crystal structure 

We conducted a theoretical analysis using the pseudopotential DFT-based first-principle 

method [310], [311], [312] to simulate and analyze the structural and electrical 

characteristics of pure and doped ZnTiO3 ceramic. Quantum Espresso (QE) was utilized 

to conduct a computation-based analysis of properties. The QE code package utilizes the 

Generalized Gradient Approximation (GGA) function for performing geometrical 

optimization and calculating various attributes. Computation and analysis incorporate the 

plane-wave pseudopotential method to provide fast and accurate findings.  

All spin‑polarized DFT calculations were performed with the GGA functional (PBE) 

using projector‑augmented‑wave (PAW). specific valence electron configurations are 
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3d104s2, 3d24s2, 2s22p4 and 3s2 for Zn, Ti, O and Mg respectively. Plane‑wave basis sets 

were converged to the kinetic‑energy cutoff to 340 eV where changes were below 1meV 

atom-1. So, kinetic‑energy cutoff of 340 eV was adopted for all calculations. 

Brillouin‑zone sampling employed Monkhorst-Pack meshes refined until energy changes 

were below 1meV atom-1, yielding k=5×5×2 for geometrical optimization and other 

calculations. 

ZnTiO3 has a hexagonal symmetrical structure at a temperature of 900 °C, specifically 

belonging to the 'R-3' space group. Figure 6.1 depicts the arrangement of a unit cell of 

ZnTiO3, which has a hexagonal structure. Figure 6.1 depicts a cell that contains 6 Zn 

atoms, 18 oxygen atoms, and 6 Ti atoms, for a total of 30 atoms. The Mg atom is doped 

for Zn. which means ZnTiO3 has undergone A site doping. The process of doping Mg has 

been carried out using the formula Zn1−xMgxTiO3, where x takes the values of 0.167, 

0.333, 0.500, and 0.667. The objective of this work is to determine the impact of Mg 

dopant on the properties of ZnTiO3 ceramic. There are six Zn atoms in a unit cell that are 

being substituted by Mg atoms in a manner that keeps the concentration 'x'. To achieve a 

doping concentration of x = 0.167 (equivalent to 1/6), one Zn atom is substituted with 

Mg. The doping level of x is 0.333 (2/6), 0.500 (3/6), and 0.667 (4/6) correspondingly. 

The doping technique involves substituting a certain quantity of Zn with Mg. 
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Figure 6.1. An optimized structures of Zn1- xMgxTiO3 where (a) x = 0, (b) x = 0.167, (c) 

x = 0.333, (d) x = 0.5, (e) x = 0.667 using the VESTA package. 
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6.4. Results and discussions 

6.4.1. Structural properties 

Figure 6.1 displays the optimized structure of pure zinc titanate ZnTiO3, Zn0.833 Mg0.167 

TiO3, Zn0.667 Mg0.333 TiO3, Zn0.500 Mg0.500 TiO3 and Zn0.333 Mg0.667 TiO3, which was plotted 

using the VESTA software. The pure ZnTiO3 (Figure 6.1(a)) possesses a hexagonal shape 

that is classified under the space group "R-3" (No-148). The Zn atoms are located at the 

coordinates (0,0,0.36), and the Ti atoms are located at the coordinates (0,0,0.14). The 

oxygen atoms are situated in the coordinates (0.015, 0.370, 0.421). The experimental 

measurements [313] provide information on the lattice parameters and symmetry space 

of ZnTiO3. Figure 6.1(b-e) shows geometry optimized structure of Mg-doped ZnTiO3, a 

reduction in the lattice parameters a and c was found (Figure 6.2). An investigation was 

conducted to compare the lattice details of doped ZnTiO3 using the process of geometric 

optimization. The ZnTiO3 crystal has lattice parameters of a = b = 5.1292 Å, c = 14.1 Å, 

and angles α = β = 90° and γ = 120°. The lattice parameter of the hexagonal phase ZnTiO3 

decreases when the concentration of Mg increases. This is because the ionic radius of 

Mg2+ (0.66 Å) is less than that of Zn2+ (0.74 Å), and both ions occupy the A site of the 

hexagonal ZnTiO3. The lattice parameters of ZnTiO3 and geometrically optimized Mg-

doped ZnTiO3 are shown in Table 6.1. After Mg doping, we observed a decrease in the 

lattice parameter and unit cell volume, with a minor fractional value. 
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Figure 6.2. The formation energy of the Mg-doped ZnTiO3 material as a function of the 

lattice parameters (a) a (Å) and (b) c (Å), using the GGA approximation. 

Table 6.1. Lattice parameter of ZnTiO3 and calculated lattice parameter of Mg-doped 

ZnTiO3. 

Composition a (Å) c (Å) 

ZnTiO3 5.1292 14.1 

Zn0.833 Mg0.167 TiO3 4.95 13.3 

Zn0.667 Mg0.333 TiO3 4.88 13.1 

Zn0.500 Mg0.500 TiO3 4.82 12.9 

Zn0.333 Mg0.667 TiO3 4.77 12.7 

 

6.4.2. Electronic properties 

This study used GGA methods to show the electronic band structures and partial density 

of states (PDOSs) of pure zinc titanate ZnTiO3. The aim was to investigate the behavior 

of the system and analyze its electronic properties, both pure and doped ZnTiO3, along 

with high symmetry directions. The band structure of hexagonal ZnTiO3 offers insight 
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into its electrical structure and how it is altered by doping. Figure 6.3 depicts the band 

structure of undoped ZnTiO3 and each ZnTiO3 doped with Mg. The figure, labeled as 

Figure 6.3(a), represents undoped ZnTiO3, and the subsequent figures are arranged based 

on the amount of doping. The valence band between the M and K points has a maximum 

level, whereas the conduction band at the M point has the lowest level. This indicates that 

the material has an indirect electronic structure gap (band gap) of 3.11 eV. This electronic 

structure has been found in prior studies, which provides evidence for the high precision 

of our theoretical work. Table 6.2 presents the computed electronic bandgap (Eg) and 

observed values for ZnTiO3. Figure 6.3 clearly shows that the expansion of valence bands 

does not go beyond 0 eV. The line corresponding to the 0 eV energy level denotes the 

Fermi energy level (Ef). When doping Mg (x = 0.167), We observed a similar electronic 

structure. Still, there were noticeable changes in the band regions, as seen in Figure 6.3. 

Specifically, we observed an indirect electronic structure gap around the M point with a 

value of roughly 3.14 eV. When x = 0.500 and 0.667, Mg-doped ZnTiO3 has a 

direct electronic structure gap. Therefore, it illustrates the conversion of the band 

position from close to the M point to the K-K point band position material following an 

increase in Mg-doping (Figure 6.3). There is a little increase in the valence band of Mg-

doped ZnTiO3 compared to ZnTiO3. Similarly, the conduction band of the ZnTiO3 

compound moved downwards in comparison to the pure ZnTiO3 compound, except for 

when x = 0.167. This resulted in a reduction of the electronic structure gap by nearly 0.98 

eV. An uncommon scenario was seen when the value of x was 0.333. In this situation, an 

indirect electronic structure gap with a magnitude of 1.81 eV was identified, as depicted 

in Figure 6.3. Materials must possess an indirect electronic structure gap to be considered 

a reliable tool for photocatalysis applications. This occurrence may be attributed to many 

factors. For instance, when a semiconductor has low doping concentrations, atomic states 
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(also known as localized states) are introduced inside the gap. Increasing the doping 

concentration results in the overlap of atomic states, which in turn generates new impurity 

bands. The electronic structure gaps obtained in this investigation are presented in Table 

6.2, along with the experimental data for ZnTiO3. The absence of experimental values in 

Table 6.2 is a result of limited research publications on this doped material. Ultimately, 

our study objective was to examine the variation in electronic structure gap in ZnTiO3 

caused by Mg doping and to prevent any errors in the electronic structure calculation 

using the GGA technique. 
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Figure 6.3. Band Structures of Zn1− xMgxTiO3 where (a) x = 0, (b) x = 0.167, (c) x = 

0.333, (d) x = 0.5, (e) x = 0.667, and (f) formation energy and electronic structure gap of 

the doped ZnTiO3 as a function of concentration (x) of impurities of Mg. 

Figure 6.4 illustrates the partial density of states (PDOS) for undoped ZnTiO3 and Mg-

doped ZnTiO3, shown sequentially based on doping. The analysis of the partial density of 

states revealed that the contribution of atomic orbitals impacted on the total density of 

states. Figure 6.4 of the partial density of states (PDOS) shows that the valence band (VB) 

of undoped ZnTiO3 is mostly made up of the oxygen 2p and zinc 3d states. On the other 

hand, the conduction band (CB) in undoped ZnTiO3 is mostly dominated by the titanium 

3d state, with minor contributions from the oxygen 2p and zinc 4s states. After doping, 

there is little contribution from the Mg 3s state. A vertically dotted line in the image 

indicates the Fermi energy level, which is represented as a zero point on the energy scale. 

PDOS changes reflect band-structure rehybridisation originating from local structural 

relaxation and a more ionic Mg-O bond. Specifically, the different Mg-O versus Zn-O 

bond lengths/angles modify the octahedral crystal field around Ti and the O-site potential, 

which in turn alters O 2p-Ti 3d hybridisation. Two coupled effects are evident: (i) the O 

2p manifold shows a slight downward shift because Mg-O is more ionic and lacks the 

shallow Zn 3d-O 2p repulsion present in Zn-O; and (ii) the Ti 3d band edge broadens and 
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its minimum moves downward due to changes in Ti-O bond lengths and Ti-O-Ti 

connectivity that enhance O 2p-Ti 3d mixing. The net outcome is a larger downward 

movement of the CBM than the VBM, leading to a reduced gap with increasing x. 

Consistent with Figure 6.3, the gap decreases from 3.11 eV (x = 0) to 1.81 eV (x = 0.333, 

indirect) and further to 0.98 eV (x = 0.667). The Fermi level remains within the gap; any 

apparent shift reflects the relative motion of the band edges under rehybridisation rather 

than carrier doping or metallicity. The diminishing intensity and slight rightward 

displacement of features associated with Zn-derived states at higher energies simply track 

the reduced Zn content and the altered crystal field. Mg-related spectral weight near the 

band edges remains negligible, consistent with its closed-shell 2+ configuration and the 

isovalent nature of the substitution. Finally, the calculated formation energy decreases 

with increasing x, indicating that Mg incorporation is thermodynamically favorable, in 

line with the greater ionicity of Mg-O bonding and the accompanying lattice relaxation. 
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Figure 6.4. Partial density of states (PDOS) of Zn1−xMgxTiO3, where (a) x = 0, (b) x = 

0.167, (c) x = 0.333, (d) x = 0.5, and (e) x = 0.667. 

6.5. Experimental band gap 

We perform synthesis of ZnTiO3 with the help of our previous work. Figure 6.5(a) depicts 

the UV-Vis absorption spectra of ZnTiO3 across the wavelength range of 200 to 800 nm. 

Significant absorption is detected for wavelengths in the visible spectrum, as illustrated 

in Figure 6.5(a). This is due to the absorption of incident photon energy by molecules in 

a lower energy state transitioning to higher energy levels. The experimental bandgap (Eg) 

is ascertained from a Tauc plot using given relation below. 

𝛼 =
𝐴(ℎ𝜈−𝐸𝑔)𝑛

ℎ𝜈
                                                            (7.1)                  
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where α represents the absorption coefficient, h denotes Planck's constant, ν signifies the 

frequency of light radiation, and Eg indicates the band gap energy, with "n" assuming the 

value of ½ for permitted direct transitions [314]. Graphs of (αhν)2 against (hν) are 

constructed for ZnTiO3. The band gap energy (Eg) is derived from the extension of the 

linear segments of the graphs to the x-axis. From Figure 6.5(b), it is found that the band 

energy gap (Eg) for ZnTiO3 is around 3.04 eV. Here we only present experimental band 

gap of ZnTiO3.  

 

Figure 6.5. (a) absorption verses wavelength and (b) experimental band gap energy (Eg) 

for ZnTiO3. 

6.6. Comparison of band gap from theoretical, experimental 

and from literature 

The theoretical electronic structure gap for Zn1−xMgxTiO3 is 3.11 eV at x=0, then drops 

to 0.98 eV at x=0.667, while the experimental band gap of ZnTiO3 is 3.04 eV, close to 

theory and literature.  
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Table 6.2.Comparison tabulation of bandgap of ZnTiO3 reported in the literature, 

experimental and theoretical bandgap of Mg-doped ZnTiO3. 

Zn1−xMgxTiO3 Bandgap Eg (eV) 

x Theoretical Experimental Literature 

0 3.11 3.04 ̴ 3.1 [315], [316] 

0.167 3.14 - - 

0.333 1.81 - - 

0.5 1.58 - - 

0.667 0.98 - - 

 

6.7. Conclusion 

This chapter investigated the effect of Mg doping on the electronic properties of ZnTiO3 

using density functional theory calculations. The results show that varying Mg 

concentration significantly influences the band structure and density of states of ZnTiO3. 

These changes demonstrate that Mg incorporation is an effective approach for tuning the 

electronic behavior of ZnTiO3. Therefore, this chapter provides a theoretical 

understanding of composition dependent electronic modulation in ZnTiO3 and highlights 

the potential of Mg-doped metal oxide systems for further study and future applications. 
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7. CHAPTER 7 

 

Photocatalytic performance of NiZnO/graphene 

oxide composites towards visible light induced 

degradation of methylene blue dye 

7.1. Abstract 

In this work, we prepare composites of NiO, ZnO, and GO with 1% and 10% GO and 

measure their photocatalytic activity in the MB degradation reaction under visible light 

illumination. The oxides are prepared by the sol-gel route, and GO is mixed using a 

hydrothermal method. The rate constant value in the 1% GO and 10% GO composites 

are, respectively, 1.76 and 2.35 times higher as compared to that in the binary composite 

of NiO-ZnO. The rate constants with our GO-based composites also compare favourably 

with previously reported composites. Structural and chemical characterizations 

performed using XRD, SEM, BET, XPS, DRS, and PL are correlated with their 

photocatalytic performance. It is found that GO is reduced in the composites to r-GO, and 

the NiO band gap decreases to the visible range, which we attribute to the bonding of the 

NiO particles with the GO sheets. We also propose that the composite forms a double 

heterojunction structure of r-GO/NiO/ZnO. Because of the work function difference 

between the GO and NiO, the bands bend-up from r-GO to NiO. Since NiO is a p-type 

semiconductor and ZnO an n-type, the bands bend-down from NiO to ZnO. The band 

structure thus formed leads to an efficient carrier separation. Overall, we attribute the 
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enhanced rate constants in our samples to the reduction in the NiO band gap so as to lie 

in the visible range, causing higher carrier generation, and the formation of double 

heterostructures, causing more effective carrier separation. 

7.2. Introduction 

The previous chapter established that graphene oxide compositing leads to significant 

modifications in the structural, surface, and electronic properties of ZnTiO3, and also 

demonstrated the impact of plasma treatment and Cu and Mg doping on ZnTiO3-based 

systems. These results highlighted that both defect engineering and dopant-induced band 

structure modulation can be used to tune visible-light activity. Building on these findings, 

the present chapter focuses on a different oxide platform by investigating NiO-ZnO in 

combination with graphene oxide, selected because both NiO and ZnO have been widely 

reported to exhibit promising photocatalytic activity under visible-light or near-visible 

irradiation. 

NiO and ZnO, have been explored by numerous researchers for photocatalytic 

applications. These oxide semiconductors behave like p-type and n-type, respectively, 

owing to the dominant defects present in their crystals. The researchers have explored 

modifying its characteristics by compositing [317], [318]. H. A. Alshamsi et al. 

successfully synthesized NiZnO/TiO2 by a mix of hydrothermal and ultrasonic techniques 

for the photocatalytic degradation of rhodamine B [319]. Jin Wang et al. create NiZnO 

thin films using photo-assisted metal-organic chemical vapor deposition to produce p-

type NiZnO films with elevated hole concentrations [320]. Previous studies have 

demonstrated that graphene composites can improve light absorption capacity [208]. The 

transformation of GO to rGO enhances photoexcitation by restoring sp2 π-bonded regions 

within an sp³-insulating matrix, where disorder-induced localized states in the π–π* gap 
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yield broad optical absorption and emission [35]. GO-metal oxide composites enhance 

photocatalytic activity by facilitating electron transfer through oxygen-containing 

functional groups and π-d orbital overlap, enabling greater light absorption and efficient 

charge separation. Electrons on GO surfaces react with O2 and H2O, generating -O2
- and 

-OH radicals that effectively degrade pollutants[131]. Sadia Ameen et al. construct a 

highly efficient ZnO-GO nanohybrid photocatalyst using a chemical method for the 

photodegradation of crystal violet dye [139]. Ayesha Kiran et al. successfully synthesized 

NiO/GO for photocatalytic applications [142]. Metal-CNT composites can reduce 

electron-hole recombination [209].  

In this work we have explored NiO-ZnO along with GO, presuming that use of such a 

system will result in simultaneously improving the three factors responsible for 

photocatalytic efficiency, namely the light absorption, charge separation, and specific 

surface area. NiO, being a p-type semiconductor, will form a p-n junction with the n-type 

ZnO, which will facilitate charge separation. Thus, with the formation of two 

heterojunctions of n-p-n type between GO/NiO/ZnO with enhanced charge generation in 

NiO due to bandgap shortening and enhanced charge separation due to two 

heterojunctions, and with GO imparting higher surface area and accessibility of the 

photogenerated charges, we can expect a high photocatalytic efficiency in these systems. 

Our photocatalysis studies indeed show that mixing GO with the NiZnO system enhances 

photocatalytic degradation of the methylene blue dye, and rate constant shown with 10% 

GO in NiZnO exceeds that of any of the binary composites such as NiO-ZnO, NiO-GO, 

and ZnO-GO.  



166 | P a g e  

 

7.3. Experimental section 

7.3.1. Materials 

Zinc nitrate hexahydrate (Zn (NO3)2.6H2O, MW=297.48, purity-98%), terephthalic acid 

(C8H6O4, MW=166.13, purity 98%), C-tab (C19H42BrN, MW=364.46, purity-98%), and 

nickel nitrate hexahydrate (Ni (NO3)2.6H2O, MW=290.80, purity-98%) were procured 

from Molychem Limited. Solvents used during synthesis, DMF (HCON(CH3)2, 

MW=73.09, purity-99%) and methanol (CH3OH, MW=32.04, purity-99%), were 

procured from Loba Chemie Pvt. Ltd. and Molychem Limited, respectively.  

Sodium nitrate, graphite, potassium permanganate, hydrochloric acid, and hydrogen 

peroxide were purchased from Molychem, India. Sulphuric acid and phosphoric acid 

were purchased from Rankem, India. 

7.3.2. Synthesis of NiZnO 

For the synthesis of Ni-Zn oxide particles, 5 g (0.0300 mol) of terephthalic acid was 

dissolved completely in 100 mL of DMF at 45 °C at a stirring rate of 200 rpm (solution 

A). Concurrently, 5 g (0.01719 mol) of nickel nitrate hexahydrate and 5 g (0.1680 mol) 

of zinc nitrate hexahydrate salt precursors were dissolved in 100 mL of DI water at 45 °C 

(solution B). Separately, 5 g (0.01371 mol) of CTAB (cetyltrimethylammonium bromide) 

is dissolved in 100 mL of DI water at 45 °C at a stirring speed of 200 rpm (solution C). 

Solutions A, B, and C are combined in a stainless-steel reactor, and 500 mL of DI water 

is added to achieve a total solvent volume of 900 mL. The sealed stainless-steel reactor 

was placed on a magnetic stirrer with a heating plate at 75 °C and 200 rpm for 12 hours. 

After this period, the temperature of the reactor was raised to 120 °C to evaporate the 

remaining solvent. The obtained product was washed three times with DI water, 

methanol, and DMF (1:0.5:0.1) solution and dried in an oven at 80 °C for two hours [321]. 



167 | P a g e  

 

After drying, the particles were calcined at 600 °C for two hours in a muffle furnace, 

giving the desired composite of NiO and ZnO is obtained [322] and will be referred to as 

NiZnO henceforth in this work. 

7.3.3. Synthesis of graphene oxide (GO) 

Graphene oxide (GO) was synthesized from graphite powder (GP) via a modified 

Hummer method. Under constant stirring, 6 g of sodium nitrate was mixed into 230 mL 

of concentrated sulphuric acid and phosphoric acid (9:1 weight ratio), followed by the 

addition of 10.0 g of graphite. After 4 hours, 30 g of KMnO4 was gradually added to the 

above solution while maintaining a temperature below 20 °C. The mixture was stirred at 

35 °C for 48 hours, and the resulting solution was diluted by vigorously stirring in 460 

mL of water. To ensure that the reaction with KMnO4 was completed, the suspension was 

treated with 5 mL of H2O2 solution (30%). The resulting mixture was filtered, and the 

graphite oxide residue was washed repeatedly with HCl and H2O before drying; graphite 

oxide was thus obtained. We get graphene oxide after sonicating it several times. 

7.3.4. Synthesis of NiZnO/graphene oxide (GO) composite 

Initially, the obtained GO powder was dispersed in 40 mL of DI water by vigorously 

stirring for 4 hours and then sonicating for 2 hours. After that, NiZnO is dispersed in the 

previously obtained GO solution by vigorously stirring it for 4 hours and then sonicating 

for 2 hours. At last, we transferred this suspension into a 50 mL Teflon autoclave and held 

it at 180 °C for 12 hr. Then, final NiZnO/GO composites were obtained by centrifuge and 

dried at 60 °C. The samples with NiZnO:GO weight ratios of 100:1 and 100:10 are named 

here NiZnO/GO1 and NiZnO/GO10, respectively. 
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7.4. Results and discussion 

7.4.1. X-ray diffraction (XRD) 

Figure 7.1 displays the X-ray diffraction patterns of GO, NiZnO, NiZnO/GO1, and 

NiZnO/GO10. The identified phases in the composites were those of cubic NiO (JCPDS 

file number 03-065-2901), with Fm-3m space group symmetry, and hexagonal ZnO 

(JCPDS file number 01-079-0205) with P63mc space group. The peaks in the pattern 

have been indexed according to these structures. The peaks positioned at the 2θ values of 

37.1, 43.1, 62.6, 75, and 79o correspond to cubic NiO [323] and 31.8, 34.5, 36.4, 47.7, 

56.7, 63.1, 66.6, 68.2, 69.3, 72.9 and 77.2 correspond to hexagonal ZnO [324]. The 

relative fractions of each phase were determined by determining the areas beneath the 

corresponding peaks and are presented in Table 7.1. It is found that the NiO is the majority 

phase. We don’t report here the fraction of r-GO composites since, owing to the small 

weight percentage, the XRD signal of r-GO is very weak compared to oxide peaks and 

hence susceptible to large errors. The nearly unchanged NiO and ZnO contents indicate 

that increasing the GO amount from 1% to 10% did not significantly alter the relative 

proportion of the oxide phase. In this system, GO mainly acts as an additional supporting 

or interfacial component rather than replacing or consuming NiO and ZnO, so the oxide 

composition remains essentially stable while only the GO fraction increases. 

The GO samples have a distinct strong peak at a 2θ value approximately equal to 10.9° 

[213]. Our composite samples exhibit r-GO reflections at around 22°. The distinctive GO 

peak at 10.9° was not seen in the XRD diffraction patterns of the composites. The 

composite data exhibit faint signals at a 2θ value of 23° (Figure 7.2). These data indicate 

that in the composite samples, the GO has been reduced to r-GO. Yang et al. noted that 

GO is reduced when mixed with TiO2, as signaled by a progressive attenuation of the GO 
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peak at about 10° as the TiO2 fraction increased, with total disappearance of this peak at 

a GO: TiO2 ratio of 1:2.5 [214]. In this work we have used a relatively very small fraction 

of GO compared to the metal oxides. The Scherrer equation yields the crystallite sizes in 

the three samples as (Table ST1, please see the Supplementary Document) 29.7 ± 2.47 

nm, 27.3 ±1.55 nm, and 31.6 ± 2.20 nm for NiO, and 33.9 ± 1.15 nm, 30.5 ±0.98 nm, and 

36.6 ± 1.30 nm for ZnO, respectively NiZnO, NiZnO/GO1, and NiZnO/GO10 samples. 

The crystallite size of the ZnO is 10-15% larger than NiO. 

 

Figure 7.1. X-ray diffractogram of NiZnO, NiZnO/GO1, NiZnO/GO10, and GO. 

Table 7.1.Percentage of phase present in the sample. 

 
NiZnO NiZnO/GO 1 NiZnO/GO 10 
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NiO 65.43% 66.46% 67.32% 

ZnO 34.57% 33.29% 32.50% 

 

 

Figure 7.2. X-ray diffractogram for (a) GO, (b) NiZnO/GO1, and (c) NiZnO/GO10 in 

region 21-23o. 

7.4.2. Surface Area Analysis  

Figure 7.3 (a, c) depicts the nitrogen adsorption-desorption isotherms and (b, d) the BET 

plots of the composites. The huge surface area of graphene sheets has been extensively 

observed [325], [326]. Consequently, an increased surface area of the NiZnO/GO 

composite compared to pure NiZnO is expected. The BET surface areas of NiZnO and 

NiZnO/GO10 are found to be 2.1 m²/g and 2.6 m²/g, respectively, revealing a 27% 



171 | P a g e  

 

increase in surface area in the latter sample. We have not presented data for the 1% 

composite because the GO fraction is not significant, and therefore the surface area 

change also doesn’t change appreciably. 

 

Figure 7.3. The BET isotherms of (a) NiZnO, (c) NiZnO/GO10 and BET plots of (b) 

NiZnO, (d) NiZnO/GO10. 

7.4.3. Field Emission Scanning Electron Microscopy (FESEM) analysis 

Figure 7.4 shows the FESEM images of GO and other composite samples. Figures 7.4(a) 

and 7.4(b) distinctly display GO sheets, exhibiting a C/O ratio of 1.9 as obtained from the 

EDX data (Figure 7.5(f)). The standard values of the C/O ratio are approximately 1.4 

[49]. In the NiZnO/GO10 sample, oxide particles are visible on the graphene sheets, as 
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seen in Figures 7.4(g) and 7.4(h). Conversely, the NiZnO/GO1 sample did not 

show graphene oxide, due to a lesser quantity of GO, as shown in figures 7.4(e) and 7.4(f). 

Figure 7.5 displays the EDX mapping of NiZnO along with the spot EDX for both NiZnO 

and GO. Figure 7.5 (a, b, c) shows that Ni and Zn are found in the NiZnO sample, while 

figure 7.5 (d, e) shows that small particles contain more Ni than Zn, and large particles 

contain more Zn than Ni. Figure 7.5 confirms elemental presence and visualizes its spatial 

distribution in samples before compositing. In this figure, the EDX of the r-GO composite 

is not presented because the GO fraction is very small, and therefore fraction of carbon 

detected by EDX will have a large error bar and will be inaccurate, giving no significantly 

new information. The objective in Figure 7.5 is solely to confirm the presence of Ni and 

Zn in as-prepared NiZnO, and carbon and oxygen in as-prepared GO. 
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Figure 7.4. FESEM images of samples at smaller magnification (left column) and larger 

magnification (right column). Images of (a, b) GO, (c, d) NiZnO, (e, f) NiZnO/GO1, 

and (g, h) NiZnO/GO10 samples. 

 

Figure 7.5. EDX mapping (a, b, c) of NiZnO and spot EDX (d, e) of NiZnO and (f) GO. 

7.4.4. X-ray Photoelectron spectroscopy 

XPS analysis is used for identifying the oxidation states of the atomic species, and in our 

samples, it helps to uncover the correlation between the atomic details and the observed 

photocatalytic behavior.  
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The O1s spectra for each sample are presented in Figure 7.6, showing distinct peaks of 

core electrons of oxygen from all the samples. It is clearly seen that the peak at around 

532 eV in the GO sample attributed to the C=O group (Figure 7.6(a)) gets significantly 

diminished in the composite samples (Figures 7.6(c) and (d)), confirming loss of oxygen 

from the GO due to formation of r-GO. These C=O peaks also shift and broaden 

significantly in composite samples, which may be attributed to a bond formation of the 

residual C=O groups with Ni. In Ni-C=O bonds, the carbon atom forms a sigma bond 

with nickel, and nickel back-bonds with carbon by donating its 3d electrons to the π* 

orbital of the C=O, and thereby the electron cloud of the C=O bond is pulled towards 

carbon, raising the oxidation state of oxygen and shifting the XPS peak of O1s electrons 

to higher binding energy values. In Figure 7.6(b), there are three components at about 

529.20, 530.36, and 531.92 eV; the peaks at 529.20 and 530.36 correspond to lattice 

oxygen (Ni-O and ZnO, respectively), while 531.92 eV is attributed to chemisorbed 

oxygen (OH) species [130], [327], [328]. It can also be seen that the relative strength of 

the O1s signal from Ni-O bonds as compared to Zn-O bonds is reduced in the composite 

samples and shifted to slightly higher binding energy values. This suggests oxygen loss 

from the Ni-O framework. Thus, from the O1s spectra, we conclude that the presence of 

r-GO leads to nickel oxide losing its oxygen and forming a bond with the residual C=O 

of the r-GO. As argued later, this has important consequences in the photocatalytic activity 

of the composites because the Ni-C bond formation leads to shortening its bandgap, and 

oxygen loss leads to the presence of surface states, which plays an important role in 

optical absorption. 

Figure 7.7 presents the C1s spectra from all the samples. Figure 7.7(a) shows three peaks 

at 284.90, 287.03, and 288.50 eV, which respectively correspond to the C-C, C-O-C or 

C=O, and O=C-OH functional groups of GO [328], [329]. The C1s electrons from both 
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C-O and C=O bonds exhibit markedly decreased signals in composited samples, 

indicating a drop in oxygen and confirming the formation of r-GO [223]. Figure 7.8 (a) 

shows the Zn 2p spectrum, with two peaks at 1044.0 eV and 1021.3 eV, which correspond 

to Zn 2p1/2 and Zn 2p3/2 in the ZnO form, respectively. There is no significant change in 

the Zn2p spectra from various samples except for a minor shift to higher binding energy 

in composite samples as compared to the NiZnO sample, which may be attributed to the 

oxygen loss from the ZnO framework. Peak positions for O1s, C1s, and Zn2p are 

presented in Table 7.2. 

 

Figure 7.6. XPS of O1s of (a) GO, (b) NiZnO, (c) NiZnO/GO1, and (d) NiZnO/GO10. 
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Figure 7.7. XPS of C1s of (a) GO, (b) NiZnO/GO1, and (c) NiZnO/GO10. 

 

Figure 7.8.XPS of Zn2p of (a) NiZnO, NiZnO/GO1, and NiZnO/GO10 and XPS of 

Ni2p of (b) NiZnO, NiZnO/GO1, and NiZnO/GO10. 
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Table 7.2. Peak positions of XPS for NiZnO, NiZnO/GO1, and NiZnO/GO10. 

Samples O1s Bonds C1s Bonds Zn2p orbital 

NiZnO 529.20 Ni-O - - 1020.98 Zn2p3/2 

530.36 Zn-O - - 1044.08 Zn2p1/2 

531.92 O-H - - - - 

      

NiZnO/GO1 529.23 Ni-O 284.44 C-C 1021.18 Zn2p3/2 

530.67 Zn-O 285.84 C-O-C 1044.18 Zn2p1/2 

533.39 C=O 287.68 O=C-OH (C=O) - - 

      

NiZnO/GO10 529.39 Ni-O 283.69 C-C 1021.08 Zn2p3/2 

530.59 Zn-O 284.58 C-O-C 1044.38 Zn2p1/2 

532.67 C=O 287.02 C=O-OH (C=O) - - 

      

GO 533 C=O 284.90 C-C - - 

531.9 C-O 

287.03 C-O-C/C=O - - 

288.50 O=C-OH - - 

 

The Ni 2p spectra are presented in Figure 7.8(b). Due to multi-peak structures observed 

in the Ni2p spectra, detailed deconvoluted spectra for each sample are shown separately 

in Figures 7.9(a), (b), and (c). The peak at the smallest binding energy clearly shows a 

shoulder and could be deconvoluted into two separate peaks, where the first peak at the 

lower binding energy corresponds to Ni2+ and the higher one to Ni3+. Both Ni2+ and Ni3+ 

are present in all the samples. The presence of Ni3+ makes the NiO a p-type 

semiconductor, which forms a p-n junction with the ZnO particles, which aids in charge 
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separation and prevents recombination and thereby improves photocatalytic efficiency. 

Overall, the Ni2p peaks could be deconvoluted into eight sub-peaks, four of each arising 

due to Ni2+ and Ni3+. For accurate determination of the double peak features of Ni 2p3/2 

and Ni 2p1/2, the XPS spectra were deconvoluted using the Voigt peak fitting function. 

The perfect fit for 8 peaks noted as a, a*, b, b*, c, c*, d, and d* are located at BE of 854 

(±0.2), 855.8 (±0.2), 860.9 (±0.2), 866 (±0.2), 871.3 (±0.2), 872.8 (±0.2), 878 (±0.2), and 

880.9 (±0.2) eV, respectively. The peaks noted as a, a*, c, and c* represent core levels of 

Ni2+ (2p3/2), Ni3+ (2p 3/2), Ni2+ (2p1/2), and Ni3+ (2p1/2), respectively. The deconvoluted 

shake-up satellite peaks due to hybridization or transition of charge between O (2p) → Ni 

(3d) [330] noted as b, b*, d, and d*, were observed at ∼6.9 (±0.2), 10.2 (±0.2) eV, 6.9 

(±0.3), and 8.1 (±0.2) eV higher in BE than that of Ni2+ (2p3/2), Ni3+ (2p3/2), Ni2+ (2p1/2), 

and Ni3+ (2p1/2) peaks, respectively. The presence of double peak features of Ni 2p along 

with their shake-up satellite peaks clearly confirms Ni2+ and Ni3+ [331]. These 

observations are in agreement with the peak positions are reported in previous studies for 

the presence of Ni2+ and Ni3+ oxidation states in stoichiometric and non-stoichiometric 

NiO [332].  
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Figure 7.9. Images of XPS deconvolute of Ni2p for (a) NiZnO, (b) NiZnO/GO1, and 

(c) NiZnO/GO10. 

7.4.5. Optical behavior from UV-Vis Diffuse Reflectance Spectroscopy 

The influence of GO on optical characteristics was analyzed utilizing UV-Vis diffuse 

reflectance spectroscopy (DRS). The NiO and ZnO are wide bandgap materials, whereas 

the band gap of GO is tunable depending on the extent of oxidation of graphite or 

reduction of graphene oxide [132], [133], [135], [333]. The DRS spectra shown in Figure 

7.10 are used to extract the bandgap values in NiZnO, NiZnO/GO1, and NiZnO/GO10, 

which are found to be 3.04 eV, 2.92 eV, and 2.69 eV, respectively, as ascertained from the 

Tauc plot based on the DRS data. The reduction in the bandgap is attributed to bandgap 
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shortening of NiO, which arises due to Ni-C bond formation, as also confirmed by the 

XPS data presented earlier. The bandgap of NiO observed in the composites (2.92 eV and 

2.69 eV) lies in the visible region. Additionally, an increased fraction of GO causes the 

long absorption tail extending to large wavelengths to become stronger, suggesting the 

absorption is due to the short bandgap GO (Figure 7.10 (e)). The presence of oxygen 

vacancies in NiO and ZnO can also create surface states that may give rise to the long 

absorption tail [334]. The bandgap of the pure GO is observed to be 1.6 eV. Thus, on 

compositing, both NiO and GO act like absorbing media for visible light and are thereby 

expected to improve the photocatalytic activity. 
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Figure 7.10. (a) UV DRS data in terms of reflectance. The plot of the Kubelka-Munk 

function versus the energy of exciting light that results in the band gap of (b) NiZnO, (c) 

NiZnO/GO1, (d) NiZnO/GO10, (e) GO. 

We propose that the three components of GO, NiO, and ZnO form a sequentially adhered 

heterostructure with two heterojunctions, one between GO and NiO, and the other 

between NiO and ZnO.  

We assume that r-GO prevalently binds with NiO and not the ZnO during the 

hydrothermal mixing. The reason behind this assumption is that (i) NiO fraction is much 

higher than ZnO in our samples, and (ii) Ni has an affinity to bind with C=O groups where 

the bond is stabilized by nickel transferring its d-electrons to the π* orbital of the sp2 

hybridized carbon. This assumption is also supported by our XPS data where the oxygen 

signal from NiO systematically reduces in strength as compared to that from ZnO (Figure 

7.6), suggesting increasing oxygen loss from NiO as r-GO content is increased, which 

can happen due to Ni-C bond formation. Bandgap narrowing in NiO upon binding with 

carbon (as observed in our DRS data) is also reported in literature [335], [336]. Thus, 

based on our data and prior works, we propose a double junction heterostructure formed 

of r-GO/NiO/ZnO where n-type r-GO binds with p-type NiO which subsequently binds 

with n-type ZnO. We argue in the following paragraphs that this structure will always 
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lead to separation of photogenerated electron-hole pairs and thereby enhanced 

photocatalytic activity. 

Type II heterostructures [337], [338] and direct Z-scheme [339], [340], [341] are the two 

most common mechanisms forwarded to explain the photocatalysis in prior works. In the 

Type II heterostructures, the band bending due to intimate contact between the two 

particles causes photogenerated electrons and holes to roll down over the junction to 

lower energy levels on the other side leading to charge separation, whereas in direct Z-

scheme, lower energy electrons and holes present on either side of the junction recombine 

leaving electrons and holes with higher energy values separated spatially. The interfacial 

electric field formed by band bending or the interfacial defect states promote the 

recombination. The Z-scheme is expected to be a more efficient mechanism for 

photocatalysis since the separated charges have higher redox potentials. 

The relative positions of the Fermi levels and the band edges two materials are the crucial 

information needed for determining the possible pathways constituting the mechanism of 

catalysis. Difference in the Fermi level decides the interfacial electric field which in turn 

would decide which of the two mechanisms will be more likely to occur. Relative 

positions of the band edges will decide the separation bias of the electron hole pairs. In 

our system, we consider the r-GO to be a semiconductor whose band gap and the Fermi 

level depend upon the extent of reduction in GO [342]. Also, after binding with r-GO, the 

p-NiO undergoes bandgap narrowing, with its Fermi level moving up reducing its p-type 

character [343]. The work function of the r-GO can lie between 4.2-5.5 eV depending 

upon its extent of reduction, whereas the NiO work function can lie between 5.2-5.6 eV 

depending on the extent of vacancy creation. The work function of ZnO is close to 4.25 

eV [344], [345], [346], [347], [348], [349]. Due to indeterminacy in the work functions 

of r-GO and NiO, there are two possibilities: the work function of r-GO is either smaller 
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or larger than the p-NiO. The band structures and resulting mechanisms of charge 

separation for both the cases are shown in Figure 7.11 (a) and (b). In both the cases, (i) 

the NiO bandgap decreases after binding with r-GO, so that photogeneration occurs in r-

GO and NiO regions, and (ii) the NiO/ZnO forms a p-n junction, with band bending 

promoting the transfer of the photogenerated electrons in the NiO conduction band to 

ZnO conduction band. However, when the work function of r-GO is smaller than NiO, 

then r-GO/NiO also forms a p-n junction (Type II heterostructure), so that overall, the 

photogenerated electrons accumulate on r-GO and ZnO, and holes on NiO. On the other 

hand, if the work function of r-GO is higher than that of the NiO, then r-GO/NiO will an 

n-p direct Z-scheme heterojunction [350], where the direction of the interfacial electric 

field assists the recombination of photogenerated electrons in the r-GO conduction band 

and holes in the NiO valence band. The photogenerated electrons in the conduction band 

of the NiO transfer to the ZnO conduction band as in the first case. This mechanism leads 

to wider separation of the electrons and holes. In summary, the proposed double 

heterostructure will always give rise to charge separation, although the mechanisms will 

be different. 
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Figure 7.11. Mechanism of charge separation in r-GO/NiO/ZnO. (a) Type II 

heterojunction when r-GO work function is larger than that of NiO, and (b) direct Z-

scheme, when work function of r-GO is smaller than that of NiO. The dashed lines imply 

the Fermi level. For representation, sample NiZnO/GO10 is considered here, with NiO 

band gap becoming 2.7 eV from 3.4 eV due to nickel binding with carbon of r-GO sheets 

after it is composited with the GO. The green vertical arrows represent carrier generation 

due to light illumination, blue arrows represent carriers moving across the junction to 

lower energy levels, and orange arrows represent recombination. Please see text for detail. 

7.4.6. Photoluminescence Spectroscopy 

The photoluminescence emission spectrum, closely linked to surface states and 

stoichiometric chemistry, is employed to evaluate the efficiency of charge carrier 

entrapment, migration, and transfer, as well as to clarify the dynamics of electron-hole 
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pairs in semiconductors. Figure 7.12 presents the photoluminescence emission spectra of 

NiZnO and NiZnO/GO samples, excited at 380 nm. All samples have photoluminescence 

bands centered at 410, 422, 444, 458, 487, and 522 nm. The various peaks can be 

attributed to defects in NiO and ZnO, as reported earlier in the literature. Without going 

into the details of the nature of the defects involved in giving rise to various emissions, 

we will only assign the PL peaks to either NiO or ZnO since the study of defects is not 

our objective here [351], [352], [353], [354]. An emission band at 410 nm can arise due 

to either NiO or ZnO. NiO is reported to give PL band at 411 and 414 nm [351], [353], 

whereas zinc interstitials (Zni) to VB transition in ZnO can give rise to a band at 422 nm 

[352]. The band at 444 and 458 nm can also be due to 3d8 electrons of Ni2+ of the bulk 

NiO [353], [355]. The emission band at 487 nm can be attributed to the Zni to zinc 

vacancy (VZn) in ZnO [354]. The band at 522 nm can be attributed to the transition from 

interstitial zinc (Zni) to Vo (the oxygen vacancy) in ZnO [354]. 

We notice that intensities of all the emission bands significantly reduce in NiZnO-GO10 

samples, clearly suggesting enhanced carrier lifetimes in these composites. We attribute 

this to an efficient electron-hole separation effected by the two heterojunctions as depicted 

in the band diagram shown in Figure 7.12. The separation causes suppression in the 

disappearance of these carriers and thereby enhancement in the photocatalytic activity of 

the composite. 
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Figure 7.12. Photoluminescence spectra of NiZnO, NiZnO/GO1, and NiZnO/GO10 

samples. 

7.5. Photocatalytic performance 

The photocatalytic effectiveness of NiZnO and NiZnO/GO was evaluated and compared 

by analyzing the kinetics of degradation of MB dye solution in the presence of the 

photocatalyst powder under visible light illumination. The concentration of the dye was 

measured using UV-Vis spectra of the MB dye solutions stirred in the presence of the 

equal amount of the photocatalyst at different time steps. The absorption peak of the MB 

solution is noted at 600 nm at a pH of 12. Prior to irradiation, the suspensions were 

magnetically stirred in darkness for 30 minutes to establish absorption-desorption 

equilibrium between the photocatalyst and methylene blue. We noted the occurrence of 
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adsorption events; nevertheless, our primary focus is only on photocatalytic degradation. 

The MB aqueous solution stays stable under visible light irradiation, indicating that MB 

self-degradation is almost undetectable in the absence of a photocatalyst. The 

concentration of MB markedly decreases in the presence of NiZnO and NiZnO/GO 

photocatalysts under the same testing conditions. The UV-Vis data and the corresponding 

kinetics data are presented in Figure 7.13. The degradation of MB is following a pseudo-

first-order reaction. The kinetic rate constants are established as 0.029 min-1 for NiZnO, 

0.063 min-1 for NiZnO/GO1, and 0.080 min-1 for NiZnO/GO10. The kinetic rate constant 

of NiZnO/GO10 is 1.76 times larger than that of NiZnO. Since the surface area did not 

change appreciably from NiZnO to the 1% GO samples, we attribute this increase mainly 

to the bandgap reduction and probable formation of the double heterojunctions. We also 

present in Table 7.3 a comparison of the rate constants of the MB degradation with 

photocatalysts attempted in other works and find that our values compare favourably with 

the other values. 

Unlike the photocatalyst composites formed of bimetallic oxides or metal oxide with GO 

as reported earlier, our ternary composites of two metal oxides and GO are likely to form 

a double heterojunction. The GO interaction with the NiO also causes its bandgap 

reduction. We believe that these two factors influence the photocatalytic activity most and 

enhance the rate constants as compared to those reported in previous literature.  
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Figure 7.13. UV-Vis of degradation for (a) NiZnO, (b) NiZnO/GO1, and (c) 

NiZnO/GO10 and pseudo-first-order kinetic fit for the degradation of MB for (d) 

NiZnO, (e) NiZnO/GO1, and (f) NiZnO/GO10. 
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Table 7.3. Comparison of degradation kinetics rate constant for different photocatalysts. 

Photocatalyst Irradiation 

type 

Irradiation 

time (min.) 

Rate constant (min
-1

) Reference 

NiZnO Visible 30 0.029 This work 

NiZnO/GO1 Visible 30 0.063 This work 

NiZnO/GO10 Visible 30 0.080 This work 

NiO Visible 90 0.00701 [356] 

NiO/ZnO Visible 90 0.00945 [356] 

NiO/g-C
3
N

4
 Visible 90 0.01195 [356] 

NiO/ZnO/g-C
3
N

4
 Visible 90 0.02396 [356] 

ZnO Visible 120 0.03126 [357] 

ZnO/graphene Visible 90 0.056 [140] 

ZnO nanorods UV 30 (UV light) 0.024 [326] 

ZnO/GO (3 wt%) 

nanocomposite 

UV 30 (UV light) 0.042 [326] 

GO sheets Visible 100 0.0024 [358] 

flower-like ZnO 

particles 

Visible 100 0.0077 [358] 

ZnO/GO 

nanocomposite 

Visible 60 0.064 [358] 
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7.6. Conclusion 

This study demonstrates that the incorporation of GO into the NiO/ZnO composite plays 

an important role in modifying the structural, surface, and interfacial properties of the 

material. The results show that GO influences the morphology, surface area, functional 

groups, and band structure, which together affect the overall behavior of the composite. 

The formation of the hybrid structure improves charge separation and contributes to the 

observed performance. Therefore, this chapter clearly establishes the structure-activity 

relationship in the GO-modified NiO/ZnO system and provides a strong basis for 

understanding its potential in visible-light-driven applications. 

 

 

 

 

 

 

 



 

8. CHAPTER 8 

 

 Solar-Powered Photocatalytic Reactor 

8.1. Abstract 

A solar-powered photocatalytic reactor system has been designed to treat wastewater 

through the synergistic integration of solar energy and oxidation processes. The system 

comprises a tilted-frame structure supporting an array of horizontally aligned 

photocatalytic tubes and high-efficiency microreactor modules, powered by a 

photovoltaic (PV) panel coupled with real-time monitoring and control electronics. 

Wastewater is continuously circulated through an inlet manifold that distributes flow 

evenly across multiple parallel channels, each lined with semiconductor photocatalysts 

(low-cost catalyst in primary tubes and engineered visible-light-active catalysts in 

secondary microreactors). Upon solar irradiation, photogenerated electron-hole pairs in 

the catalyst generate reactive oxygen species (OH and O2- radicals) that initiate 

mineralization of pollutants. The microreactor modules employ ribbed patterned 

microchannels to maximize the catalyst-water interface, enhance mass transfer, and 

increase photon utilization through light scattering and refocusing. The PV-powered 

control system regulates pump operation, flow rate, and pressure via integrated sensors, 

while optionally augmenting solar radiation with monochromatic UV-LED arrays during 

low-light periods to maintain consistent photocatalytic activity. This configuration 

combines the economic benefits of solar-driven treatment with the efficiency of 
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microscale reactor engineering, enabling rapid and near-complete degradation of 

contaminants with minimal operational costs. The system is particularly suited for 

decentralized or remote wastewater treatment applications where grid electricity is 

unavailable or expensive, and where the modularity of parallel channels allows scalability 

and customization to varying flow rates and pollutant loads. 

8.2. Introduction and main components 

Previous chapters introduced the basic research background and identified the need to 

improve the functional properties of metal oxides for practical applications. The 

subsequent chapters developed this theme further by examining the synthesis, structural 

modification, and characterization of ZnTiO3-based systems, including the effect of GO 

incorporation, Cu doping, DES-assisted modification, Mg doping, and DFT-based 

electronic analysis. Through these studies, it was established that compositional 

modification strongly influences crystallinity, morphology, band structure, density of 

states, and charge transport behavior. These findings collectively provided a clearer 

understanding of how material design can be used to tailor photocatalytic performance. 

Building on this progression, Chapter 8 shifts the focus from material-level investigation 

to application-oriented design by considering the photoreactor as the next stage of the 

study. The purpose of this chapter is to translate the insights gained from the previous 

chapters into a practical reactor framework suitable for photocatalytic use. In this way, 

Chapter 8 extends the earlier work by using the material properties established in the 

preceding chapters as the basis for reactor design considerations. 

Figure 8.1 shows solar-powered photocatalytic reactor featuring numerous tubular 

reactors arranged in series for optimal light utilization. Various perspectives (right, 

bottom, front, top, and left) illustrate the configuration of tubes, microreactor, and support 
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frame for secure installation. A photovoltaic panel is affixed to the top to provide 

sustainable electrical energy for pumps and control systems. 

Main components of reactor are (Figure 8.2): 

(a) Solar PV panel: supplies electrical power (for pump, control, possibly auxiliary 

LEDs/valves). 

(b) Control/monitoring unit: flow, pressure, turbidity/TOC sensor display and control of 

valves/pump. 

(c) Cylindrical tubes: inlet distribution and outlet collection headers; they distribute the 

incoming wastewater across multiple reaction tubes and then recombine the treated 

stream. 

(d) Horizontal tubes: main photocatalytic reactor tubes where wastewater flows; inner 

wall are coated with photocatalyst. 

(e) Micro reactors: micro reactors that expose wastewater on inner wall coating of highly 

effective photocatalyst (high cost photocatalyst) over immobilized photocatalyst to 

sunlight (or serve as additional heat/UV collection stages). 

(f) Curved pipes: hydraulic connections between manifolds and reactor modules 

(inlet/outlet loops, by‑pass lines). 

(g) Blue frame: mechanical support structure that also fixes the tilt angle toward the sun. 
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Figure 8.1. Design of Solar-Powered Photocatalytic Reactor (a) Right View, (b) bottom 

view, (c) front view, (d) top view and (e) left view. 
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Figure 8.2. Perspective view of photocatalytic reactor. 

8.3. System Configuration and Flow Path  

The reactor comprises a tilted frame (g) supporting an array of horizontal tubes and 

microreactor modules, with a solar PV panel (a) mounted to power the system. 

Wastewater is first drawn into the system by a pump controlled by monitoring unit (b), 

which regulates flow rate and pressure via sensors and valves. The inlet tube (c) splits the 

incoming flow into multiple parallel channels feeding the horizontal tubes (d). Each 

tube’s inner wall is coated with a low-cost semiconductor photocatalyst, and the tubes are 

aligned along the tilt of the frame to maximize sunlight exposure. After passing through 

the tubes, the water flows into two ribbed microreactor modules (e) containing a high 

efficiency photocatalyst. These microreactors consist of many small channels that greatly 

increase the photocatalytic surface area and induce mixing. The modules interconnect by 

curved pipes (f) and finally discharge into the outlet, which collects the treated effluent 

for onward flow. A PV-powered pump (within unit (b)) circulates the wastewater at a 



196 | P a g e  

 

controlled flow rate. Flow and pressure transducers in the inlet feed back to the control 

unit, which adjusts the pump or valves to maintain steady operation. This distributes the 

feed evenly into each tube so that each reactor channel receives the same volumetric flow, 

ensuring uniform residence time and illumination. In each tube, water flows along a 

transparent channel whose interior is coated with a catalyst film. Sunlight passing through 

the tube wall activates the catalyst on the inner surface. The distributed parallel-tube 

geometry effectively creates many microreactors in parallel, dramatically increasing the 

total catalyst–water interface and causing light to scatter among the channels. The 

microreactor modules present very high-surface-area photocatalyst in turbulent 

microchannels. By combining multiple small channels (microreactors), the system 

multiplies internal boundaries and light-path diversity 

Finally, the treated water exits the microreactors and is collected into the outlet manifold, 

which merges the parallel flows and guides the effluent out of the system. Any remaining 

solids or catalyst residues are retained by the immobilized catalyst surfaces, avoiding 

downstream catalyst recovery issues. Throughout the flow path, the control/monitoring 

unit (b) continuously reads sensors (flow meters, pressure gauges, etc.) and can trigger 

alarms or adjust actuators if deviations occur. This ensures that the wastewater is 

distributed and exposed under the designed hydraulic and optical conditions. 

The low-cost catalyst coatings in the tubes provide the initial stage of degradation, while 

the high-efficiency catalyst in the microreactors (often engineered for visible-light 

activation) drives further breakdown of the remaining pollutants. The large surface-to-

volume ratios in the microchannels maximize catalyst-water contact, accelerating the 

reaction. As noted in similar systems, combining multiple microreactors significantly 

increases overall photocatalytic area and enhances light utilization and mass transfer, so 

that nearly complete degradation can occur rapidly within the series of tubes and 
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microchannels. The primary energy source is solar irradiation. The tilted frame (g) orients 

the tubes and modules to face the sun, maximizing incident sunlight on the catalyst 

surfaces. 

8.4. Conclusion 

This Chapter presents a solar-powered photocatalytic reactor design that connects the 

material development work of the thesis with a practical wastewater treatment 

application. The proposed system uses solar energy, photocatalyst-coated reactor 

elements, and a photovoltaic-assisted flow setup to improve light utilization, mass 

transfer, and treatment efficiency in a compact configuration. 

Overall, this chapter shows that the photocatalysts developed in the thesis are not limited 

to laboratory testing but can also be considered for real-world remediation systems. The 

reactor concept is especially suitable for decentralized or off-grid wastewater treatment, 

and it strengthens the thesis by linking photocatalyst performance with an application-

oriented engineering solution. 





 

9. CHAPTER 9 

 

Conclusions and Future Scope 

9.1. Conclusions 

In my thesis, I have explored methods to enhance visible light-induced photocatalytic 

activities in novel graphene oxide and metal oxides composites for removing hazardous 

chemicals from wastewater. This involved synthesizing and characterizing graphene 

oxide via modified hummers methods, metal oxide via sol-gel method and composite 

materials via hydrothermal methods, aiming for visible light-induced photocatalytic dye 

removal. Graphene oxide and oxide semiconductors composites show promise for 

environmental remediation due to their ability to release electrons from valence to 

conduction bands under electromagnetic radiation, triggering chemical reactions. 

Furthermore, computational methods like DFT method are also used to predict doping 

can enhance photocatalytic activity of ZnTiO3. This versatility, including tunability of 

band gaps through doping and various processing methods leading to different 

morphologies, makes them effective for both photocatalysis and adsorption. Thus, this 

thesis concludes with the findings summarized in the following chapters: 

9.1.1. Chapter 3 

ZTO/GO composites with 1% GO were successfully synthesized by ambient mixing in 

solid and liquid states, and under hydrothermal conditions. XRD and XPS data show that 
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in all the three cases the GO is reduced to r-GO, but the samples prepared by hydrothermal 

method yields highest fraction of r-GO. Our characterization data suggest that the 

presence of GO leads to oxygen loss from the zinc titanate crystals also, which may 

subsequently cause the formation of Zn2TiO4 in samples (composite I (42.98%) and 

composite II (40.63%)) mixed under ambient conditions due to higher oxygen loss under 

ambient conditions. This phase transformation is suppressed in hydrothermally mixed 

samples. XRD data suggests that the hydrothermal mixing also leads to reduced 

crystallinity, as suggested by the enhanced FWHM of the XRD peaks in the composite 

III. An inefficient packing of atomic planes in composite III yields materials with the 

highest surface area among these samples. The specific BET surface area of ZTO, 

composite I, composite II, and composite III are respectively 1.0 m2/g, 1.3 m2/g, 1.3 m2/g 

and 1.4 m2/g, which suggests more active sites in composite III. The bandgaps measured 

for samples are 2.85 eV for ZTO, 2.81 eV for composite I, 2.59 eV for composite II, and 

2.73 eV for composite III. Bandgap reduction is attributed to formation of oxygen 

vacancies in oxide, and since the composite II prepared by liquid state mixing under 

ambient conditions is likely to loose maximal oxygen from the lattice, we observe these 

samples to show smallest bandgap. The slopes of composite II and III showed a lower 

value in the Mott- Schottky plot, clearly indicating higher donor densities. Rct values of 

1081.2 kΩ for composite I, and 1017.5 kΩ for composite II, 49.6 kΩ for ZTO, and a much 

smaller value of 3.1 kΩ for composite III. The lowest value of Rct in composite III, 

indicative of the most facile transfer of holes and thereby increased photoactivity, is 

attributed to better binding of the oxide particles with the r-GO. The analysis of the 

characterization data suggests that the composite III has a reduction in the band gap due 

to oxygen vacancies and a change in crystallinity, an increase in specific surface area, the 

binding of ZTO with the GO sheets, an increase in charge carrier density, and improved 



201 | P a g e  

 

charge transfer resistance. These results introduce a variety of possible applications in the 

field of photocatalysis. 

9.1.2. Chapter 4 

A custom-built plasma treatment setup was utilized to treat the sol-gel-synthesized zinc 

titanate particles using nitrogen plasma, wherein the particles were protected from 

exposure to the environment by immersing them in a liquid immediately after plasma 

treatment. This treatment enhanced the physical surface area and introduced oxygen 

vacancies. These two factors are attributed to the observed enhancement in the 

photocatalytic degradation performance of plasma-treated ZnTiO3. The kinetic rate 

constants of plasma-treated ZnTiO3 (PT-ZnTiO3) under LED light irradiation increased 

by a factor of approximately 1.56 compared to the untreated ZnTiO3. 

9.1.3. Chapter 5 

We have prepared a DES assisted Cu doped ZnTiO3 and then performed DFT calculation. 

We prepared DES assisted Cu doping (14% and 28%) and DI assisted Cu doping with 

14%.  Our characterization data shows no new phases arise in XRD this confirms 

successful doping of copper which leads to shorten in band gap. DES assisted Cu doping 

shows particles in nanoscale and peak shift towards higher binding energy due to higher 

electronegativity of copper than zinc. We use first-principle DFT calculations with the 

GGA function to investigate the structural, electrical, and optical properties of ZnTiO3 

and Cu doped ZnTiO3. The results are also in strong conformity with the experimental 

values of ZnTiO3. The band structure and density of states have been computed for the 

unit cell of ZnTiO3. Crucially, the ZnTiO3 with doping exhibits an indirect bandgap. 

Additionally, the bandgap energy decreases after Cu doping. Overall, the reduced 
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bandgap and increases in surface area are the factors attributed to enhanced photocatalytic 

activity. 

 

9.1.4. Chapter 6 

10. This work presents an analysis and discussion of the impact of Mg substitution on the 

zinc titanate ZnTiO3. We use first-principle DFT calculations with the GGA function to 

look into the structural and electrical properties of ZnTiO3 and ZnTiO3 that are doped 

with Mg. The results are also in strong conformity with the experimental values reported 

in the literature for ZnTiO3. The band structure and partial density of states (PDOS) have 

been computed for the unit cell of ZnTiO3. Crucially, the ZnTiO3 with doping exhibits a 

direct electronic structure gap at the K-point, except for when x = 0.167 and 0.333. 

Additionally, the electronic structure gap energy drops as the concentration of Mg ions 

increases, except for when x = 0.167. Zinc titanate (ZnTiO3) has an indirect electronic 

structure gap of 3.11 electron volts (eV) in its band structure, particularly near the M 

point. Experimental band gap of ZnTiO3 (3.04 eV) agrees well with both the theoretical 

value (3.11 eV) and the cited literature (~3.1 eV), suggesting the baseline compound is 

captured reliably. The amounts of Mg substitution utilized are x = 0, 0.167, 0.333, 0.5, 

and 0.667. Mg substitution with x = 0.333 results in an electronic structure gap value of 

1.81 eV with an indirect electronic structure gap. The data indicates that the value of x = 

0.333 has a somewhat smaller electronic structure gap with an indirect electronic 

structure gap. This suggests that doped ZnTiO3 is an appropriate choice for photocatalytic 

applications. 
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9.1.5 Chapter 7 

11. In summary, we have prepared a composite of two oxide semiconductors, NiO and ZnO, 

and GO (with GO varying from 1 wt% to 10 wt%). These components were chosen so 

that they may form a double heterojunction structure and thereby improve the 

photocatalytic activity. The composite had NiO nearly twice as much in content as 

compared to ZnO. Our characterization data, when interpreted in light of the wisdom of 

previous work, suggest that GO is reduced to r-GO, the carbon from r-GO removes 

oxygen from NiO, with nickel forming bonds with the residual C=O groups, which 

shortens the NiO bandgap to visible light energies. This leads to enhanced optical 

absorption and creation of electron-hole pairs in the NiO part of the composite. Due to 

work function differences with GO and doping type differences from ZnO, two 

heterojunctions are proposed to form between GO/NiO and NiO/ZnO. These junctions 

lead to band-bending after contact formation, creating asymmetric energy barriers for 

electrons and holes, leading to their efficient separation. Overall, the reduced bandgap 

and enhanced charge separation are the factors attributed to the enhanced photocatalytic 

activity observed in our composites. The rate constant with NiZnO/GO1 under visible 

light irradiation is around 1.76 times greater, and with NiZnO/GO10 is around 2.35 times 

greater than that of NiZnO. The rate constants in our composites also compare favorably 

with composites studied earlier. Beyond an optimal graphene oxide (GO) loading, further 

addition typically decreases photocatalytic activity because excess GO introduces light 

shielding, aggregation/restacking, and active-site coverage that hinders charge generation 

and interfacial reactions. 
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9.1.6 Chapter 8 

This chapter talks about the design of solar-powered photocatalytic reactor system that 

uses advanced microreactor engineering and solar energy to treat wastewater. This design 

uses cheap catalysts in the main tubes and high-efficiency visible-light-responsive 

catalysts in the microreactor modules. This makes the process more efficient at breaking 

down polutants while also lowering costs. The microchannels that run with the main 

channel speed up the mineralization of pollutants. This scalable, modular design offers a 

long-lasting, grid-independent solution that is perfect for remote locations and encourages 

eco-friendly ways to treat water. 

 

9.2 Future Scope 

Future studies in photocatalyst development should focus on the rational integration of 

multi-metal doping strategies to achieve synergistic control over electronic structures and 

charge carrier dynamics. By incorporating multiple dopants with complementary 

electronegativity and ionic radii, it becomes possible to modulate the band edge positions, 

suppress defect-mediated recombination, and enhance visible-light absorption. Such 

tailored multi-metal systems may unlock superior activity and stability compared to 

single-doped analogues, providing a pathway toward highly efficient and tunable 

photocatalysts. 

Equally important is the advancement of scalable synthesis techniques. Plasma-assisted 

fabrication offers a promising route due to its rapid reaction kinetics, reduced thermal 

budget, and precise control over particle morphology and surface chemistry. Developing 

robust, continuous plasma processing setups suitable for large-scale production would 

bridge the current gap between laboratory innovation and industrial implementation of 
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photocatalytic materials. This direction aligns with the growing demand for economically 

viable and environmentally sustainable production technologies. 

The integration of computational tools with experimental workflows will further 

accelerate discovery. Machine learning algorithms trained on density functional theory 

(DFT) datasets can identify patterns and correlations between structural features and 

photocatalytic performance, allowing predictive screening of new composite materials 

before synthesis. This data-driven approach could substantially reduce trial-and-error 

experimentation, enabling more directed material optimization and design. 

Finally, expanding the practical application domains of these photocatalysts beyond 

traditional dye degradation remains crucial. Targeted exploration of solar-driven water 

splitting, carbon dioxide reduction, and hybrid photovoltaic-photocatalytic systems could 

advance sustainable energy conversion and environmental remediation technologies. 

Collectively, these research directions establish a comprehensive framework that 

integrates rational design principles, scalable manufacturing, and computational 

prediction for the next generation of visible-light-active photocatalysts. 
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Figure S1. X-ray diffractogram for (a) composite I, (b) composite II, (c) 

composite III, and (d) GO in region 21-23 degree. 

Table S1. FWHM values of ZTO, composite I, composite II, and composite III. 

ZTO  composite I  Composite II  Composite III  

2θ FWHM 2θ FWHM 2θ FWHM 2θ FWHM 

24.11277 0.21571 24.07749 0.19879 24.06353 0.21749 24.29003 0.28854 

27.6284 0.22081 24.90788 0.19346 24.91321 0.18169 25.80727 0.32877 

30.03453 0.21218 27.06895 0.20355 27.07411 0.19191 27.82536 0.3479 

31.8662 0.22612 27.60692 0.19461 27.63168 0.19962 29.95574 0.37918 

32.96258 0.21751 29.99835 0.20355 30.03124 0.19619 31.88918 0.60264 

34.60715 0.2279 31.92924 0.22342 31.85963 0.22794 33.13984 0.36979 

35.33916 0.22413 32.94043 0.20024 32.94288 0.2139 34.2 0.35822 

36.42569 0.3541 34.59363 0.2447 34.63012 0.21992 35.70024 0.42235 

38.56264 0.20442 35.37478 0.34519 35.32275 0.22631 36.49462 0.39821 

42.91533 0.23032 36.39472 0.29174 36.40928 0.36498 40.84731 0.39348 

50.78694 0.20654 36.94899 0.19451 36.94899 0.1947 41.64741 0.29138 
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53.14711 0.26898 40.62872 0.20688 40.65732 0.21172 44.32356 0.41367 

53.57384 0.25719 41.41821 0.18228 41.43533 0.2098 48.2335 0.27369 

56.63648 0.30146 42.86713 0.22608 42.89564 0.22551 49.27039 0.46958 

62.1512 0.28788 44.14955 0.19009 44.05747 0.20333 53.80362 0.38616 

73.47607 0.22906 47.70166 0.17999 47.72446 0.22554 54.62859 0.40144 
  

49.12526 0.2462 49.13442 0.33243 55.62767 0.42637 
  

53.13825 0.24595 53.15695 0.27279 56.99756 0.55618 
  

53.60448 0.26127 53.61784 0.22667 62.12822 0.4346 
  

54.73848 0.22755 54.49624 0.25305 63.71042 0.40108 
  

55.61352 0.18345 55.61352 0.16452 
  

  
56.69613 0.46494 56.65617 0.3154 

  

  
62.07319 0.37409 62.18402 0.30096 

  

  
62.97094 0.24799 62.97094 0.30312 

  

  
63.57563 0.29364 63.56598 0.23291 

  

 

 

Figure S2.  spot EDX of Graphene Oxide (GO). 
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Table S2. peak positions of XPS for ZTO, composite I, composite II, and composite III. 

 Bonds O1s Bonds C1s 

 

ZTO 

Lattice oxygen 530.19741 - - 

O-H 531.93586 - - 

 

Composite I 

Lattice oxygen 529.7632 C-C 284.52729 

O-H 531.57608 C-O-C 286.04897 

O=C-OH 288.21055 

 

Composite II 

Lattice oxygen 530.10684 C-C 284.88842 

O-H 531.59002 C-O-C 286.78724 

O=C-OH 288.71396 

 

Composite III 

Lattice oxygen 529.84924 C-C 284.50539 

O-H 531.66416 C-O-C 285.53575 

O=C-OH 288.12547 

 

GO 

C=O 533 C-C 284.90085 

C-O 531.9 C-O-C 287.03426 

O=C-OH 288.5 
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Table ST1. Crystalline size of NiZnO, NiZnO/GO1, and NiZnO/GO10 

 NiZnO NiZnO/GO1 NiZnO/GO10 

co
m

p
o
n

en
ts 

2
θ
 (D

eg
ree) 

F
W

H
M

 

(D
eg

ree) 

cry
stallin

e 

size (n
m

) 

2
θ
 (D

eg
ree) 

F
W

H
M

 

(D
eg

ree) 

cry
stallin

e 

size (n
m

) 

2
θ
 (D

eg
ree) 

F
W

H
M

 

(D
eg

ree) 

cry
stallin

e 

size (n
m

) 

ZnO 31.96 0.219 39.28 32.04 0.280 30.82 31.91 0.213 40.48 

ZnO 34.63 0.228 38.09 34.71 0.270 31.51 34.58 0.217 39.98 

ZnO 36.45 0.244 35.76 36.53 0.230 29.15 36.49 0.233 37.45 

NiO 37.22 0.244 35.73 37.30 0.293 29.84 37.17 0.236 37.06 

NiO 43.21 0.259 34.45 43.29 0.297 30.00 43.17 0.246 36.15 

ZnO 47.74 0.274 33.06 47.82 0.306 29.62 47.70 0.252 35.89 

ZnO 56.79 0.293 32.12 56.86 0.322 29.22 56.75 0.273 34.48 

NiO 62.68 0.440 22.06 62.75 0.453 21.43 62.64 0.384 25.25 

ZnO 66.57 0.295 33.59 66.63 0.309 32.07 66.53 0.271 36.57 

ZnO 68.14 0.345 29.01 68.20 0.378 26.48 68.11 0.328 30.51 

ZnO 69.28 0.340 29.63 69.33 0.351 28.66 69.24 0.314 32.02 

NiO 75.07 0.368 28.40 75.13 0.378 27.64 75.04 0.350 29.85 

ZnO 77.15 0.309 34.32 77.20 0.287 36.97 77.10 0.250 42.30 

NiO 79.03 0.384 27.97 79.08 0.389 27.61 79.00 0.360 29.83 

          

A
v
era

g
e 

cry
sta

llin
e 

size (n
m

) 

NiO 
29.7 ± 

2.47 
  

27.3 

±1.55 
  

31.6 ± 

2.20 

ZnO 
33.9 ± 

1.15 
  

30.5 

±0.98 
  

36.6 ± 

1.30 

 

For calculation crystalline size were determined by using the Scherrer equation: -  

𝐷 =
𝑘𝜆

𝛽 𝐶𝑜𝑠𝜃
 

where D is the crystalline size in nanometres,  

λ is the wavelength of the radiation (0.154056 nm for CuKα radiation),  

k is a constant equal to 0.94,  

β is the peak width at half-maximum intensity (radian), and  

θ is the half of peak position (radian). 
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