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Introduction 

1.1. Present scenario of water pollution 

Fresh water is the lifeblood of our planet, sustaining every living organism, fuelling 

ecosystems, and serving as the foundation for survival, growth, and prosperity. The 

search for life on Mars and other planets in the solar system and beyond often begins 

with a  fundamental question: Does water exist there? The reason for asking this 

seemingly mundane question stems from the understanding that water symbolizes life. 

Water is essential for all life on Earth, directly or indirectly supporting every organism. 

It is present in every cell and tissue of animals and vital for metabolic processes and 

reproduction in many species [1, 2]. Scientific evidence suggests that life began in water 

and gradually expanded onto the land more than 400 million years ago [3]. Thus, the 

significance of water for sustaining life is undeniable. At present, Earth’s water 

distribution is strikingly uneven, with 97.5% being saltwater and only 2.5% freshwater 

[4]. Of the total freshwater, 68.7% exists in the form of glaciers and ice caps (which are 

not accessible to humans in day to day life), 30.1% is stored in aquifers and 

underground, and a mere 1.2% is found in surface water bodies such as lakes, rivers, and 

the atmosphere (illustrated in Figure 1.1).  

 

Figure 1.1. Water distribution on Earth [4]. 
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Therefore, it is crucial that these scarce freshwater sources must be preserved and 

should be utilized judiciously and sustainably. On the contrary, freshwater sources are 

increasingly being depleted and contaminated due to rising industrial activities and the 

relentless pursuit of technological advancement [5, 6]. Water pollution poses a severe 

global threat, affecting both freshwater reserves and marine ecosystems, with its impact 

intensifying alongside rapid population growth [5, 7]. Major contributors include 

industrial discharges as well as domestic and municipal wastewater [5, 8]. In industries, 

contaminants originate from various manufacturing stages ranging from synthesis to 

processing and product formation. In urban cities, domestic and municipal discharge 

contain diverse organic and inorganic pollutants, including heavy metals, which 

deteriorate water quality.  

 

Figure 1.2. Pie chart representation of water pollution sources [9]. 

 

Figure 1.3. Graph showing the percentage increase in water usage across different 

sectors [10]. 
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Figure 1.2 shows a pie chart showing the distribution of water pollution sources 

percentage wise [9]. The data reveals that industrial dumping is the leading source of 

water pollution, contributing around 41%. The water withdrawal over the world is only 

increasing as inferred from the data as shown in Figure 1.3 [10]. Therefore, for the 

sustainable use of water, wastewater must be properly treated before being discharged to 

natural water sources. 

1.2. Wastewater treatment 

A typical water treatment procedure follows a sequential treatment of wastewater in 

multiple stages. Initially preliminary treatment is done, followed by primary and 

secondary treatment as the second and third stages, and ends with the last treatment 

called tertiary treatment or advanced treatment (Figure 1.4). Preliminary treatment 

employs methods like screening, comminution, and grit removal to eliminate large 

debris and solids from wastewater [8]. In the next stage, primary treatment separates 

suspended solids, leftover grit, fats and oils using different methods such as filtration, 

sedimentation, coagulation, and floatation [5, 8]. Secondary treatment is then applied, in 

which biodegradable organics and nutrients, including nitrogen and phosphorus, are 

removed through biochemical reactions involving both aerobic and anaerobic processes 

[5, 8]. Finally, tertiary treatment employs advanced methods to purify the water to a 

level suitable for reuse or safe discharge for specific applications [8]. Few notable 

methods include adsorption, ion exchange, solvent extraction and reverse osmosis, all of 

which are quite effective in separating pollutant compounds from water by transferring 

them to a separate medium or reservoir. However, tertiary treatment methods have 

certain limitations, particularly when the removed pollutants are transformed into 

secondary pollutants that require additional treatment [5, 11]. For instance, while 

adsorption captures pollutants from water, regenerating the adsorbent and separating it 

from the adsorbate add both cost and complexity to the treatment process [11]. In the 

most recent development, belonging to the tertiary treatment method, advanced 

oxidation processes known as AOPs have gained much popularity as a superior 

pollutant removal technique. AOPs involve various chemical reactions that generate 

highly reactive species, such as hydroxyl radicals (•OH), which targets the complex 

pollutant molecules, effectively mineralizing them into harmless compounds such as 

carbon dioxide, water, and mineral salts [12, 13]. AOPs are regarded as environmentally 
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friendly technologies. Among various AOPs such as ozonation, electrochemical 

oxidation, Fenton and Fenton-like processes, photocatalysis has emerged as one of the 

most favorable techniques, owing to its ability to utilize light (particularly solar energy) 

as a driving force to induce chemical reactions on the catalyst’s surface and on its 

vicinity [14, 15]. These photocatalytic reactions can be deliberately utilized for the 

decomposition of the pollutants present in the water medium.  

 

Figure 1.4. Classification of water purification techniques [5]. 

Dye pollutants originating from textile and other industries represent a major category 

of organic pollutants that contaminate the environment. It is estimated that there are as 

many as 10,000 unique synthetic dyes prevalent in the global market with production 

reaching over 700,000 ton annually [16]. Approximately 200,000 tons of dyes enter the 

environment annually due to inefficiencies in textile dyeing processes, with industrial 

wastewater statistics revealing that 17-20% of such waste originates from dyeing and 
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finishing activities [16]. This is alarming, as such wastewater carries a wide range of 

hazardous effects depending on the dye color and composition. For instance, the intense 

coloration of dyes can block sunlight from penetrating deep into aquatic ecosystems, 

disrupting aquatic life and ecological balance [12]. Azo dyes, a particular group of dyes 

with aromatic rings and characterized by the presence of one or more azo groups (-

N=N-) are renowned for their harmful effects [12]. They are highly water-soluble and 

chemically stable, making them resistant to degradation, and persistent in the 

environment. They are known to be highly toxic, carcinogenic, and mutagenic. Also, the 

dye containing wastewater affect the vitality of the aquatic system with its pH effects, 

high biological oxygen demand (BOD) and chemical oxygen demand (COD). Some 

effects observed on human health from these wastewater include headache, nausea, skin 

irritation, lungs problem, and congenital malformation [16]. Therefore, it is crucial to 

treat these dyes before they are released into natural water bodies. 

1.3. Photocatalysis 

A catalyst is a substance whose presence in the reaction environment enhances the 

reaction rate, while itself remaining unchanged at the end of the reaction, i.e., its 

composition stays the same [17]. Correspondingly, catalysis is the process in which 

reactants undergo reaction in the presence of catalyst, under the condition that catalyst 

remains stable and reusable for another reaction. However, different specific definitions 

of catalysis have emerged and the one given by Serpone et al. is “catalysis refers simply 

to a process in which a substance (the catalyst) accelerates, through intimate 

interaction(s) with the reactant(s) and concomitantly providing a lower energy pathway, 

an otherwise thermodynamically favored but kinetically slow reaction with the catalyst 

fully regenerated quantitatively at the conclusion of the catalytic cycle” [18]. Evidently, 

involving catalysis, the term ‘photocatalysis’ is derived from two words: ‘photo’ and 

‘catalysis’ [19]. However, the exact meaning of the term ‘photocatalysis’ has been a 

subject of debate, with Serpone et al. emphasizing that it should be simply understood as 

a catalysis involving two necessary entities: light and catalyst [18]. Without referring to 

a specific mechanism involved in the process, the term ‘photocatalysis' describes a 

process in which the catalyst accelerates the photoreaction. Depending upon the reaction 

mechanism, any of the following situation occurs : (i) the photoreaction is accelerated 

by the interaction of the catalyst and the substrate in its ground state, (ii) the catalyst 
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accelerates the photoreaction by interacting with the substrate in its excited state, (iii) 

the interaction of the catalyst with the light produces primary product which in turn 

interacts with substrate inclusively or exclusively of the situation as stated in (i) or (ii). 

Thus, the expression ‘photocatalysis’ is broad and encompasses all types of 

photoreactions including the process of photosensitization [18]. The photocatalysis that 

involves usage of solid metal oxide semiconductors such as TiO2, Cu2O, CuO, ZnO, 

NiO, WO3, Fe2O3 as photocatalysts for degradation of organic pollutants (such as dyes) 

dissolved in a solution, is then better known as semiconductor-based heterogeneous 

photocatalysis [15, 18]. In this process, light irradiation of semiconductor leads to the 

generation of charge carriers when the energy is greater than or equal to the bandgap of 

the semiconductor, as illustrated in Figure 1.5. The charge generation comes in pairs, 

one electron in the conduction band and one hole in the valence band. These charges, on 

successful separation and migration from the bulk to the surface of a semiconductor, 

interacts with the adsorbed molecules (water and oxygen) to generate reactive species 

such as •OH and Oଶ
• ି [20, 21]. This process can be utilized for water splitting, in 

which H2 and O2 gas are generated, or for the transformation of molecules into various 

products, such as the mineralization of pollutants into CO2 and H2O [15, 22]. 

Remarkably, the process does not require any artificial environment and takes place at 

room temperature and normal pressure, requiring only oxygen in the atmosphere, and 

light energy [15]. The reaction equations commonly involved in degradation of dye 

pollutants using semiconductor photocatalysts are described as follows [23, 24]. 

𝑃ℎ𝑜𝑡𝑜𝑐𝑎𝑡𝑎𝑙𝑦𝑠𝑡 + ℎ𝜈 → ℎା + 𝑒ି (1.1) 

𝑂ଶ + 𝑒ି  →  𝑂ଶ • ି (1.2) 

𝑂ଶ • ି +  𝑒ି + 2𝐻ା → 𝐻ଶ𝑂ଶ (1.3) 

𝑂ଶ • ି +  𝐻ଶ𝑂ଶ  → • OH +  𝑂𝐻ି +  𝑂ଶ (1.4) 

𝑒ି +  𝐻ଶ𝑂ଶ  → • OH +  𝑂𝐻ି (1.5) 

ℎା +  𝑂𝐻ି  → • OH (1.6) 

ℎା +  𝐻ଶ𝑂 →  𝐻ା + • OH (1.7) 

2 • 𝑂𝐻 →  𝐻ଶ𝑂ଶ (1.8) 

ℎା + 𝑂ଶ • ି  →  ¹𝑂ଶ (1.9) 

Dye + ℎା → dye oxidized (1.10) 

Dye + 𝑒ି→ dye reduced (1.11) 
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Dye + •O2 
− or •O2H or •OH → Degraded products (1.12) 

 The revolutionary concept of semiconductor-based heterogeneous photocatalysis 

was pioneered by Honda and Fujishima in 1972, when they demonstrated the 

photochemical splitting of water into hydrogen and oxygen using TiO2, marking a 

transformative breakthrough in the field [25]. This study sparked the quest for clean 

energy among researchers in the scientific community. The idea of producing hydrogen 

by using only water and solar energy was new and profound. In 1995, a paper was 

published with title “Artificial Photosynthesis: Solar Splitting of Water to Hydrogen and 

Oxygen” highlighted the significance of semiconductor photocatalysis [26]. Earlier, in 

1978, α-Fe2O3 electrodes had been used for the photo-oxidation of water [27]. 

Thereafter, studies on water splitting increased substantially, and soon photocatalysis 

was also applied to the degradation of dye pollutants. For instance, a paper published by 

Lakshmi et a. in 1995 reported the use of TiO2 for the photocatalytic degradation of 

methylene blue [28]. Subsequently, in 1996, SnO2/TiO2 composite systems were 

explored for their applicability in the photocatalytic degradation of a textile azo dye 

[29]. Later, in 1999, the degradation of textile dyes using TiO2 and ZnO photocatalysts 

under solar light was investigated [30].  

 

Figure 1.5. Illustration of semiconductor photocatalysis. 
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 Numerous studies have been conducted, and research continues to explore novel 

and advanced materials for efficient photocatalysis to effectively degrade such 

pollutants. Figure 1.6 illustrates the number of studies on photocatalysis over the past 

decade. 

 

Figure 1.6. Bar chart showing the annual number of Scopus-indexed publications on 

photocatalysis from 2010 to 2025. 

 

Figure 1.7. Solar spectrum showing the distribution of energy versus wavelength [31]. 
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 To achieve higher efficiency, photocatalysts must be capable of utilizing the 

visible light spectrum of solar energy while also meeting other essential criteria. This is 

because the solar spectrum consists of UV light (5%), visible light (43%) and near-

infrared (NIR) light (52%), as illustrated in Figure 1.7. The spectrum shows that visible 

light has higher intensity than UV and NIR, accounting for 43% of solar radiation 

energy. Figure 1.8 depicts the global solar irradiance distribution for 2025, obtained 

from Solargis. The map clearly indicates that the solar irradiance in India is around 2000 

KWh/m2 annually, illustrating the country’s abundance of intense solar energy. The 

solar irradiance measured across different parts of India on a daily basis is presented in 

Figure 1.9. 

 

Figure 1.8. Map showing horizontal solar irradiance across different regions of the 

world [32]. (Solar resource map © 2021 Solargis) 

The high bandgap nature of some of the widely used first generation semiconductor 

photocatalysts such as TiO2, ZnO, and SnO2, limits their absorption to UV light, 

prompting a shift in research focus toward developing visible light-active photocatalysts 

to efficiently harness a broader spectrum of solar energy. In 1998, BiVO4 was reported 

to be applicable for O2 evolution under visible light irradiation [33]. Similarly, silver 

halides (Ag/AgBr/TiO2) were reported in 2006 as a visible light active photocatalyst 

[34]. In search of better and suitable photocatalysts, many studies were conducted and 

reported various photocatalysts such as Ag doped TiO2, S-doped TiO2, N-S-codoped 

TiO2, WO3, ZnO/Cu2O, CuO, Cu2O [35-40]. Since 2010, photocatalytic studies have 

increased significantly each year, and over the past two decades, numerous materials 

have demonstrated remarkable activity under both UV and visible-light irradiation. TiO2 
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and ZnO have proven to be among the most effective photocatalysts despite their visible 

light insensitiveness, owing to their high chemical stability and biocompatibility. 

Between the two, TiO2 is generally preferred, as it remains photocatalytically stable and 

resistant to photo-corrosion under light irradiation [11, 13, 16]. 

 

Figure 1.9. Illustration of horizontal solar irradiance levels across different regions of 

India [32]. (Solar resource map © 2021 Solargis) 

Many photocatalytic studies used methylene blue (MB), rhodamine B (RhB), 

phenol as a model pollutant to discuss the effectiveness of a photocatalyst. MB is a 

widely used textile dye, known for its toxicity, carcinogenicity, and non-

biodegradability, posing severe risks to human health, including respiratory distress, 

digestive and mental disorders, methemoglobinemia, and skin/eye irritation [41]. 

Similarly, RhB dye is considered harmful if ingested, and can cause skin, eye, and 
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respiratory irritation; it has also been proven to be carcinogenic, neurotoxic, and to 

exhibit reproductive toxic effects [42]. Likewise, phenol is regarded as a toxic and 

persistent pollutant that can generate carcinogenic byproducts, cause severe skin 

damage, metabolic disruption, and lead to fatal liver and kidney toxicity upon exposure 

[43].  

Over the past two decades, extensive research has led to the development of 

various strategies and modifications aimed at enhancing the photocatalytic performance 

of semiconductor photocatalysts. The techniques such as doping, surface engineering, 

and defect engineering have been widely employed to optimize their structural, optical, 

and electronic properties. In addition to these approaches, researchers have introduced a 

new class of photocatalysts known as heterojunction photocatalysts, which integrate at 

least two semiconductors, offering significant advantages over conventional single-

component photocatalysts. Categorically the key strategies are outlined below. 

1.3.1. Doping and defects 

Traditional benchmark photocatalysts such as TiO2 and ZnO are wide bandgap 

semiconductors with energy gap values of 3.2 and 3.3 eV, respectively [21]. This 

implies that their photoactivity is limited to the UV region (< 387 nm) only, which 

constitutes to 3-5% of the solar spectrum [21, 44]. To improve their light absorption and 

extend it to the visible light range, doping is a commonly applied strategy. With a proper 

doping technique, the semiconductor not only shows improved light absorption but also 

exhibits reduced recombination compared to the parent semiconductor [45, 46]. Doping 

of metal and non-metal ions into lattices of wide bandgap semiconductors has been 

reported to modify the electronic structure of the semiconductors. The transition metal 

ions Cu, Co, Ni, Cr, Mn, Mo, Nb, V, Fe, Ru, Au, Ag, and Pt when used as dopants in 

TiO2 and ZnO photocatalysts, introduces intra-band states close to the conduction band 

(CB) or valence band (VB) edge of the semiconductor as these transition metal ions 

possess redox energy states located just within the bandgap region of  TiO2 and ZnO 

[21]. The modified photocatalyst thus formed can therefore show photoactivity at sub-

bandgap energies, absorbing visible light. Similarly, non-metal doping of 

semiconductors with N, S, C, B, P, I, and F ions creates localized states in the forbidden 

region of the material, allowing intra-band transitions under visible light illumination 

[21, 47]. In the case of metal doping, the metal ions also act as electron or hole traps, 
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thus affecting the steady state carrier concentration and in turn improving the 

photocatalytic degradation power. For instance, Fe3+-TiO2 exhibited excellent 

photoactivity on account of its partially filled electronic configuration, which behaves as 

shallow traps, in contrast to dopants having fully occupied electronic shells such as 

Mg2+, Al3+, Zn2+, Ga3+, Zn2+, Nb5+, Sn4+, Sb5+, and Ta5+, which show lower 

photoactivity [48]. Likewise, iron-doped zinc oxide nanoflowers exhibited enhanced 

photocatalytic performance under visible light irradiation [49]. In one study, Park et al. 

synthesized metal doped TiO2 photocatalysts using Ni, Co, Zn and Cu as dopants and 

observed that Cu-doped was the most promising for the photodegradation of methylene 

blue [50]. Similarly, Sangpour et al. investigated the photoactivity of TiO2 doped with 

Ag, Au, and Cu, and found that Cu:TiO2 outperformed all other counterparts [51]. 

Studies indicate that the photoactivity of metal ion-doped TiO2 depends intricately and 

collectively on dopant concentration, energy states created in the lattice, electronic 

configuration, dopant distribution within the material, electron donor density, and 

incident light intensity [52, 53]. However, the drawbacks of metal doping arise from the 

same underlying physics that confer their advantage. Metal dopants tend to act as 

recombination centers due to the localized d-states they form in the bandgap region of 

TiO2 [52]. This reduces the photodegradation rate by decreasing the number of electron-

hole pairs reaching the catalyst surface. Metal dopants typically trap either electrons or 

holes depending on their impurity state in the host material, which can be 

disadvantageous since the complementary free charge carriers may swiftly recombine 

with the trapped charge carriers [48]. For example, Ni2+-TiO2 showed poor activity due 

to the high recombination occurring at the dopant level [54].   

 Consequently, non-metal doping has been explored as an alternative, with 

promising results. For example, C-TiO2, prepared by hydrolyzing TiCl4 with 

tetrabutylammonium hydroxide and calcining at 400 ⁰C for 1 hour, exhibited 

exceptional photocatalytic efficiency in breaking down 4-CP and remazol red under 

diffuse indoor daylight conditions [55]. Several studies on non-metal doped TiO2, 

including N-, C-, and S-doped systems, have shown that the reduction in band-gap 

energy results from the interaction of N 2p, C 2p, and S 3p orbitals with the O 2p and Ti 

3d states in the valence band of TiO2 [21]. Research has shown that nitrogen doping is 

particularly advantageous due to its low ionization energy, formation of metastable 
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centers, stability, and atomic size, which is similar to that of oxygen [48, 56]. The 

presence of oxygen vacancies in N-doped TiO2 can further enhance photocatalytic 

activity under visible light [21]. Nitrogen substitution influences both the surface 

structure and electronic properties of TiO2, with the surface structure affecting charge 

carrier transfer, and the electronic properties determining the light absorption range and 

redox capabilities of the carriers [21, 57]. In essence, it was observed that the 

photocatalytic activity of non-metal-doped TiO2 is primarily influenced by factors such 

as the dopant concentration, the energy level of the dopant within the lattice, its electron 

configuration, dopant distribution, the presence of oxygen vacancies on the lattice 

surface, and the intensity of incident light [46, 52]. However, non-metal doping also 

introduces drawbacks, such as defects in the oxide semiconductor, including oxygen 

vacancies, which can serve as recombination sites. The number of defects generally 

increases with dopant concentration, which may lead to a gradual reduction in the 

photocatalytic efficiency [46]. Therefore, an optimal dopant level must be determined 

for each photocatalyst system to achieve enhanced visible light absorption and 

photocatalytic activity while maintaining an acceptable defect density. Moreover, for 

doping to be considered successful, the crystal structure of host semiconductor oxide, 

such as TiO2 or ZnO, must remain intact [46]. The primary challenges with non-metal 

doping include achieving uniform dopant distribution, identifying electronic states 

induced by dopants, ensuring doping stability under reaction conditions, and preserving 

the material’s redox capabilities post doping [46]. Regardless of the dopant type: metal 

or non-metal, factors such as the dopant selection, its amount, and doping procedure 

must be precisely controlled to achieve the desired outcome. In particular, non-metal 

doping requires careful management of surface states and composition before and after 

doping to enhance the performance of the photocatalyst [46]. Other factors influencing 

the structure and degradation performance of the doped photocatalysts include the 

nature of pollutant, irradiation power, excitation wavelength, and more [48].  

 Nevertheless, doping often introduces defects, such as oxygen vacancies and other 

point defects, into semiconductors. Thus, the positive effects observed during doping are 

not solely due to the dopants themselves but are largely attributed to the defects created 

in the host semiconductor. These defects play a crucial role in altering the 

semiconductor’s properties, particularly with respect to photocatalytic activity. 
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Consequently, defect engineering has emerged as a vital strategy for improving the 

photocatalytic performance of wide bandgap semiconductors and extending their light 

absorption into the visible range. The types of defects reported to influence 

photocatalytic activity are: point defects, line defects, planar defects, and volume defects 

[58]. Defect-rich photocatalytic materials can be fabricated through two main 

approaches: (i) introducing defects into pre-formed host nanomaterials via post-

treatment processes such as hydrogen reduction, high temperature calcination, and 

vacuum deoxidation [59], or (ii) generating defects during the nanocrystal growth phase 

of the synthesis process [58]. The former approach is more widely employed than the 

latter. In post-treatment methods, only surface defects-such as vacancies, voids, and 

lattice disorders-are introduced due to the limited penetration depth of reactivity in pre-

formed crystals. In contrast, synthesis-based methods enable the creation of bulk defects 

and other kinds of defects depending on the growth kinetics of nanocrystals.  

A photocatalyst with bulk defects can benefit when such defects modify the band 

structure of the semiconductor to extend its light absorption to longer wavelengths [58]. 

On the other hand, surface defects may enhance photocatalytic performance by acting as 

highly active sites for catalysis [58]. The most common defects are oxygen vacancies, 

which have been reported in metal oxide semiconductor photocatalysts including TiO2 

[60], ZnO [61], WO3 [62], Bi2WO6 [63], BiOCl [64], BiPO4 [65], BiO2 [66], and SrTiO3 

[67]. In many cases, vacancies and self-doped ions coexist in a crystal as a consequence 

of charge compensation involving positive and negative ions [58]. Unlike conventional 

doping, such vacancy-induced self-doping requires no incorporation of foreign 

elements. For instance, in N-doped TiO2, nitrogen atoms act as foreign dopants that 

occupy interstitial sites of TiO2 or substitute O sites at high concentration [68]. This 

produces point defects in the crystal system, resulting in a modified semiconductor 

photocatalyst composition. In contrast, line defects do not alter the composition of the 

photocatalyst. They are simply dislocations around which lattice atoms reorder in a new 

direction [58]. Reported examples include edge dislocations in TiO2 and ZnO and screw 

dislocations in Cu2O [69] , ZnO [70], and Ag3PO4 [71].  

 The weaker bonding at defect sites leads to a smaller energy separation between 

bonding and antibonding orbitals compared to the valence and conduction band states. 

This gives rise to electronic states within the bandgap, which either reduce the bandgap 
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energy or act as midgap states that facilitate electron photoexcitation, thereby extending 

light absorption range [58]. For instance, hydrogen-reduced blue TiO2 (R-TiO2) 

demonstrated enhanced light absorption at longer wavelengths compared to pristine 

TiO2 (P-TiO2) [72]. Hydrogen treatment introduced oxygen vacancies on the surface 

and subsurface, generating shallow and deep Ti(III) sub-bandgap states just below the 

conduction band. These defect states facilitated both defect-to-conduction band 

transitions and valence band-to-defect transitions. As a result, interband transitions 

allowed photoexcitation of R-TiO2 by photons with energies lower than its bandgap, 

thereby improving visible-light photocatalytic activity.  

 The formation of midgap states due to vacancies has also been reported as a key 

factor in extending light absorption in ZnO, Bi2WO6, BiOCl, BiPO4, SrTiO3, and 

La(OH)3 [58], all of which exhibit oxygen vacancies. Besides introducing midgap states, 

vacancies can also reduce the bandgap of semiconductors, further enhancing light 

absorption for photocatalysis. Such bandgap narrowing has been reported in oxygen-

deficient TiO2 [73], WO3 [74], and vanadium-deficient BiVO4 [75]. 

 Defect-induced electronic states additionally affect charge carrier dynamics by 

enabling relaxation pathways. Both surface defects (trap states or surface states) and 

bulk defects influence electron-hole separation and transfer. For example, reducing the 

bulk-to-surface defect ratio in TiO2 improves charge separation and photocatalytic 

efficiency [76]. However, bulk defects typically trap holes, leading to recombination 

with electrons, while surface defects may trap holes to react with pre-adsorbed donors, 

thereby promoting separation [77]. If trapped charges are not consumed promptly, 

surface defects may instead act as recombination sites. Thus, only with proper 

engineering can surface vacancies enhance charge migration, separation, and catalytic 

reactions, ultimately boosting photocatalytic activity [60]. In ZnO, bulk defects 

generally decrease photocatalytic efficiency, highlighting the importance of defect 

control. For instance, ball milling ZnO increased bulk defects, which lowered UV 

photocatalytic activity, whereas subsequent annealing reduced these defects and restored 

performance [78]. The bulk defects introduced new energy levels within the ZnO 

bandgap that served as recombination centers for electron-hole pairs. Similarly, Kong et 

al. used scanning tunneling microscopy (STM) to differentiate surface from subsurface 

defects, showing that samples with a lower bulk-to-surface defect ratio exhibited higher 
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photocatalytic efficiency [76] and increased photocurrent generation [77]. Thus, while 

defects can enhance photocatalytic activity in certain cases, they often hinder it by 

shortening charge carrier lifetimes, increasing recombination rates, and reducing 

crystallinity [77]. Excessive defects may trigger unwanted back reactions, further 

lowering performance. Additionally, managing defects becomes increasingly complex 

in multi-component hybrid photocatalysts, due to the structural challenges involved 

[58]. Ideally, defects in one component should not negatively influence the others, and 

simultaneous control over bulk, surface, and interfacial defects is required. However, 

current synthesis methods are generally limited to controlling only one defect parameter, 

such as structure, concentration, or location [58]. Moreover, characterization techniques 

have not advanced as rapidly as synthesis methods, creating obstacles in understanding 

defect-related photocatalytic mechanisms. For example, precise mapping of defect 

distribution and concentration remains difficult, and methods for quantifying certain 

defect types- especially those that do not affect composition or valence states, are still 

lacking [58]. Therefore, the intricate relationship between defect formation and 

photocatalytic activity demands deeper investigation and continues to present a 

promising avenue for research [60]. 

1.3.2. Heterojunction and surface engineering 

For a photocatalyst to exhibit good activity under visible light, it must possess a suitably 

narrow bandgap, typically in the range of 1.7 to 3.1 eV. Simultaneously, achieving high 

redox potential requires that the CB of a material lies more negative and the VB more 

positive than the redox potentials of water. Reconciling both criteria within a single 

photocatalyst is often challenging; hence, the strategic integration of two or more 

semiconductors, forming a heterojunction with appropriately aligned band edge 

positions is widely employed to enhance photocatalytic efficiency [79]. Moreover, a 

significant limitation of single-component and doped photocatalysts is the rapid 

recombination of photogenerated charge carriers, which severely hampers their 

photocatalytic performance [80]. This drawback can be effectively mitigated through the 

construction of heterojunctions, wherein two distinct semiconductors are coupled to 

form n-n, n-p, or p-p type junctions, facilitating enhanced charge separation and 

prolonged carrier lifetimes [81, 82]. For instance, Liang et al. demonstrated that 

incorporating a Pt co-catalyst into a TiO2/NiO p–n heterojunction significantly enhanced 
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both photocatalytic hydrogen evolution activity and operational stability [81]. Similarly, 

a Cu2O–BiOI isotype p-p heterojunction has been shown to substantially boost visible 

light driven photoelectrochemical performance for non-enzymatic H2O2 sensing 

applications [83]. Heterojunction photocatalysts can also be prepared using a metal and 

a semiconductor, in which case a Schottky junction or ohmic contact is formed when the 

work function of the metal is higher or lower than that of semiconductor, respectively 

[81, 82].  

The unique feature of heterojunctions is the formation of band bending at the 

interface between two dissimilar materials. This band bending induces an internal 

electric field across the junction, which plays a crucial role in promoting efficient charge 

carrier separation and suppressing the recombination of photogenerated electron-hole 

pairs. As a result, carriers generated in proximity to the junction are swiftly driven apart, 

thereby enhancing overall photocatalytic performance [82, 84]. The nature of band 

bending at a heterojunction interface can be significantly influenced by various 

interfacial properties, such as the presence of surface dipoles or defect states that act as 

charge traps. Additionally, factors like particle size, particular arrangement, and 

morphology play vital roles in modulating band alignment and the extent of band 

bending [80]. A study by Zhao et al. reported a reduction in charge recombination 

through the formation of a heterojunction between the {110} and {001} facets of BiOCl 

nanoplates [85]. The facet ratio was found to be crucial in determining photocatalytic 

activity. Similarly, by anchoring AgBr-Ag nanoparticles onto the exposed {010} facets 

of BiVO4 microplates, a facet heterojunction was constructed, which exhibited enhanced 

photocatalytic bacterial inactivation [86]. These findings demonstrate how engineered 

band alignment at specific crystal facets can optimize charge separation and surface 

reactivity.  

Based on the possible energy band alignments and resulting band bending at the 

interface, heterojunctions are generally classified into three types: Type I (straddling 

gap), Type II (staggered gap), and Type III (broken gap), as illustrated in Figure 1.10.  
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Figure 1.10. Classification of different types of heterojunctions.  

A Type I heterojunction is formed when the CB and VB edges of the narrower 

bandgap semiconductor lie entirely within the corresponding CB and VB levels of the 

wider bandgap semiconductor [81]. This configuration facilitates the spatial 

confinement of both electrons and holes within the low bandgap material. Consequently, 

if the CB and VB of the low bandgap semiconductor do not align with the redox 

potentials required for the generation of reactive oxygen species (ROS) from water and 

oxygen, the photocatalyst will exhibit poor photocatalytic efficiency. A Type II 

heterojunction offers a more favorable architecture for photocatalysis, in which the CB 

and VB of one semiconductor lie at higher energies than those of the other, respectively 

[81]. In this configuration, electrons excited in the semiconductor with the higher CB 

position migrate to the semiconductor with the lower CB position, while holes generated 

in the semiconductor with the lower VB position transfer to the one with the higher VB 

position. As a result, effective charge separation is achieved, with electrons and holes 

moving in opposite directions. The efficiency of Type II heterojunctions is well-

documented in the literature, with numerous studies reporting high photocatalytic 
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activity [87-90]. A Type III heterojunction is characterized by a discontinuous band 

structure in which the CB of one semiconductor lies below the VB position of the other. 

This unique alignment results in an overlap between the CB and VB edges across the 

interface, enabling direct band-to-band tunnelling (BTBT) of charge carriers [91]. In 

such systems, electrons can tunnel from the VB of one semiconductor directly into the 

CB of the adjacent semiconductor. However, Type-III heterojunctions do not support 

effective electron-hole migration and separation, limiting their applicability for 

enhancing charge carrier separation [92]. It is thus evident that the Type II 

heterojunction is the most effective traditional heterojunction for enhancing 

photocatalytic activity, owing to its favorable structure that facilitates spatial separation 

of electron-hole pairs. Showing even greater efficiency, sub-types of Type II 

heterojunctions,  known as Z-scheme and S-scheme, have also been reported [81].  

In a Z-scheme photocatalyst, electrons transfer from the CB of one semiconductor 

to the VB of another via an electron mediator, resulting in a larger potential difference 

between the reduction and oxidation sites compared to conventional heterojunctions. 

This expanded energy gap makes Z-scheme photocatalysts highly effective for redox 

reactions, including water splitting. Building on this concept, direct Z-scheme systems 

have been developed, in which electrons from the lower-lying CB of one semiconductor 

directly recombine with holes from the higher-lying VB of another without the need for 

external mediators such as redox couples or conductive bridges [80]. This direct charge 

recombination mechanism not only preserves strong redox potentials but also simplifies 

photocatalyst design, improving both efficiency and stability. To highlight its distinct 

characteristics and its ability to overcome the inherent limitations of traditional Z-

scheme photocatalysts, Xu et al. redefined this class of systems as the S-scheme [79]. 

Clearly, heterojunction photocatalysts- particularly Z-scheme and S-scheme designs- 

represent superior architectures among Type II heterojunctions. The efficacy of 

heterojunctions can be further improved by optimizing several factors, including surface 

modifications which ensures the intimate contact between components (necessary for 

effective charge separation and the formation of an inbuilt electric field at the interface), 

the type of semiconductivity (n-type or p-type), as well as suitable work functions and 

Fermi levels [81, 82, 84]. Morphological variations, such as the difference between 

nanocrystals and nanowires of the same material, also influence photocatalytic activity 
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by affecting crystal facet-dependent reactivity or structural sensitivity [80]. Facets with 

higher surface energy, although thermodynamically less stable, can be obtained through 

precise optimization of synthesis conditions [93]. Overall, heterojunction photocatalysts 

hold great promise and can be further advanced through precise surface engineering, 

doping or modification with co-catalysts. A notable strategy involves the incorporation 

of noble metals, which can induce localized surface plasmon resonance (LSPR), a 

unique phenomenon that markedly enhances photoactivity. 

1.3.3. Local surface plasmon resonance and plasmonic photocatalysts 

Plasmonic photocatalysts are semiconductor materials integrated with plasmonic metals, 

which demonstrate enhanced photocatalytic activity through the utilization of surface 

plasmon resonance effects. Nanoparticles of noble metals such as Au, Ag, Cu, Pd, 

commonly referred to as plasmonic metals, support local surface plasmon resonance 

(LSPR), a light-induced phenomenon in which the free electrons of the nanoparticles 

respond to the time-varying electric field of incident light by undergoing collective 

oscillations within the localized region of the nanoparticle [94]. Resonance occurs when 

the wavelength of the incident light satisfies the conditions determined by the size, 

shape, surrounding medium, and electronic properties of metal particles [95]. LSPR is 

observed when the dimension of the plasmonic metal particle is smaller than the 

wavelength of the incident light and the electron mean free path in the material (Figure 

1.11) [94]. Upon light irradiation, LSPR contributes to the photoactivity of plasmonic 

photocatalysts, which generally consist of at least two components: the plasmonic metal 

and a host semiconductor. To understand this concept, a uniform spherical particle can 

be considered as a representation of plasmonic metal nanoparticle under plane-wave 

light illumination as illustrated in Figure 1.12.  Let the diameter of this sphere be R, 

characterized by a complex dielectric constant ε(ω), where ω is a complex function of 

angular frequency. Moreover, the sphere is assumed to be embedded in a non-magnetic, 

homogeneous, non-absorbing, and infinitely extended medium characterized by a 

dielectric constant 𝜀௠. Under these circumstances, the electric field of the incident light 

is expressed as 𝐸ሬ⃗ = 𝐸଴𝑒ି௝ఠ 𝑥ො, where E0 is the amplitude, 𝑥ො is the unit vector in the 𝑥 

direction and 𝑡 is the time [96]. When the radiation strikes the sphere, the electric field 

𝐸ሬ⃗  drives the free electrons within it to move in accordance with field’s strength and 

direction. This motion is set into collective oscillation upon continuous irradiation 
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because the incident electric field changes its magnitude and direction with time. During 

oscillation, there exists a moment when the electrons are displaced toward one side of 

the sphere rendering that region negatively charged, while the diametrically opposite 

side becomes relatively positive. Consequently, an oscillating dipole resonates with the 

phase of the electric field, provided the sphere size permits the collective oscillation of 

electrons at a particular angular frequency (ω). The electric field due to this oscillating 

dipole coincides with the incident 𝐸ሬ⃗  outside the sphere, and a highly intense, localized 

net electric field (near-field) is produced in the vicinity of the sphere due to the 

superposition of these fields, given by [96] 

𝐸ሬ⃗ ௢௨௧ =  𝐸ሬ⃗ +  
ଵ

ସగఌబఌ೘

ଵ

௥య
[3𝑛ො(𝑛ො. 𝑝) − 𝑝]    (1.13) 

Here, 𝑟  =  𝑟 𝑛ෝ denotes the vector extending from the center of the sphere to the point 

where the field is being calculated. The term 𝐸ሬ⃗  corresponds to the electric field due to 

the incident electromagnetic wave, while the second term represents the radiation  

emitted by the point dipole 𝑝. The 1/𝑟ଷ dependence of the dipole contribution highlights 

that the field intensity diminishes rapidly as the distance from the centre of the sphere 

increases.  

 

Figure 1.11. Local surface plasmon resonance on a spherical nanoparticle. 
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Figure 1.12. Illustration of a plane-wave light incident on a uniform spherical 

nanoparticle with diameter (R)  and a complex frequency-dependent dielectric constant 

ε(ω). The external electric field Eሬሬ⃗  exerts a force on the free electrons within the 

nanosphere, resulting in the formation of an induced electric dipole. 

The occurrence of LSPR in plasmonic photocatalyst enhances photocatalytic 

performance through various mechanisms, as elaborated in the subsequent discussion. 

(i) Direct electron transfer (DET) 

Plasmonic photocatalysts benefit from LSPR-driven phenomena, which arise 

when plasmonic metal nanostructures are in close contact with their host semiconductor 

counterparts [97]. A Schottky junction can form between plasmonic metal and 

semiconductor- for example, between Ag and TiO2, when the work function of metal 

(Ag) nanoparticle is higher than that of semiconductor (TiO2) nanoparticle. When LSPR 

is excited by the incident radiation on the plasmonic metal, whose surface may be 

exposed partially or entirely or covered but still accessible to radiation, the collective 

oscillation of conduction electrons of metal gives rise to plasmons [98]. The energy of 

these plasmons can then be transferred to electrons, enabling them to cross the metal-

semiconductor Schottky barrier, and be injected into the conduction band of the host 

semiconductor [98]. These electrons are also known as hot electrons as they are highly 

energetic particles born out of surface plasmon decay (illustrated in Figure 1.13).  
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Figure 1.13. Schematic illustration of a semiconductor-metal Schottky junction with 

parabolic DOS. Light-induced hot electrons with energies exceeding the Schottky 

barrier are injected from the plasmonic metal into the conduction band of the 

semiconductor. 

The hot electrons contribute to the population of available useful electrons of the 

photocatalyst, which participate in various redox reactions as described in equations 

(1.2 to 1.5), thereby boosting photocatalytic efficiency and performance [23]. The 

resonance wavelength of LSPR in plasmonic metal nanoparticles can be precisely tuned, 

irrespective of the semiconductor’s response to incident radiation, by strategically 

optimizing parameters such as the size, and shape of the metal nanostructures. The 

photocatalytic role of the semiconductor counterpart is still retained though, including 

providing suitable band edge positions for redox reactions essential for efficient 

photocatalysis, facilitating charge separation via the Schottky barrier, offering a 

dielectric environment, contributing stability, laying out active sites, and providing a 

larger surface area for dye adsorption [96, 98]. 
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(ii) Plasmon induced resonant energy transfer 

Plasmonic photocatalysts are not solely dependent on the DET mechanism for 

enhanced performance. Even in the absence of close contact between the plasmonic 

metal and the semiconductor, they can harness an alternative LSPR-mediated 

mechanism known as plasmon-induced resonant energy transfer (PIRET) [97]. In this 

mechanism, electrons in the valence band of the semiconductor are promoted to the 

conduction band through near-field electromagnetic interaction. This interaction arises 

between the oscillating dipole of the LSPR active metal and the inter-band transition 

dipole of the semiconductor (displayed in Figure 1.14). Valence electrons in the 

semiconductor that lack insufficient energy to jump to the conduction band, even under 

light irradiation, can acquire the necessary excitation energy through PIRET. PIRET 

therefore enables their promotion to the conduction band, allowing them to actively 

participate in redox reactions and thereby enhance photocatalytic efficiency. In essence, 

LSPR dipole relaxation induces the generation of electron-hole pairs within the 

semiconductor [99]. PIRET-driven enhancement in the activity of the plasmonic 

photocatalyst is governed by two critical factors: the spatial separation between the 

plasmonic metal and the semiconductor, and the spectral overlap between the LSPR 

absorption band and the band edge of the semiconductor [99]. PIRET has been observed 

to occur for photocatalytic systems such as TiO2-Au bilayer [100], Ag@SiO2@CdS–Au 

[101], Ag@Cu2O core-shell nanoparticles [99], and Au@SiO2@Cu2O nanoparticles 

[97], where there is an overlapping of SPR bands of the noble metal and the absorption 

band of the corresponding semiconductor counterpart. However, the efficiency of 

PIRET decreases as the separation distance between the metal and semiconductor 

increases, as observed in the core-shell structure of Ag@SiO2@CdS. In this system, 

increasing the distance between the Ag NP core and the CdS shell resulted in a 

significant reduction in PIRET efficiency. 

(iii) Local electromagnetic field enhancement 

The near field, characterized by a spatially non-uniform local electric field, 

exhibits exponential decay with increasing distance from the plasmonic surface, 

typically spanning only a few nanometers. A semiconductor positioned sufficiently 

close to the plasmonic metal can interact with this near field, facilitating the excitation 

of electron-hole pairs even in the absence of plasmon-induced resonance energy transfer 
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(PIRET) [102]. Consequently, the electron-hole pair generation rate in the 

semiconductor increases significantly, often by several orders of magnitude [103]. 

When two plasmonic metals are brought into close proximity, separated by just a few 

nanometers, their interaction induces coupling effects that create highly localized 

regions known as ‘hot spots’ within the narrow gap [101, 104]. These hot spots exhibit 

an extraordinary enhancement of the electromagnetic field, with electric field intensities 

reaching up to 1000 times that of the incident field [95]. Plasmonic photocatalysts, 

when carefully designed, can harness this localized electromagnetic field enhancement 

(LEMF) effect to dramatically boost electron-hole pair generation, thereby substantially 

enhancing overall photocatalytic activity (Figure 1.14). 

 

Figure 1.14. Mechanisms of charge separation in various photocatalytic nanostructures.  

The aforementioned three effects arising due to LSPR significantly improve the 

performance of plasmonic photocatalysts compared to their non-plasmonic counterparts. 

However, to maximize the efficiency of plasmonic photocatalysis, it is crucial to 

optimize the photocatalyst’s design by carefully addressing the factors influencing 

LSPR. The size of the plasmonic metal nanostructure as well as its shape greatly dictates 

the LSPR features. This dependency of LSPR on size and shape should be properly 

utilized to significantly improve the light-harnessing capability of the photocatalyst. The 

size dependence of LSPR is reflected upon the extinction spectra of plasmonic metal 

nanoparticles and on the intensity of the near-field. For nanoparticles with radii smaller 

than ~30 nm, absorption dominates over scattering due to their size being significantly 

smaller than the incident wavelength [105]. Scattering is only prominent as the particle 

size increases to be comparable to or larger than the wavelength [106]. In contrast to 

absorption and scattering cross-sections, surface plasmon-enhanced localized field 

intensity increases with decreasing nanoparticle size as observed in various studies 
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[107]. At a resonance wavelength of 410 nm, the electric field (E-field) enhancement for 

spherical Ag nanoparticles smaller than 20 nm was reported to be less than 200 times, 

while increasing the radius to 90 nm reduced the E-field enhancement to 25 times, 

caused by the increased radiative damping of LSPR [108]. In terms of resonant 

wavelength, larger particles exhibit red-shifted absorption spectra due to electrodynamic 

phase retardation, while smaller nanoparticles (< 5 nm) experience electron spill-out, 

reducing their plasmon energy, to cause red-shifted spectra again. For very small 

nanoparticles (< 3 nm), quantum confinement causes a blue shift, as the increased 

energy level separation requires higher energy for plasmon excitation. This trend was 

studied by Xiang et al. in which they used time-dependent orbital-free density functional 

theory (TD-OFDFT) to obtain the optical absorption trend for Na particles [109]. As the 

particle size increases, it is possible to separate the associated charges by less energetic 

incident radiation, allowing the collective oscillation of electrons to take place at lower 

frequency, causing a red-shift of the resonance peak. This behavior has been observed in 

Ag nanospheres and nanocubes. For the nanospheres, the dipolar resonance peak red-

shifted from 400 to 450 nm as their diameter increased, while similar size-dependent 

shifts were observed in nanocubes with increasing edge length [110, 111]. For other 

shapes such as ellipsoids, nanorods, and cylindrical disks, the same behaviour was 

observed as their aspect ratio increased. Another size-dependent behaviour of LSPR is  

its influence on the number of plasmon modes that can be excited within a single 

nanoparticle. By varying the nanoparticle size relative to the incident wavelength, 

different plasmon modes can be activated [112, 113]. When the particle size is 

significantly smaller than the wavelength of the incident light, the dipole plasmon mode 

dominates. As the particle size approaches the wavelength, higher-order modes such as 

quadrupole and octupole emerge. These modes resonate with varying phases depending 

on the particle’s internal spatial position, resulting from the spatial variation of 

electromagnetic field across the nanostructure [113]. The presence of multiple modes 

can broaden the extinction spectrum [112]. Moreover, for nanoparticles smaller than the 

electron mean free path, electromagnetic surface scattering can further broaden the 

plasmon resonance. As with shape, a single plasmonic metal element can display 

varying extinction spectra depending on its morphological features. Studies have shown 

that lowering symmetry in nanoparticles increases the number of resonances. For 
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example, nanobars and nanorods, with their limited symmetry, exhibit multiple 

resonances as polarization occurs along two distinct axes: the longer and shorter axes of 

nanobar. This produces two distinct peaks in the extinction spectrum, indicative of two 

distinct resonant wavelengths [114, 115]. The shorter wavelength peak corresponds to 

the transverse resonance, indicating that higher energy is required for polarization along 

this axis [116]. In contrast, a spherical nanoparticle requires the same energy for 

resonance regardless of the polarization direction, resulting in a single peak in the 

absorbance spectrum at a specific wavelength [117]. Shape also influences the intensity 

of the plasmonic resonance peak. Symmetries that allow greater charge separation 

facilitates stronger dipole formation and higher peak intensities compared to shapes 

lacking such features [118]. Additionally, nanostructures with sharp corners exhibit a 

notable shift in the plasmonic resonance peak towards longer wavelengths relative to 

rounded nanostructures of similar size [118, 119]. This is due to the fact that sharp 

corners facilitate effective charge separation, leading to a reduction in the restoring force 

required for the oscillation of the charges. This distinctive phenomenon has been 

reported in various structures, including truncated Ag triangular nanoplates, truncated 

cubes, and truncated octahedra [118, 120].  

Besides tuning the plasmonic resonance wavelength of metal nanostructures, it is 

equally important to ensure compatibility between the plasmonic metal and the 

semiconductor counterpart. This not only affects the LSPR absorption features due to 

the dielectric environment but also determines photocatalytic efficiency. The energy 

harnessed by plasmons is transferred to available electrons based on the density of states 

(DOS) distribution within the conduction band of the nanostructure [98]. By optimizing 

the DOS distribution in the plasmonic material and appropriately adjusting the Schottky 

barrier, electronic states near the Fermi energy can be selectively excited [121]. Using 

compatible semiconductors such as TiO2, known for its excellent electron-accepting 

properties owing to its high DOS in the conduction band, supports rapid electron 

injection from the plasmonic counterpart [98]. Another crucial parameter for efficient 

plasmonic photocatalysis is the optimal loading of plasmonic nanoparticles, as their 

concentration directly influences light absorption, charge transfer dynamics, and overall 

catalytic performance. For instance, the Au-NiOx nanocomposite demonstrated the 

highest photocatalytic efficiency at 11 wt.% Au across various film thicknesses [23]. 
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Similarly, an optimal hydrogen production rate of 130 mmol·g⁻¹·h⁻¹ was achieved by 

incorporating 0.9 mL of Au satellite solution into the Ag@SiO2@CdS nanocomposite 

[101]. In Ag/Bi2WO6 composites, increasing Ag content beyond 1.0 wt.% reduced 

photocatalytic performance, attributed to the excess Ag or Au nanoparticles acting as 

recombination centers that facilitated electron-hole pair recombination [122]. Another 

study revealed that mesoporous TiO2 with 5 wt.% Ag loading showed the best 

photocatalytic activity for degrading methylene blue and phenol under simulated 

sunlight [123].  

Therefore, to explore highly efficient and advanced photocatalytic systems, the 

subsequent section delves into the strategic selection of suitable materials essential for 

the rational design and fabrication of high-performance plasmonic photocatalysts. 

1.4. Potential materials for photocatalysis 

1.4.1 Plasmonic materials 

Among the noble metals, Ag (silver) and Au (gold) are the most commonly used 

plasmonic materials for studies associated with plasmonics. Au is known for its 

biocompatibility and for exhibiting versatile nanostructures. It exhibits interband 

transitions below 500 nm, making it well-suited for LSPR in the visible range above 500 

nm [94]. In contrast, Ag is significantly more cost-effective than Au and exhibits the 

highest quality factor among all known noble metals, including Cu, Al, Pt, Li, and Pd, 

due to its exceptionally strong plasmon resonance with minimal damping [94]. 

Additionally, silver exhibits strong plasmonic resonance across the entire visible 

spectrum, making it highly suitable for visible-light-driven photocatalysis [124]. 

Similarly, lithium (Li) also demonstrates a broad plasmonic response in the visible range 

with commendable plasmonic strength, however, its high chemical reactivity 

significantly limits its practical application in plasmonics. Studies report that Ag can 

form a wide range of nanostructures with diverse sizes and morphologies. Numerous 

synthesis strategies, including facile chemical methods with high yield, have been 

developed to fabricate these Ag nanostructures efficiently [94, 118, 125]. Silver is 

comparatively less reactive than metals like lithium (Li) and less toxic than palladium 

(Pd). Moreover, both Pd and platinum (Pt) exhibit very low quality factors, making 

them unsuitable for plasmonic applications [94]. Copper (Cu) could be a promising 

alternative due to its cost-effectiveness and optical properties; however, its limited range 
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of reported nanostructures and high susceptibility to oxidation hinder practical use. 

Additionally, its interband transitions occur below 600 nm. Aluminum (Al), while 

demonstrating strong plasmonic activity, is primarily effective in the UV region and 

offers limited tunability in terms of nanostructure design [94, 124]. In terms of cost, the 

plasmonic metals Pt, Au, and Pd are relatively more expensive than Ag, Cu and Al [94]. 

1.4.2. Semiconductor materials  

The selection and optimization of suitable semiconductors are pivotal for advancing 

photocatalytic technologies, as their intrinsic properties directly govern charge carrier 

generation and participations in the chemical reactions. Focused investigation in this 

area is essential to develop next-generation photocatalysts capable of addressing 

pressing environmental and energy challenges. The suitability and performance of 

semiconductor photocatalysts are evaluated based on numerous factors such as bandgap 

energy, charge carrier dynamics, stability, surface activity, and ease of synthesis. 

Semiconductor photocatalysts are broadly classified into two categories based on their 

bandgap: wide bandgap and narrow bandgap materials. While narrow bandgap 

semiconductors are active under visible light, many suffer from suboptimal band edge 

alignment for effective photocatalysis, high band-to-band electron-hole recombination 

rate, and may exhibit poor photoactivity after subsequent uses [96, 126]. Wide bandgap 

semiconductor photocatalysts, such as TiO2 and ZnO are pioneering materials in 

photocatalysis research. They are UV active and regarded as benchmark photocatalysts 

due to their stability and suitable band edge positions, which provide strong redox 

potentials [80, 81, 127]. TiO2 is widely recognized for its non-toxic nature, excellent 

photostability, and strong resistance to chemical corrosion. It can also be synthesized 

relatively easily using well-established methods such as sol-gel, hydrothermal, and 

chemical vapor deposition techniques [128]. Likewise, zinc oxide (ZnO) offers high 

electron mobility and cost-effective synthesis, with a bandgap comparable to that of 

TiO2 [128]. However, despite its ease of fabrication, ZnO faces notable limitations, 

including susceptibility to photocorrosion and poor activity under visible light 

irradiation [11]. In terms of structural tunability, TiO2 exhibits three natural polymorphs 

(anatase, rutile, and brookite), each with distinct properties and stabilities that influence 

its photocatalytic behaviour [129]. This phase diversity provides greater flexibility in 

tailoring TiO2 for specific applications compared to ZnO, which predominantly 
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crystallizes in the wurtzite phase and lacks similar phase versatility under ambient 

conditions [130]. Nickel oxide (NiO) is another promising metal oxide photocatalyst, 

valued for its excellent chemical stability and strong redox potential, which arises from 

the wide separation gap between its valence and conduction bands [131]. NiO 

nanostructures can be synthesized through various methods, including sol-gel, 

precipitation, solvothermal techniques, and thermal decomposition. Among these, 

thermal decomposition of nickel precursors, particularly nickel hydroxide (Ni(OH)2), is 

the most commonly reported and widely adopted approach [131]. SnO2 is an n-type 

semiconductor photocatalyst with a wide bandgap ranging from 3.6 to 4.0 eV, offering 

excellent chemical and thermal stability [132]. Similarly, CeO2 exhibits considerable 

potential as a photocatalyst, featuring a bandgap of ~3.2 eV and notable redox properties 

[133]. These wide bandgap metal oxides can be effectively tailored for visible-light-

driven photocatalytic applications by strategically modifying their optoelectronic 

properties and morpho-structural features. 

 

Figure 1.15. Band edge positions of some relevant semiconductor photocatalysts. 

A wide range of other metal oxides with a relatively narrow bandgap such as 

WO3, CuO, Cu2O, BiVO4, In2O3, SnO2, and Ag2CrO4 also exhibit notable 

photocatalytic activity. One of the key parameters governing their effectiveness is the 

position of their conduction and valence band edges, which must align appropriately to 

facilitate the redox reactions for photocatalysis. These band edge positions are 

illustrated in Figure 1.15. However, most metal oxides suffer from limited stability and 
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are therefore often employed in heterojunctions or in combination with more robust 

semiconductors such as TiO2 and ZnO to enhance structural and photocatalytic 

durability. Additionally, many of them require further investigation to optimize key 

parameters, including photocatalytic efficiency, reusability, and charge carrier 

dynamics. [80, 92, 134, 135]. Tungsten oxide (WO3) is well-regarded for its remarkable 

stability in acidic environments and strong photooxidation capabilities. With a bandgap 

of approximately ~2.7 eV, it is responsive to visible light, enhancing its suitability for 

solar-driven applications. Moreover, WO3 is relatively easy to synthesize using methods 

such as hydrothermal treatment, calcination, and precipitation techniques [126]. 

However, its photocatalytic efficiency is limited by the fast recombination of 

photogenerated charge carriers and poor hydrogen evolution activity, often requiring the 

addition of co-catalysts or coupling with other materials to enhance performance. 

Similarly, cupric oxide (CuO) and cuprous oxide (Cu2O) are low-cost, earth-abundant, 

and non-toxic semiconductors that offer good chemical stability and versatility in 

nanostructure synthesis. Both exhibit p-type semiconductivity, with relatively narrow 

bandgaps of 1.2 eV for CuO and 2.0 eV for Cu2O, making them promising for visible-

light-driven photocatalysis [136]. Indium oxide (In2O3), on the other hand, is an n-type 

semiconductor oxide characterized by a direct optical bandgap ranging from 2.8 to 3.5 

eV. Various synthesis methods, including solvothermal processes, template-assisted 

synthesis, hot injection techniques, laser ablation, and chemical vapor deposition, have 

been explored for producing In2O3 nanostructures. The study of In2O3-based 

nanostructured photocatalysts has gained significant attention due to their strong optical 

absorption in the UV-Vis spectrum, excellent stability in aqueous environments, 

adjustable physicochemical properties, and low toxicity [137]. Bismuth vanadate 

(BiVO4) is also well explored attractive photocatalyst known for its visible light 

response owing to its bandgap value of 2.4 eV, non-toxicity, high stability, suitable 

valence band position, good dispersibility and corrosion resistance [138]. Hematite (α-

Fe2O3) is a well-known photocatalyst for water splitting and methane production, with a 

narrow bandgap (2-2.3 eV) enabling absorption of ~40% of sunlight. Despite its high 

pH stability, it typically requires an external bias to effectively drive hydrogen evolution 

[95]. Notably, a group of Ag-based salts, such as Ag3PO4, Ag2CO3, AgVO3, and 

AgGaO2, has garnered significant attention for their capabilities in water splitting and 
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the degradation of organic pollutants in both air and aqueous solutions. Belonging to 

this group, Ag2CrO4 is a promising photocatalyst with a relatively narrow bandgap of 

approximately 1.75 eV, allowing it to strongly absorb visible light [139]. Recent studies 

have also focused on evaluating non-metal oxide photocatalysts such as g-C3N4 and 

CdS, owing to their strong visible light absorption and high photocatalytic efficiency. 

However, in terms of stability, these materials lag behind metal oxide photocatalysts. 

For instance, materials like CdS and ZnS are prone to degradation under photocatalytic 

conditions [80]. In addition, certain non-metal oxides, particularly Cd-based 

compounds, pose environmental hazards [140]. While materilas such as g-C3N4 and 

MoS2 demonstrate excellent visible light absorption and hold promise for specific 

applications, metal oxides continue to dominate due to their superior stability, facile 

synthesis, environmental benignity, and cost-effectiveness [140]. The cost-effective 

metal oxide semiconductors are commonly based on elements from the 3d transition 

metal series such as Ti, Fe, Co, Ni, Cu, and Zn [141, 142]. These elements are earth-

abundant, inexpensive, and widely available, making them attractive alternatives to 

noble metals or rare-earth elements [80]. Furthermore, their synthesis can typically be 

achieved through simple and scalable techniques such as sol–gel, hydrothermal, 

solvothermal, co-precipitation, and solid-state reactions, which are relatively low-cost 

and energy-efficient. These advantages make metal oxides more suitable for scalable 

and long-term photocatalytic applications, particularly for the treatment of industrial 

effluents.  

Although the photocatalysts discussed above exhibit several promising properties, 

they often lack versatility and tunability, and typically require further modification.  

Unlike TiO2, which has been extensively studied and optimized, many of these 

materials offer limited scope for improvement, particularly through bandgap 

engineering. As a result, they are frequently combined with TiO2, ZnO, or other stable 

metal-oxides in heterojunction systems, or sensitized with noble metals, to enhance their 

photocatalytic performance and advance the development of next-generation 

photocatalysts [92].  
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1.5. Objectives and summary of thesis 

Thus, in accordance with the aforementioned hierarchy in photocatalyst 

development, and with the aim of enhancing their efficiency, this thesis meticulously 

delineates and rigorously executes the following objectives. 

(i) To prepare efficient solar light active heterojunction photocatalyst by 

plasmonic nanoparticle sensitization. 

(ii) Fabrication of multi-junction photocatalytic system for enhancing its 

performance. 

(iii) Development of viable photocatalyst through bandgap engineering and 

surface modification. 

(iv) Study of the effect of size and shape of plasmonic nanostructures on the 

photocatalytic activity of a host material. 

(v) Optimization of the various parameters of the host semiconductor and co-

catalysts to obtain maximum efficiency.   

The primary motivation behind undertaking these objectives stems from the 

urgent need to address the limitations of existing photocatalytic materials and to 

develop innovative solutions for escalating environmental challenges, particularly water 

pollution. To execute this, the thesis comprises seven chapters that systematically and 

comprehensively address the aforementioned objectives. Chapter 2 presents a 

comprehensive account of the experimental procedures, including the synthesis 

methodologies employed to achieve the research objectives, mathematical formulations 

used for calculating key parameters, relevant chemical reaction equations, and detailed 

characterization techniques along with the analytical evaluation methods of the 

synthesized photocatalysts. Chapter 3 details the experimental efforts directed toward 

designing a multi-junction photocatalyst with tailored bandgaps. The rationale behind 

this approach stems from the superior charge separation efficiency observed in 

heterojunction systems over single component semiconductors, as well as the bandgap 

narrowing effect introduced by doping. Chapter 4 extends the work of the preceding 

chapter by incorporating plasmonic silver (Ag) into the multi-junction framework. This 

modification was aimed at leveraging plasmonic effects to further enhance 

photocatalytic performance. The chapter reports the successful fabrication of a hybrid 

system combining heterojunction and plasmonic components. Detailed analyses of the 
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optical, structural, morphological, and chemical characteristics are discussed. Chapter 

5 focuses on the development of another plasmon-enhanced heterojunction 

photocatalyst. This system was specifically designed to explore the benefits of various 

plasmon-induced energy transfer mechanisms on photocatalytic activity. Chapter 6 

investigates the role of plasmonic nanoparticles morphology in photocatalysis in titania-

based systems, each integrated with differently shaped nanoparticles of the same metal. 

This chapter examines how particle shape influences performance, along with the 

systematic optimization of crucial parameters related to both the semiconductor matrix 

and the co-catalyst. The outcomes provide insights into the interplay between 

nanoparticle geometry and photocatalytic efficiency. Chapter 7, the concluding 

chapter, encapsulates the successful completion of the research objectives outlined at 

the outset of the thesis. It highlights the key findings from each experimental chapter 

and discusses their broader implications, particularly in the context of energy and 

environmental applications. The chapter also outlines potential directions for future 

work, emphasizing the significance of the current study. 
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