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1. Introduction 

1.1. Photoredox reaction 

Visible-light photoredox catalysis, a fast-growing field, uses light-absorbing catalysts to 

generate reactive intermediates via electron transfer, enabling diverse organic transformations 

under mild conditions.1-16 This approach enhances existing reactions and unlocks new 

chemical reactivity while reducing environmental impact. 

Photoredox catalysis in organic synthesis began over 4 decades ago, with early work by 

Kellogg (1978) showing that [Ru(bpy)3]
2+ accelerates sulfonium ion reduction via 

photomediated pathways.17,18 Follow-up studies by Fukuzumi, Tanaka, and Pac expanded its 

use to reduce various substrates like olefins, ketones, and halides.19-24 Deronzier later applied 

[Ru(bpy)3]
2+ in a photochemical Pschorr reaction (1984), marking a milestone in synthetic 

applications.25-27 Despite advancements, most reactions still rely on a limited set of 

photocatalysts. Landmark contributions include Okada’s use of N-(acyloxy)phthalimides for 

alkyl radical generation and Yoon’s [2+2] enone cycloaddition (2008).28-30 However, the field 

gained widespread attention when MacMillan’s group combined photoredox catalysis with 

organocatalysis for asymmetric aldehyde alkylation, marking a turning point in visible-light-

driven synthesis.31 

Similarly, organic dyes such as Eosin Y, 9,10-dicyanoanthracene, triphenylpyrylium, 

acridinium dyes, Rose Bengal, phenoxazines, and Rhodamine G have also proven to be 

effective photoredox catalysts, facilitating a wide range of bond-forming reactions in organic 

synthesis.32-35 However, both transition metal-based and organic dye-based photoredox 

catalysts face several limitations, including difficulties in catalyst recovery and reuse, metal 

toxicity and high costs, susceptibility to photobleaching and degradation, short excited-state 
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lifetimes, sensitivity to reaction conditions, narrow light absorption ranges, challenges in 

scaling up processes, and the generation of chemical waste.36-38 

In recent years, inorganic semiconductors (TiO2, ZnO, MoS2, WO3, CdS, BiVO4, etc.) 

have gained significant attention for solar energy applications, including energy conversion 

and organic transformations like molecular oxygen activation, hydrogen production, and CO2 

reduction to hydrocarbons.39-42 However, their practical application is limited by several 

drawbacks, including a wide bandgap that restricts light absorption primarily to the ultraviolet 

(UV) region, poor utilization of visible light, rapid charge recombination, low redox potential, 

photocorrosion under prolonged irradiation, catalytic instability, low surface area, and reduced 

quantum yield, all of which hinder long-term catalytic performance and overall efficiency.43-

44 As a result, researchers have developed various techniques to create stable and ideal 

semiconductor photocatalysts that meet all the conditions mentioned above. 

Recently, halide perovskites have emerged as promising photocatalysts due to their 

tunable band gaps and favourable conduction and valence band positions (CBM and VBM).45-

48 They offer several key advantages, including strong visible-light absorption, high 

photoluminescence quantum yield (PLQY), excellent charge carrier mobility, low charge 

recombination, and a large extinction coefficient, making them highly suitable for photoredox 

reactions and energy conversion.49-50 The tunable bandgap allows precise adjustment of optical 

properties to optimize photocatalytic performance. Additionally, the soft lattice structure of 

CsPbBr3 QDs facilitates integration with other semiconductor materials (TiO2, ZnO, MoS2, 

WO3, CdS, BiVO4, etc.) to form heterojunctions, improving charge separation and broadening 

light absorption.51 These attributes have positioned metal halide perovskites as a highly 

versatile material for applications in pollutant degradation, water splitting, CO2 reduction, and 
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organic transformations.52 

1.2. Photocatalysis with semiconductor 

Semiconductor-based photocatalysts have a valence band (VB) composed of the highest 

occupied molecular orbitals and a conduction band (CB) composed of the lowest unoccupied 

molecular orbitals.53 The energy difference between the VB and CB is known as the bandgap 

energy (Eg).
54-55 When the photocatalyst absorbs light with energy equal to or greater than Eg, 

electrons are excited from the VB to the CB, leaving holes in the VB (Figure 1.1). This creates 

an electron-hole pair, initiating the photocatalytic process.56 The return of these excited 

electrons to their ground state without participating in chemical reactions is known as a 

photophysical process.57 Photocatalysis follows four key steps: (i) Light absorption, generating 

electron-hole pairs, (ii) Separation of the excited electrons and holes, (iii) Migration of charge 

carriers to the catalyst surface, (iv) Surface redox reactions, driven by the electrons and holes 

(Figure 1.1).58-60 During the third step, many charge carriers recombine, either in the bulk or  

Figure 1.1. Steps in the photocatalytic reaction process. (i) Light absorption generates electron–hole pairs. (ii) 

Excited charge carriers (electrons and holes) separate. (iii) Electrons and holes migrate to the photocatalyst 

surface. (iii) Competing process: charge recombination. (iv) Surface charges drive redox reactions (A: Electron 

acceptor, D: Electron donor) 
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at the surface of the photocatalyst. This recombination releases energy either as heat 

(nonradiative) or light (radiative), reducing overall efficiency. Only the long-lived charge 

carriers that reach the surface can effectively participate in redox reactions. The nature of these 

reactions depends on the redox potential of the photogenerated charges (VB and CB) and the 

donor or acceptor characteristics of surface-adsorbed species (Figure 1.1).61
 

1.3. Thermodynamic feasibility of photoredox generation of reactive oxygen species 

The efficiency of photocatalysts is primarily governed by the dynamics of charge carriers at 

each stage of the photocatalytic process. For high-performance photocatalysis, materials 

should exhibit strong light absorption, efficient separation of photogenerated electron–hole 

pairs, high charge carrier mobility, minimal recombination losses and suitable bandgap 

(Figure 1.2).62-65. Specifically, the conduction band minimum (CBM) must lie at a more 

negative potential than the target reduction reaction, while the valence band maximum (VBM) 

should be more positive than the oxidation potential (Figure 1.2).69,70 For an ideal 

photocatalyst, the optimal bandgap for driving photocatalytic organic reactions generally lies 

Figure 1.2. Reactive oxygen species (ROS) are produced during the photocatalytic reduction of oxygen 

and water oxidation. Left: redox potentials of various ROS. These species possess suitable oxidative power 

and play a key role in the selective oxidation of organic feedstocks into high-value-added chemicals. 
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between 1.8 and 2.8 eV.71,72 

 In this context, reactive oxygen species (ROS) are central to driving organic 

transformations. Upon light excitation, photogenerated charge carriers may either recombine 

or migrate to the semiconductor surface, where they engage in redox reactions (Figure 1a). 

The electrons act as reducing agents and the holes as oxidizing agents, enabling the activation 

of oxygen or water molecules to yield ROS, including superoxide (O2
•−), singlet oxygen (1O2), 

hydroxyl radicals (•OH), etc. 

1.4. Current strategies to enhance charge transport and suppress charge recombination 

in photoredox reactions 

One major limitation of photocatalysts in a photoredox reaction is the rapid charge carrier 

recombination.73 An ideal photocatalyst should exhibit strong light absorption, efficient charge 

separation and transport, low recombination rates, and long carrier diffusion distances.74 

Among these factors, charge separation and transfer are especially critical for driving 

photocatalytic reactions. Since charge separation and recombination are competing processes 

that occur on the nanosecond timescale, achieving ultrafast charge transfer is crucial.75 

In previous sections, we examined the fundamental mechanisms and challenges related to 

the use of semiconductors in photoredox reaction processes. To overcome these limitations, a 

range of strategies has been developed to enhance charge separation and transfer, while 

simultaneously improving photocatalytic activity and selectivity.76,77 For instance, including 

composition tuning (via doping, bandgap engineering, and morphology control), surface 

modification, cocatalyst integration, and the construction of heterojunction photocatalysts.78,79 

1.4.1. Roles of cocatalysts in photocatalytic reactions 

The cocatalysts in photocatalytic systems boost semiconductor activity and stability by  
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Figure 1.3. (a) Roles of cocatalysts in photocatalytic reactions. (b) Schematic representation of different types of 

cocatalysts involved in photocatalytic reduction and oxidation processes. 

 

suppressing charge recombination, enhancing charge separation via heterojunctions, offering  

active catalytic sites, improving light absorption (e.g., via plasmonic metals or graphene), 

promoting reactant adsorption through high surface area and π–π interactions, and reducing 

photocorrosion to protect unstable materials (Figure 1.3a).80 

1.4.2. Categories of cocatalysts 

Cocatalysts can be classified by the type of charge carriers they trap and their function in 

photocatalytic processes: reduction cocatalysts, which trap photogenerated electrons, and 

oxidation cocatalysts, which trap photogenerated holes (Figure 1.3b). Typically, materials 

such as noble and non-noble metals, certain metal oxides (e.g., CuO, NiO), metal hydroxides, 

metal sulfides, metal phosphides (e.g., Co2P, Ni2P), carbonaceous materials and transition 

metal complex act as reduction cocatalysts, facilitating photocatalytic hydrogen evolution, CO2 

reduction, molecular oxygen activation and help in hydrogen atom transfer process.81 In 

contrast, some transition metal oxides (e.g., MnOx, CoOx, Fe2O2) and phosphides (e.g., Co–Pi) 

are primarily used as oxidation cocatalysts in photocatalytic oxygen evolution and pollutant 
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degradation reactions (Figure 1.3b).82,83 

1.4.3. Construction of heterojunction-based photocatalysts 

The single-component semiconductor photocatalysts often suffer from limited efficiency.84 In 

this respect, Semiconductor-based heterostructure photocatalysts can effectively address the 

aforementioned challenges, including charge recombination, limited charge carrier mobility, 

and insufficient photoredox potentials.85 Semiconductor-based heterostructures show optimal 

optical properties, controllable band gaps, and modulated optoelectronic properties, offering 

applications in light-emitting diodes, solar cells, photocatalytic energy conversion processes, 

and organic transformations.86 The heterojunction formation effectively separates 

photogenerated electrons and holes while combining the benefits of each component. Among 

these, Z-scheme heterojunctions, composed of oxidation and reduction photocatalysts, are the 

most promising because of the advantages like: i) suppression of charge recombination, ii) 

availability of reducing electrons and oxidizing holes, iii) improved light absorption, iv) tuning 

of the lifetime of the charge carriers and v) Accelerate reaction kinetics.87 

1.4.4. Type-I, Type-II, Type-III, Z-Scheme, and S-Scheme heterojunctions 

A heterojunction forms when two semiconductors with different band energy levels are 

brought into contact. Based on their band alignment, heterojunctions are generally classified 

into three types: type I (straddling), type II (staggered), and type III (broken gap). In a typical 

type-I heterojunction, both the CB and VB of one semiconductor lie within the band edges of 

the other (Figure 1.4a). Under light irradiation, charge carriers tend to accumulate in one 

semiconductor, leading to poor electron–hole separation and reduced redox capability due to 

limited redox potential.88 

In contrast, type-II (staggered) heterojunctions enable efficient charge separation, as electrons 

and holes are spatially separated into different semiconductors. This occurs when the CB and 
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Figure 1.4. Energy band configurations of various heterojunction photocatalysts include: (a) Type-I (straddling 

gap), (b) Type-II (staggered gap), (c) Type-III (broken gap), and (d) Z-scheme systems, (e) S-scheme system, (f) 

Illustration of charge separation dynamics in a Z-scheme heterojunction showing: A) the individual 

semiconductor energy levels before physical contact, B) band alignment upon contact in the absence of light, and 

C) charge transfer behavior under light irradiation as the system reaches equilibrium. 

 

VB of one semiconductor are both at higher energy levels than the other (Figure 1.4b), 

facilitating charge migration and enhancing photocatalytic activity.89 

 As a result, this type is generally unsuitable for photocatalysis. Among conventional 

heterojunctions, type-II remains the most favorable for enhancing photocatalytic activity due 
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to its ability to spatially separate charge carriers. Interfacial charge transfer influences band 

bending and alignment, shaping the heterojunction type. Type-II heterojunctions suffer from 

energy loss as high-energy carriers transfer across the interface, limiting photovoltage and 

redox potential, especially for reactions with ΔG > 2 eV.90 

In contrast, Z-scheme heterojunctions enable selective recombination of low-energy 

carriers while preserving high-energy electrons and holes for redox reactions. This design 

supports high-ΔG photocatalysis and enhances spatial charge separation and internal potential 

(Figure 1.4d). An emerging heterojunction design is the S-scheme (Figure 1.4e), which 

resembles a type-II staggered band structure but features a distinct charge-transfer mechanism. 

Unlike type-II systems, S-scheme heterojunctions retain high-energy charge carriers, electrons 

in the CB of the reduction photocatalyst and holes in the VB of the oxidation photocatalyst, 

while low-energy carriers recombine at the interface, generating a strong redox potential.91 

When two semiconductors with different work functions are brought together, electrons 

flow from the one with the lower work function (semiconductor I) to the higher (semiconductor 

II), forming an internal electric field. Fermi level alignment induces band bending, driving 

electrons from semiconductor II and holes from semiconductor I to recombine at the interface 

via Coulombic attraction. As a result, only the high-energy carriers in semiconductor I (CB) 

and semiconductor II (VB) remain active for photocatalytic reactions (Figure 1.4f).92 

1.5. Metal halide perovskite photocatalyst 

Metal halide perovskites (MHPs) were first identified in 1893, but their potential was not fully 

recognized until the late 20th century.93 Interest in these materials began to grow in the 1990s, 

primarily due to their promising optical and electronic characteristics, which made them 

suitable for applications in transistors and light-emitting devices.94 A major breakthrough 
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occurred in 2012 when MHPs were explored as light-absorbing components in dye-sensitized 

solar cells. Researchers soon discovered that, beyond enhancing light absorption, these 

materials also possessed excellent charge transport capabilities. This revelation spurred rapid 

advancements in perovskite-based photovoltaics, leading to single-junction devices achieving 

power conversion efficiencies exceeding 23% within a short timeframe.95 

Interestingly, metal halide perovskites demonstrated dual functionality, not only 

efficiently separating charge carriers to generate electricity but also effectively recombining 

them to emit light. Their low rates of nonradiative recombination and superior color purity 

positioned them as strong candidates for optoelectronic applications such as light-emitting 

diodes (LEDs) and lasers.96 

However, bulk perovskite materials face limitations in terms of photoluminescence 

quantum yield (PLQY). Two primary challenges contribute to this: (i) the presence of mobile 

ionic defects, which form easily and interfere with radiative processes, and (ii) the inherently 

low exciton binding energy, which reduces the likelihood of electron-hole recombination 

through light emission.97 These issues are evident in the inconsistent photoluminescence 

observed across different crystalline grains, with grain boundaries typically showing weak 

emission and increased nonradiative losses. 

To overcome these drawbacks, researchers have shifted focus to perovskite nanocrystals 

(NCs). These nanoscale structures not only improve PLQY but also enable emission tunability 

through quantum confinement effects, offering enhanced performance for next-generation 

optoelectronic devices. 

1.5.1. Application of MHP photocatalyst 

MHPs excel at driving redox reactions under mild conditions with efficient charge separation, 
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enabling effective electron-hole generation and transfer. These properties support a wide range 

of applications, including organic transformations, LEDs, transistors, CO2 reduction, water 

splitting, pollutant degradation, and oxygen activation for ROS generation. In CsPbBr3, 

valence band is mostly Pb 6p orbital and conduction band is characterized by hybridized Br 4p 

and Pb 6s orbitals, ensures strong light absorption and superior optoelectronic performance 

compared to conventional photocatalysts like TiO2 and ZnO.98 

1.6. Structural features of MHP 

MHPs are ionic compounds typically represented by the formula ABX3, where A is a 

monovalent cation, such as methylammonium (MA+: CH3NH3
+), formamidinium (FA+: 

CH(NH2)2
+), or cesium (Cs+); B is a divalent metal cation like Pb2+, Sn2+, or Cu2+; and X is a  

Figure 1.5. Structure, phase transformation, and cation transmutation in double perovskite. 
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halide anion (Cl⁻, Br⁻, I⁻). Within this structure, the B-site cation is octahedrally coordinated  

by six halide ions to form [BX6]
4− units, which are embedded in a lattice stabilized by 

surrounding A-site cations (Figure 1.5). Based on their elemental composition, these materials 

are categorized into organic–inorganic hybrid perovskites and fully inorganic perovskites.99 

To evaluate the geometric and structural stability of these perovskites, Goldschmidt’s 

tolerance factor is commonly used in the formula.  

This factor, calculated using the ionic radii of the A, B, and X ions (denoted as ra, rb, and rx), 

provides insight into the feasibility of forming a stable 3D perovskite lattice.100 A tolerance 

factor (t) between 0.8 and 1.0 generally indicates favorable structural conditions for a stable 

3D perovskite framework and double perovskites (Figure 1.5). If the A-site cation is too large 

and causes t > 1, the material often adopts a lower-dimensional configuration, such as two-

dimensional perovskites (e.g., A2PbI4). Conversely, when t < 0.8, alternative structures like 

oxide perovskites (ABO3) are more likely to form due to geometric instability. 

1.7. Optical properties of MHP quantum dots (QDs) 

Perovskite NCs, first synthesized in 2014, have since seen rapid research growth. Organic 

capping ligands enable nanoscale crystal growth and surface defect passivation, similar to 

traditional NCs. Their size and shape, bulk-like or as nanoplatelets, nanosheets, nanowires, or 

QDs, can be finely tuned, influencing optical emission, charge transport, and photoredox 

properties. Composition and structure can be modified during or after synthesis via ion 

exchange or exfoliation. Recent advances have achieved tunable visible-range emission and 

near-100% quantum yields (QY).101 However, optical property studies lag, with 

photoluminescence quantum yields (PLQY) varying by synthesis, stoichiometry, and surface 

chemistry, factors still not fully understood. 



Chapter 1 

 

Department of Chemistry, IIT (BHU)  13 

 

1.8. MHP QDs for photoredox reactions  

Over recent decades, research on low-dimensional semiconductors has led to quantum dots 

(QDs), nanometer-sized “artificial atoms” with quantum confinement and tunable properties. 

Initially based on group IV and III–V materials, QDs now include II–VI, I–III–VI compounds, 

dichalcogenides, and carbon-based types.102 Their size-dependent bandgap, strong 

photoluminescence, and stability support applications from electronics to imaging. Recently, 

QDs have emerged as efficient photocatalysts due to high light absorption, charge separation, 

and surface tunability, enabling solar water splitting, CO2 reduction, and pollutant degradation. 

Though traditional QDs like CdS, CdSe, and carbon dots aid photoredox reactions, they suffer 

from poor charge dynamics and limited active sites. Halide perovskite QDs (e.g., CsPbBr3) 

now offer improved light absorption and electronic tunability for advanced photocatalysis. 

Semiconductor photocatalysts with tunable band gaps enable control over light response and 

redox reactions. Traditional materials like TiO2, ZnO, CdS, and CdSe dominate the field but 

suffer from complex synthesis, high costs, poor stability, fast charge recombination, and 

limited visible-light use. 

 In this respect, CsPbBr3 QDs have emerged as efficient, versatile photocatalysts with 

unique structural and electronic properties such as tunable band gaps, strong light absorption, 

high charge mobility, thermal stability, and long carrier diffusion, making them ideal for 

visible-light-driven reactions. Recently, various groups explored CsPbBr3 for different types 

of photoredox organic transformations (Figure 1.6).87,90-95,103-111 
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Figure 1.6. Different types of organic photoredox reactions carried out using halide perovskites.
90-95,103-111 

1.9. Band structure of CsPbBr3 QDs 

The MHPs have emerged as promising photocatalysts due to their unique (photo)physical 

properties. Compared to more traditional photocatalysts, MHPs exhibit relatively narrow 

bandgap energies, enabling the absorption of lower-energy solar photons (Figure 1.7).112 

Based on reaction thermodynamics, effective photocatalysis requires a suitable alignment 

between the electronic band structure of the semiconductor and the redox potential of the target 

reactions. 

The redox potentials of typical photocatalytic half-reactions, such as water splitting, CO2 

reduction, reactive oxygen species (ROS) generation, aerobic organic transformations, and dye 

degradation, alongside the relative positions of CB and VB of various MHPs, are described 

(see Figure 1.2 and Figure 1.7).113 The comparison reveals the excellent reduction ability of 
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MHPs, as their CB positions are typically negative enough to drive reactions like H2 

generation, CO2 reduction, and superoxide radical formation.114 Additionally, certain MHPs, 

specifically Cl-based materials and all-inorganic CsPbBr3, possess relatively positive VBM, 

theoretically allowing for water oxidation.115 However, MHPs are generally unsuitable for 

hydroxyl radical formation, which is essential for dye degradation, because the required 

potential lies above their VBM. Despite this limitation, MHPs meet several key criteria for 

efficient photocatalysis (Figure 1.7).109-111 

Figure 1.7. Band edge positions of conventional photocatalysts and different MHPs relative to the reversible 

hydrogen electrode (NHE). For comparison, the redox potential of some common half-reactions is also presented. 

 

1.10. Stability of metal halide perovskite 

The structural and optoelectronic properties of MHPs are highly sensitive to external stimuli, 

undergoing significant changes in response to phase transitions, thermal stress, exposure to 

ambient air (particularly oxygen and moisture), and ultraviolet (UV) illumination.116 A key 

contributor to this instability is the ionic nature of MHP crystals; the electrostatic interactions 

between charged components make their surfaces especially susceptible to structural 

modification upon contact with polar additives.117 

 This intrinsic sensitivity has consequently restricted the range of photocatalytic reactions 
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for which MHPs have been effectively employed. When exposed to polar environments, MHPs 

tend to decompose rapidly, yielding lead halide (PbX2, where X = I, Br, or Cl) precipitates, 

organic (MA⁺, FA⁺) or inorganic (Cs⁺) cations, and halide anions. In hybrid organic–inorganic 

MHPs, moisture instability is further exacerbated by the volatile and hygroscopic nature of the 

amine-based organic cations (MA⁺ and FA⁺).118,119 Water interacts with the MHP crystal 

through hydrogen bonding, leading to surface hydration and the formation of a polycrystalline, 

non-perovskite structural coating along with grain boundary development.120 

1.11. Characterization techniques for charge behaviour induced by cocatalysts 

Charge carrier dynamics are critical to photocatalytic performance. As noted, a key role of 

cocatalysts is to trap photogenerated charge carriers at the interface and suppress their 

recombination. To investigate this function, various characterization techniques are employed 

to evaluate charge separation in the interfacial region during photocatalysis. These include 

surface photovoltage microscopy, transient absorption spectroscopy, photocurrent, EIS 

measurements, and steady-state or time-resolved photoluminescence (PL) spectroscopy. 

1.12. Role of reactive oxygen species (ROS) in photocatalysis 

Photocatalysis involves light-induced excitation of electrons from the VB to the CB of a 

semiconductor, generating electron–hole pairs. These charge carriers can recombine or migrate 

to the catalyst surface to drive redox reactions.113 In aqueous, aerobic environments, 

photogenerated electrons and holes react with O2, H2O, or surface OH groups to produce ROS 

such as superoxide radical (•O2
−), hydrogen peroxide (H2O2), hydroxyl radical (•OH), and 

singlet oxygen (1O2), which initiate the radical reactions (see Figure 1.2). These species, 

alongside holes, are key oxidants in photocatalytic degradation and organic synthesis.115 •OH, 

in particular, drives nonselective oxidation to CO2 and H2O. Hence, controlling ROS 
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generation is critical for improving selectivity in photocatalytic reactions, with photocatalyst 

and solvent choice influencing ROS pathways and reactivity (see Figure 1.2).112 

1.13. Importance of amide, amine, and heterocyclic compounds 

1.13.1. Importance of amides 

Amide bonds are pivotal structural units in organic molecules and are particularly significant 

in organic synthesis and medicinal chemistry.122-123 These bonds are essential to constitute the 

backbone of proteins and peptides and are integral to numerous bioactive compounds. 

Consequently, the development of efficient and practical strategies for amide bond formation 

remains a major focus for both academic and industrial researchers (Figure 1.8).124 

Recent progress in amide bond synthesis has introduced milder and more selective 

methods, which facilitate the construction of amide linkages under diverse reaction conditions. 

These advancements have greatly enhanced the preparation of peptides, which are vital in 

pharmaceutical development, chemical biology, and biotechnological applications.125 

In parallel, photocatalytic approaches for synthesizing amides from aldehydes and amines 

have attracted considerable interest. Amides are not only the building blocks of peptides but 

also serve as key intermediates in producing materials such as polymers, agrochemicals, and 

pharmaceuticals. Conventional thermal condensation methods involving carboxylic acids and 

amines often require harsh conditions, limiting their applicability.126 Similarly, classical 

transformations using activated acid derivatives, such as the Beckmann rearrangement, 

Schmidt reaction, and Staudinger ligation, can generate significant chemical waste, raising 

environmental concerns.127 

To address these limitations, alternative photocatalytic methods are being explored as 

sustainable and efficient solutions. However, many existing homogeneous photocatalytic 
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systems still face challenges, including the use of expensive catalysts, reliance on non-oxygen 

oxidants, and poor compatibility with secondary amines. Simpler and more accessible 

photocatalysts, including phenazine salts, Rose Bengal, and aminoanthraquinone-based 

systems, have shown encouraging results. Additionally, heterogeneous photocatalysts such as 

Ag/g-C3N4, Ni/g-C3N4, Ag2O/P-C3N4, TiO2, and Fe3O4/PDA/CdS have been successfully 

applied for oxidative amidation of aldehydes and amines, offering more practical and reusable 

alternatives.128,129 

1.13.2 Importance of Amines 

Nitrogen-containing organic moieties, often referred to as "amines" or "amino groups," are 

crucial building blocks in various biologically active compounds and have significant 

applications across multiple fields of chemistry (Figure 1.8).130 Amines and their nitrogen 

containing derivatives are important in natural products, biologically active molecules, 

pharmaceuticals, and polymers as intermediates and key precursors.131 The N-alkylation of 

amines with alcohols is superior to traditional methods (reduction amination, alkylation of 

ammonia/amines using alkyl halides, reduction of nitriles, etc.).132 N-alkylation is a green 

synthesis method for organic amines, which includes mild conditions, readily available, cost-

effective raw materials, and the exclusive generation of water as a byproduct. Generally, this 

reaction involves three steps: dehydrogenation of alcohols to form aldehydes, condensation of 

aldehydes with amines leading to imines, and hydrogenation of imines to the desired amines, 

which proceeds by the “transfer hydrogen” or “borrowing hydrogen” mechanism.133-135 

The hydrogen atom transfer and borrowing hydrogen processes allow sustainable 

functionalization of amines using alcohols. The process is more advantageous as no external 

hydrogen source is required, and the parent alcohol acts as the hydrogen donor. Moreover, it 
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should be noted that various alcohols are readily accessible from renewable feedstocks, making 

this approach particularly well-suited for the valorization of biomass or biomass-derived 

building blocks.135 

 

Figure 1.8. Examples of the different types of drugs with amine and amide moieties. 

 

Previously, Beller, Balaraman, and Kempe groups explored homogeneous noble metal 

(Ru, Ir, etc.) complexes for the N-alkylation of amine.136 However, these catalysts face low 

stability, the use of expensive ligands, and poor recyclability. In this respect, transition metal 

heterogeneous catalysts have shown notable advantages in terms of durability and 

recoverability. These catalysts also suffer from low activity, poor selectivity, and high reaction 
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temperature requirements.137  

In this context, photoredox reactions using semiconductors provide an important platform.  

Recently, different photocatalysts have been successfully applied to organic transformation 

reactions, achieving selectivity and activity comparable to homogeneous catalysts.138-140 

Recently, Zhang group reported CdS for photocatalytic imine and amine synthesis with the 

help of formic acid and sodium formate as a hydrogen donor. Still, this method required an 

external hydrogen source.141 Further, Li group demonstrated the Ni–Fe-MOF as a catalyst for 

the N-alkylation of amines with alcohols under visible light.142 However, these approaches 

suffer from poor selectivity of amine formation, the requirement for external sources of 

hydrogen, and significant waste production.   

1.13.3. Importance of  isoquinoline compounds 

1,2,3,4-tetrahydroisoquinoline (THIQ) and related N-heterocycles are key intermediates in the 

pharmaceutical and petrochemical industries, with applications in drugs, agrochemicals, fine 

chemicals, dyes, fragrances, and hydrogen-storage materials.143-144 These compounds are 

typically obtained through the selective hydrogenation of isoquinolines. However, this 

transformation remains challenging due to catalyst poisoning, the high energy required to 

disrupt aromaticity, and competition between the benzene and pyridine rings during 

hydrogenation.145 Traditional hydrogenation methods often require harsh conditions, including 

high hydrogen pressures (2.5−60 bar) and elevated temperatures (353−433 K). In contrast, 

transfer hydrogenation using safer sources like formic acid, alcohols, or ammonia borane 

enables milder conditions.146,147 Visible-light-driven reactions offer high selectivity and 

sustainability. However, photocatalytic transfer hydrogenation of quinolines remains 

underexplored despite its promising potential for green chemical transformations. 
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  Recent studies show THIQ semidehydrogenation to 3,4-dihydroisoquinoline (DHIQ) is 

challenging, with Wang and Bahnemann groups reporting isoquinoline (IQ) or mixed products 

using h-BCN and Rh/TiO2, respectively.148,149 Shi achieved selective DHIQ formation with 

Zn3In2S6 and O2, while Li used MoS2/ZnIn2S4.
150,151 Here, we report a Z-scheme BiOBr 

NSs/CsPbBr3 QDs heterojunction for efficient THIQ semidehydrogenation using O2 as a green 

electron acceptor. 

1.14. Objectives of the thesis 

The primary objective of this thesis is to build upon insights from previous literature to 

investigate the optical properties of metal halide perovskite QDs and nanocrystals for selective 

photoredox organic transformations. Specifically, we investigated the design of halide 

perovskite photocatalysts and analysed their redox potentials, namely, the VB and CB 

positions, about key organic transformations such as oxidative amidation of alcohols and N-

alkylation of anilines. We also examined the influence of metal complex cocatalysts on 

photogenerated charge dynamics and overall photoredox activity. 

This thesis is organized into six chapters, each briefly described below (Figure 1.9). To 

further enhance catalytic performance, we studied charge separation processes by introducing 

heterojunctions with other photocatalysts. This strategy not only improved charge separation 

efficiency but also allowed control over electron transfer in reactions such as the 

semidehydrogenation of 1,2,3,4-tetrahydroisoquinoline to 3,4-dihydroisoquinoline. 

Additionally, we synthesized a lead-free metal halide perovskite photocatalyst (Cs2CuBr4) 

for C–N bond formation under visible-light irradiation. We examined the effects of synthesis 

method variations on band structure modulation and charge dynamics. Reaction conditions 

were optimized to achieve high yields and selectivity. The photocatalyst showed excellent 
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stability and was effectively reused across multiple cycles without loss of activity. 

Figure 1.9. A diagram showing the chapter-wise specific objectives of the thesis. 

Chapter 2: In the second chapter, CsPbBr3 QDs were used as photocatalysts for C–N 

bond formation, with Ni(dmgH)2 (dmgH = dimethyl glyoximato) serving as an effective 

cocatalyst to enhance amide synthesis. Optimal interaction between the QDs and 7 wt% 

Ni(dmgH)2 improved charge transfer, reduced recombination, and increase the product yield 

up to 92%. Femtosecond transient absorption spectroscopy revealed cocatalyst-induced 

changes in QD trap-state dynamics. Ni(dmgH)2 also activated molecular oxygen to generate 

superoxide radicals, driving the radical C–N coupling pathway. The catalyst remained active 

over four reuse cycles without loss of efficiency. 

Chapter 3: In this chapter, we demonstrate the CsPbBr3 QDs for photocatalytic N-

alkylation of amines with alcohols, a cost-effective and efficient route using the borrowing 

hydrogen (BH) strategy. By tuning the LUMO energy of cobaloxime cocatalysts through 

modifications to the Co center's electronic environment, we achieved selective N-alkylation. 
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In this process, alcohols serve as both aldehyde precursors and hydrogen sources. The 

perovskite QDs, known for their low cost, ease of processing, air stability, and tunable band 

edges, offer promising potential in organic transformations. Furthermore, selectivity can be 

easily modulated by adjusting the cocatalyst's electronic structure. 

Chapter 4: In this chapter, we developed the Z-scheme heterojunction of BiOBr 

nanosheets and CsPbBr3 QDs for the selective semidehydrogenation of tetrahydroisoquinoline 

(THIQ) to dihydroisoquinoline (DHIQ). Charge separation is driven by interfacial electric 

fields, with electrons transferring from BiOBr’s CB to CsPbBr3’s VB. The negative CB of 

CsPbBr3 activates the molecular oxygen (O2), forming reactive oxygen species. Optimal 

loading of CsPbBr3 on BiOBr (20 wt%, Z-20) achieved a 97% yield and controlled the two-

electron process for selective semidehydrogenation of THIQ to DHIQ. Transient absorption 

studies revealed efficient exciton dynamics, contributing to enhanced catalytic performance. 

Chapter 5: In the fifth chapter, we report the modulation of lead-free metal halide 

perovskite (Cs2CuBr4) band structures by tuning synthesis methods. Photocatalyst PC-1, 

synthesized via hot injection, features a more negative conduction band minima (CBM) than 

PC-2, synthesized at room temperature, enabling more efficient O2 activation and radical-

mediated alcohol dehydrogenation. PC-1 also exhibits a more positive valence band maxima 

(VBM), facilitating amine oxidation: enhanced charge separation and reduced recombination 

further boost photocatalytic performance. PC-1 achieved up to 98% yield in the oxidative 

amidation of alcohols and is recyclable for over five cycles. 
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