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The transformation of carbon dioxide (CO2) into chemicals and fuels with added value 

stands out as a significant innovation in addressing both energy needs and the challenge 

of global warming. Among the notable approaches, an artificial photosynthetic system 

emerges as a leading strategy for converting CO2 into solar chemicals and fuels, including 

formaldehyde, formic acid, methanol, ethanol, methane, and more. In this context, an 

efficient photocatalyst must possess a broad solar light absorption range, effective space-

charge separation, high physico-chemical stability, and strong redox ability. In the 

contemporary landscape, various innovative, cost-effective, and robust semiconductor 

photocatalysts like carbon nitride, functionalization of Bakelite polymer, and Eosin -y 

fuctionalised materials have garnered significant attention. These materials demonstrate 

substantial potential for diverse photocatalytic applications, gaining particular importance 

in medicinal chemistry and various industries. Graphitic carbon nitride-based materials 

stand out as excellent candidates for studies in photocatalysis, thanks to their exceptional 

thermal, mechanical, electrical, and optical properties. Notably, they boast a high specific 

surface area, superior charge mobility, high thermal conductivity, and robust chemical 

and electrochemical stability. Additionally, Bakelite composite materials are recognized 

as significant photocatalysts, showcasing excellent characteristics such as 

physicochemical stability, a tunable band gap (approximately 2.02 eV), high chemical 

resistance, and outstanding electronic properties. Furthermore, the research significance 
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of two-dimensional Eosin-Y has garnered widespread attention due to their compelling 

features. In addition to this, the synthesis of several type photocatalyst has garnered 

increased attention due to their distinctive properties, including excellent thermal 

stability, chemical stability, high mechanical strength, superior chemical resistance, lower 

production costs, and solar light harvesting capabilities. These exceptional properties 

position photocatalysts to be proficient in solar chemical production and organic 

transformation when exposed to solar light irradiation. 

In pursuit of this objective, I have formulated solar light-harvesting photocatalysts using 

diverse synthetic methods, outlined as follows: 

• Calcination 

• Condensation reaction 

• Sonogashira−Hagihara cross-coupling reaction 

 

The current thesis is structured into 7 chapters: 

Chapter one serves as the introduction, offering motivation and outlining the research 

objectives. It covers the contemporary CO2 levels, natural photosynthesis, artificial 

photosynthesis, and organic transformations. 

Chapter two is discussed about literature review on artificial photosynthesis, 

photoresponsive systems, and organic transformations. Herein, I have discussed about 

existing challenge to develop artificial photosynthetic systems, design strategies of 

photocatalysts, and applications of newly design photocatalysts. Further, describe the 

mechanistic pathway of artificial photosynthetic systems for NADH/NADPH 

regeneration and solar chemicals production. In this chapter also discuss the various 

applications of photogenerated nicotinamide cofactors (NADH/NADPH) and synthesised 

solar chemicals carbon dioxide redction reaction (CO2RR) into formic acid and organic 

transformation such as 1, 3-oxathiolane-2-thiones production. 

 

Chapter three of this thesis continues by detailing the synthesis of a light-harvesting 

photocatalyst, polydopamine (P) modified sulfur-doped graphitic carbon nitride 

(P@SGCN), and its applications. Here we employing the direct chemical doping of 

polydopamine to the SGCN. In the as-synthesized photocatalyst, polydopamine (P) can 

efficiently transfer the photoinduced electrons for the artificial photocatalytic process in 
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order to suppress the fast electronhole recombination [37]. The polydopamine (P) shows 

an outstanding adhesion capability which is readily modified on the surface of SGCN.  

The P@SGCN photocatalyst exhibited outstanding photocatalytic efficiency in 

regenerating NADH and in the highly selective production of formic acid, HCOOH, from 

CO2. The newly design P@SGCN photocatalyst is show excellent photocatalytic efficiency 

in solar chemical production due to it high light harvesting capability, high BET surface 

area, high molar extinction coefficient, and suitable band gaps.   

In the ongoing progress chapter fourth of the thesis research on bakelite polymer a for 

regeneration of NADH, formation of formic acid from CO2 under solar light. 

Bromophenol dye enhance the high molar excitinction cefficient with slow charge 

recombination of the bakelite polymer. A novel Bromophenol-Bakelite (BPB) composite 

with bromophenol blue dye-doped inside the Bakelite matrix that is visible light active 

photocatalyst in an artificial photocatalyst-enzyme couple set up for the production of 

formic acid from carbon dioxide The results show enhancement in photocatalytic 

properties of BPB- composite in comparison to pure bromophenol blue dye.Additionally, 

systematic spectroscopic measurements provide the mechanistic insights for the NADH 

regeneration and solar fule formation via bromophenol doped bakelite photocatalyst. 

In the next fifth chapter, we discuss about the metal free work, the newly bottom-up 

construction of novel yne-linked Eosin-Y functionalized (EY@DEHB) photocatalyst 

coupled with a formate dehydrogenase enzyme to establish this system, To the best of our 

knowledge, the yne-linked Eosin-Y functionalized photocatalyst for the production of 

highly selective HCOOH from CO2 under the irradiation of visible light using a 

photo&biocatalyst integrated system has not been constructed earlier to this research. 

Eosin-Y is a well-known organic dye of the fluorescein family which got more attention 

due to its eco-friendly, easy handling, and also have great potential for visible-light 

mediated applications. Eosin-Y is a promising photosensitizer that reveals better yield for 

solar chemicals/fuels. Here, Eosin-Y coupled with DEHB as a photosensitizer to enhance 

the visible light absorption ability of EY@DEHB photocatalyst and also for highly 

selective photocatalytic HCOOH production.  

In the continuation of research work, we discuss in chapter sixth the design and 

development of new class of metal free polymer photocatalyst. The grafting method is 

utilized to graft Poly (vinylidene fluoride-co-hexafluoropropylene-) polymer brush onto 

s-doped graphitic carbon nitride (PVDHFP@SGCN) for CO2 reduction.  The 
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PVDHFP@SGCN was analysed via UV spectroscopy, thermal gravimetric analysis 

(TGA), and Fourier transforms infrared spectroscopy (FT-IR). PVDFP increase the 

photocatalytic efficency of SGCN after the grafting. Here, PVDHFP coupled with SGCN 

as a photosensitizer to enhance the visible light absorption ability of PVDHFP@SGCN 

photocatalyst and also for highly selective photocatalytic HCOOH production. 

Chapter eighth is the summary of all the chapters which gives a major conclusion about 

artificial photosynthesis along with organic transformations and its applications. In this 

chapter, I have discussed about synthesis, characterization techniques, and various 

applications of newly design photocatalysts such as NADH/NADPH regeneration, formic 

acid production along with organic transformations). Also, briefly discuss about future 

scope of my research work in field of artificial photosynthesis and organic 

transformations such as 1, 3-oxathiolane-2-thiones production. 
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1.1 Introduction 

Recently, the excessive presence of carbon dioxide (CO2) in the environment has become 

a paramount concern, serving as the primary contributor to global warming and related 

issues [1], [2], [3]. Each day witnesses a significant release of CO2 into the atmosphere 

through various means, with the combustion of fossil fuels being the most prevalent. The 

reliance on burning fossil fuels exacerbates this challenge.  

To sustain the carbon cycle, atmospheric CO2 naturally transforms into carbohydrates 

through the process of photosynthesis in green plants. However, natural photosynthesis 

is significantly impacted by deforestation, urbanization, industrialization, and the 

excessive use of fossil fuels [4], [5], [6]. Some estimates suggest that anthropogenic CO2 

levels could reach 590 ppm by the year 2100, resulting in a projected 1.9°C increase in 

global temperature[7]. 

In response to the energy crisis and global warming, recent research has predominantly 

focused on capturing and effectively utilizing CO2 to produce valuable, clean, and non-

polluting chemicals and fuels a scientifically challenging endeavor [8], [9], [10]. 

Consequently, the utilization of CO2 for the synthesis of solar chemicals and fuels has 

gained importance, as it not only mitigates the adverse effects of global warming but also 

addresses the global fossil fuel shortage [11], [12], [13]. The 2021 global average 

atmospheric carbon dioxide, as per NOAA's Global Monitoring Lab analysis, stood at 

414.72 parts per million. Many scientists, climate experts, and government officials 

concur that 350 ppm represents the deemed "safe" threshold for carbon dioxide levels.  
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Figure 1.  1 Several trechnique employed for the tranformation of CO2 in to different 

useful chemicals/fuels. 

Various techniques, including photochemical, electrochemical, and thermochemical 

processes, can be employed to transform CO2 into chemicals and fuels (Figure 1.1) [2]. 

The choice of catalysts and technological processes is crucial, given their strong 

dependence on the selected methods. The concept of utilizing CO2 in renewable energy 

sources is inspired by the emulation of natural photosynthesis. Natural photosynthesis 

serves as an efficient pathway for converting solar energy into chemical energy in the 

presence of CO2 and H2O. This occurs through a photo-induced electron transfer series 

involving photon-capturing complexes, protein-metal clusters, and redox biocatalysts, as 

illustrated in Scheme 1.1. 
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Scheme 1. 1 Schematic illustrations of natural photosynthesis. In natural photosynthesis 

photoexcited electrons are transferred through Photosystem II (PS II) and I (PS I) for the 

reduction of oxidized NADP+ into NADPH cofactors. (PQ = plastoquinone, PC = 

plastocya 

The process of photosynthesis in green plants involves both light-dependent and light-

independent (dark) reactions, as depicted in Scheme 1.1. During the light-dependent 

reaction, photo-induced electrons are transferred from photosystem II (PS-II) to 

photosystem I (PS-I) through the Z-scheme. In PS-II, Chlorophyll (P680) absorbs solar 

energy and becomes excited (P680*). To create photoexcited electrons, P680* generates 

a driving force that facilitates the extraction of electrons from water (H2O) molecules, 

with the presence of a water-oxidation catalyst [14]. 

These photoexcited electrons undergo transfer to the light-harvesting complex of PS-I 

(P700) via the electron-transport chain, which includes plastoquinone (PQ), cytochrome 

complex (Cyt.), and plastocyanin (PC). Subsequently, the transferred electrons are re-

excited by P700* and conveyed to ferredoxin (FD), followed by the reduction of the 

oxidized form of the nicotinamide cofactor NADP+ to NADPH through the enzyme 

ferredoxin NADP+-reductase (FNR). The produced NADPH cofactor is subsequently 

employed in the redox enzymatic reactions of the Calvin cycle as a reducing agent to 

convert CO2 into carbohydrates during the light-independent reaction (Scheme 1.1).)[15]. 

The Z-Scheme-based natural photosynthesis serves as an elegant model for establishing 

synergy between photocatalysis and biocatalysis. 
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In the last few decades, significant efforts have been dedicated to the pursuit of artificial 

photosynthesis, drawing inspiration from natural photosynthesis, with the aim of 

converting solar energy into valuable chemical energy. Consequently, research focusing 

on the eco-friendly and green artificial photosynthesis pathway for fixing the rapidly 

increasing CO2 into essential chemicals and fuels has seen exponential growth. In 

contemporary times, the artificial photosynthesis process has been acknowledged as the 

most environmentally benign and potentially beneficial method for converting solar 

energy into chemical energy (Scheme 1.2). The drive towards selectively reducing CO2 

into chemicals and fuels has resulted in the development of various solar light-harvesting 

semiconductor photocatalysts. Both organic and inorganic semiconductors, as well as 

transition-metal complexes, have been extensively utilized as potential photocatalysts for 

the conversion of direct solar energy into value-added chemicals through artificial 

photosynthetic systems. However, they face challenges such as low conversion 

efficiency, poor photostability, limited solar light harvesting ability, and rapid charge 

recombination. To address these issues and enhance photocatalytic stability and 

efficiency, there is a need to develop solar light-active photocatalysts capable of driving 

the reduction of CO2 through a photoelectrochemical route under solar light. 

Moreover, photocatalysis has emerged as an economical and valuable alternative for 

organic transformations, conducted under mild reaction conditions. These 

transformations involve the use of photocatalysts, including costly transition metal 

complexes and organic-inorganic composite materials, to facilitate reactions via radical 

intermediates. Transition metal complexes, such as ruthenium and iridium, have been 

extensively explored in numerous synthetic protocols under solar light irradiation [28-

33]. However, these transition metal complexes suffer from drawbacks like low 

efficiency and poor selectivity, influenced by factors such as photo-stability, 

multielectron transfer capability, reusability, suitable band gap, and cost-effectiveness. 

In an effort to address these challenges, I have developed cost-effective metal-free 

photocatalysts that are active under solar light for solar chemical production. These 

photocatalysts have been utilized in various applications, including the production of 

regeneration of NADH/NADPH, formic acid generation from CO2, and organic 

transformations involving 1,3-oxathiolane-2-thiones. Consequently, efficient solar light-

active photocatalysts, such as carbon nitride, bakelite, and Eosin-Y, play a crucial role in 

facilitating the production of chemicals and fuels through diverse reaction protocols. The 
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constituents of an artificial photosynthetic system responsible for transferring 

photoinduced electrons and protons to facilitate the conversion of solar energy into 

chemical energy include: 

• Photocatalyst 

• Sacrificial agent: Ascorbic acid (AsA) 

• Electron mediator: Rhodium complex [Cp*Rh(bpy)Cl] Cl/Methyl viologen (MV) 

• Oxidized nicotinamide adenine dinucleotide/nicotinamide adenine dinucleotide 

phosphate (NAD+/NADP+) 

• Enzyme 

 

In terms of mechanism, the photocatalyst initiates electron transfer following the 

photoexcitation of electrons from the valence band (VB)/highest occupied molecular 

orbital (HOMO) to the conduction band (CB)/lowest unoccupied molecular orbital 

(LUMO) under solar light irradiation. The energy levels of the HOMO and LUMO of the 

photocatalyst are determined by the provided formula, using ferrocene as a reference: 

E (HOMO) = -e [Eox + 4.5] 

E (LUMO) = -e [Ered + 4.5] 

 

The photo-excited electrons originating from the valence band (VB) of the photocatalyst 

generate holes (h+), which are subsequently quenched by ascorbic acid serving as a 

sacrificial agent, as illustrated in Scheme 1.2. These photo-generated holes and electrons 

act as charge carriers, participating in oxidation and reduction reactions. The band gap of 

photocatalytic materials is defined as the potential difference between the valence band 

(VB)/highest occupied molecular orbital (HOMO) and the conduction band (CB)/lowest 

unoccupied molecular orbital (LUMO) respectively. The optical band gap of 

photocatalytic materials is calculated using the reported equation [16]: 

Optical band gap = 1240/λ 

Moreover, the photo-excited electrons move from the conduction band (CB) of 

photocatalytic materials to the electron mediator (Rh-complex/MV) to regenerate 

NAD(P)H and facilitate the production of solar chemicals/fuels, as illustrated in Scheme 

1.2. Rh-complex is chosen as the preferred electron mediator over MV due to the toxic 
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nature of MV.[17] Consequently, Rh-complex is employed as the electron mediator for 

NADH regeneration and solar chemical production. 

Scheme 1.2 illustrates artificial photosynthesis, incorporating a photocatalyst-biocatalyst 

integrated system for the production of solar chemicals and fuel, such as NADH/NADPH 

regeneration, and formic acid. The solar light-harvesting photocatalyst captures incident 

photons, becoming excited and transferring photo-generated electrons to reduce the 

rhodium complex/MV. Subsequently, the reduced rhodium complex/MV abstracts a 

proton from an aqueous solution and converts NAD+/NADP+ to NADH/NADPH after the 

transfer of a hydride ion, thereby completing the photocatalytic cycle.[18] 

 

Scheme 1. 2 Illustrative depiction of a photocatalytic-biocatalytic artificial 

photosynthetic system for regenerating 1,4-NADH/NADPH and formic acid from CO2. 

This process involves the formate dehydrogenase enzyme and operates through an 

electron transfer mechanism 

During this process, the rhodium complex/MV serves as an electron mediator between 

the photocatalyst and the NAD+/NADP cofactor, facilitating the regeneration of 

NADH/NADPH. Subsequently, the regenerated NADH/NADPH cofactor is used to 

produce valuable solar chemicals like L-glutamate and formic acid with the help of 

specific enzymes. Formate dehydrogenase is employed to convert CO2 into formic acid. 

[19].  
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1.2 Aim of research work 

Artificial photosynthesis and processes for organic transformation are increasingly 

recognized as highly convenient methods for producing organic compounds and 

converting solar energy into solar chemicals. The research initiatives strive to achieve the 

following goals: 

• The creation of a novel Bromophenol-Bakelite (BPB) composite with 

bromophenol blue dye-doped inside the Bakelite matrix that is visible light active 

photocatalyst in an artificial photocatalyst-enzyme couple set up for the 

production of formic acid from carbon dioxide The results show enhancement in 

photocatalytic properties of BPB-composite in comparison to pure bromophenol 

blue dye. 

• The synthesis of a metal-free the newly bottom-up construction of novel yne-

linked Eosin-Y functionalized (EY@DEHB) photocatalyst coupled with a 

formate dehydrogenase enzyme to establish this system focused on achieving 

NADH/NADPH regeneration and formic acid production. 

• Development efforts are directed towards a cost-effective and metal- the grafting 

method is utilized to graft Poly (vinylidene fluoride-co-hexafluoropropylene-) 

polymer brush onto s-doped graphitic carbon nitride (PVDHFP@SGCN) for CO2 

reduction and organic transformations. 
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2.1 Consequence of environmental carbon dioxide (CO2) 

In the current situation, the continuous rise in the release of greenhouse gases such as 

carbon dioxide (CO2), nitrous oxides (N2O), and methane (CH4) resulting from activities 

like burning fossil fuels and deforestation has given rise to environmental challenges, 

including global warming, ocean acidification, and an increase in sea levels [20], [21]. 

Among these greenhouse gases, particular attention is directed towards CO2, a significant 

emission originating from the combustion of fossil fuels, biomass (coal/wood), kerosene 

heaters, and tobacco smoke, all of which contribute to anthropogenic pollutants (Figure 

2.1). 

 

Figure 2. 1 Anthropogenic pollutants and their origins. Carbon dioxide (CO2), carbon 

monoxide (CO), nitrogen dioxide (NO2), polycyclic aromatic hydrocarbons (PAHs), 

particulate matter (PM), and volatile organic compounds (VOCs). 

In recent times, researchers have shown a keen interest in developing effective 

environmentally friendly strategies for utilizing CO2, recognizing it as the greenhouse gas 

contributing to adverse climate change. From a chemical standpoint, CO2 represents an 

inexpensive, abundantly available, and renewable carbon feedstock suitable for 

conversion into value-added chemicals and fuels. Consequently, there is a growing body 

of research aimed at transforming CO2 into a clean, non-polluting, sustainable, and 

abundant energy source using solar energy. Moreover, various pieces of literature also 

highlight the fixation of CO2 through the synthesis of organic compounds, as illustrated 

in Figure 2.2 [22], [23], [24] . 
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Figure 2. 2 An overview illustrating the synthesis of organic compounds utilizing carbon 

dioxide. 

2.2 Existing Challenges 

Transforming CO2 into value-added chemicals and fuels poses a significant challenge. 

Numerous transition-metal catalysts, including palladium (Pd), copper (Cu), ruthenium 

(Ru), nickel (Ni), iron (Fe), zinc (Zn), and others, have been employed in many studies 

to convert atmospheric CO2 into organic compounds through synthetic approaches under 

demanding conditions [25], [26], [27]. However, transition-metal catalysts have 

drawbacks such as high cost, toxicity, and low efficiency. Consequently, the quest for 

producing clean and renewable chemicals and fuels from CO2 using metal-free 

photocatalysts remains a formidable challenge. In this context, the exploration of novel, 

eco-friendly, and green strategies involving artificial photosynthetic systems becomes 

desirable for manufacturing value-added chemicals/fuels under solar light irradiation. 

2.3 Artificial photosynthesis vs Natural photosynthesis 

The development of the artificial photosynthetic system has been prompted by the 

escalating environmental concerns and the growing need for sustainable and renewable 

energy solutions—a significant challenge in meeting current energy demands. 

Recognition of solar energy's potential for environmental remediation and the production 

of chemicals/fuels through artificial photosynthesis has gained prominence [28], [29], 
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[30]. Artificial photocatalysis mimics the natural photosynthesis process, transforming 

solar energy into chemical energy and chemical bonds [28], [29], [30] . This process 

involves the use of photocatalysts as light-harvesting materials or photosensitizers, as 

illustrated in Scheme 2.1. 

In the natural photosynthesis process, electrons are liberated from sacrificial H2O 

molecules (oxidized) under solar light irradiation. These electrons then reduce CO2 

molecules into hydrocarbons through a photoinduced electron transfer (PET) chain, 

facilitated by a biocatalyst (Scheme 2.1). The transfer of electrons from H2O to CO2 

occurs through multiple steps, leading to an increase in the energy of electrons (i.e., uphill 

reactions). In this way, photosynthesis converts solar energy into stored chemical energy, 

specifically carbohydrates (Scheme 2.1). Similarly, artificial photosynthesis can convert 

solar energy into value-added chemical energy through the mechanism of a photoinduced 

electron transfer chain, as depicted in Scheme 2.1. 

 

Scheme 2. 1 Illustration of natural and artificial photosynthetic system process. 
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In the context of artificial photosynthesis, the fundamental mechanism illustrates that a 

solar light-active photocatalyst captures photons, generating electron-hole pairs that 

actively participate in uphill reactions. Subsequently, electrons are excited from the 

valence band (VB) to the conduction band (CB), leaving behind holes [31]. In a 

photocatalytic reaction, the alteration in Gibbs free energy (∆G) is determined by the 

difference between the reduction potential (Pred) and oxidation potential (Pox), A positive 

or negative ∆G value signifies uphill or downhill reactions, respectively. The reduction 

of CO2 involves an uphill reaction, whereas the degradation of organic compounds under 

solar light corresponds to a downhill reaction[32]. Additionally, photo-generated 

electrons are directed towards the production of solar chemicals through the photoinduced 

electron transfer (PET) chain, which incorporates an electron mediator and enzyme. 

2.4 Proposal tactics of photocatalyst 

 

Semiconductor photocatalysts have attracted considerable attention because of their 

varied applications, which encompass the degradation of environmental pollutants, the 

generation of solar fuels, and organic transformations. [33], [34]. Over the past few 

decades, metal oxide semiconductors have demonstrated remarkable capabilities, 

superior stability, and efficient solar light harvesting for various photocatalytic processes 

[35]. The n-type TiO2 semiconductor, pioneered by Fujishima and Honda in 1972, 

marked a milestone for solar fuel production in a photoelectrochemical cell[36]. 

Subsequently, Halmann and Inoue explored the use of inorganic semiconductors such as 

GaP, TiO2, ZnO, SiC, and CdS for the reduction of CO2 a few years later [37], [38]. The 

research landscape has witnessed extensive activities in the last few decades, involving 

the development of other inorganic semiconductors, including oxides, nitrides, sulfides, 

and more, for solar-to-fuel photocatalytic conversion. [39], [40]Despite yielding various 

promising results, inorganic semiconductors face challenges such as poor optoelectronic 

properties and limited flexibility. 

For this purpose, polymeric semiconductor materials have gained popularity due to their 

abundance on the planet (mostly consisting of C, H, O, N, and S) and their extraordinary 

structural and functional diversity. Since Yanagida and co-workers first reported on 

poly(p-phenylene) for the photocatalytic evolution of hydrogen in 1985 [41]research on 

the photocatalytic generation of solar fuel using organic semiconductors has rapidly 

expanded [66, 67]. Numerous researchers have explored the reduction of CO2 or water 
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splitting using various materials, including conjugated microporous polymers (CMPs), 

graphitic carbon nitride (g-C3N4) [42], [43], [44], graphene-based materials [45], covalent 

organic polymers (COPs)[46], covalent organic frameworks (COFs) [47], [48], covalent 

triazine frameworks (CTFs) [49], [50], and linear conjugated polymers.[51], [52] As a 

result, throughout my research, I have developed several solar light-active photocatalysts, 

which are listed below. 

• Carbon nitride based photocatalysts  

• Bakelite based Photocatalyst 

• Eosin-Y functionalized Photocatalyst 

• grafting of Poly (vinylidene fluoride-co-hexafluoropropylene-) polymer on 

SGCN 

 

2.4.1 Carbon nitride based photocatalysts  

Graphitic carbon nitride (g-C3N4) represents a 2D semiconductor material comprising 

interconnected tri-s-triazine units linked through tertiary amines. The crystallinity, 

morphology, and photoactivity of various allotropic forms of carbon nitride, including -

C3N4, C3N4, g-o-triazine, g-h-triazine, g-h-heptazine, cubic C3N4, and pseudo cubic 

C3N4, are determined by the monomer and linkage pattern. The g-C3N4 is comprised of 

more stable tri-s-triazine units with a crystalline nature, demonstrating remarkable 

chemical stability (resistant to both acid and base media) and thermal endurance (up to 

600 °C) owing to its high degree of polymerization. The synthesis of g-C3N4 entails the 

calcination of nitrogen-rich compounds such as urea, thiourea, melamine, cyanamide, 

dicyandiamide, and others (refer to Figure 2.3). Noteworthy is that g-C3N4 absorbs light 

in the blue region of the solar spectrum (420-450 nm) and has a medium band gap of 

approximately 2.8 eV, which is attributed to the alternating presence of carbon and 

nitrogen. [53], [54]. 
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Figure 2. 3 Illustrative depiction of the synthesis of g-C3N4 photocatalyst as a 

foundational material through thermal polymerization using different precursors. 

A novel metal-free g-C3N4 semiconductor has garnered significant attention due to its 

affordability, non-toxic nature, high stability, and impressive electronic and optical 

properties [55], [56]. This semiconductor, with a medium band gap, has found widespread 

applications in degrading organic pollutants and water splitting[57], [58]. However, it 

faces challenges such as moderate absorption of solar light, rapid charge recombination, 

limited surface areas, and low carrier charge mobility. To overcome these drawbacks, 

various strategies have been employed to modify g-C3N4, including the decoration of 

metal nanoparticles, coupling [59], [60], element doping[61], exfoliation methods, and 

the incorporation of organic dyes[62]. 

On the contrary, due to rapid recombination of charge carriers, limited surface area, and 

low absorption coefficient, g-C3N4 exhibits insufficient photocatalytic efficacy [63]. 

Various approaches have been explored to overcome these limitations, including doping 

with different metals like Fe [64] or Ag [65], and introducing non-metal elements such as 

S or B [66],[67] into the bulk g-C3N4. A comprehensive review by certain researchers 

outlines diverse modification methods aimed at improving the photocatalytic efficiency 

of g-C3N4 [68]. Furthermore, the development of composites using other semiconductor 

materials presents an innovative strategy to enhance the photocatalytic effectiveness of 
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g-C3N4 [69]. In a review conducted by Wen and colleagues[70], a range of enhancement 

techniques such as nano-carbon loading, band gap engineering, and defect controls are 

discussed to elevate the performance of metal-free g-C3N4 in photocatalysis and related 

fields. Additionally, the combination of g-C3N4 with CdS quantum dots (QDs) emerges 

as a novel method to enhance g-C3N4 performance under visible light [71]. An alternative 

and effective strategy for enhancing the activity of g-C3N4 in the visible spectrum is to 

reduce the reliance on metal-based light-harvesting materials and instead apply organic 

dye onto the surface of g-C3N4. Moreover, strategies like manipulating the morphology 

of the g-C3N4 structure and employing plasma-based surface modification to augment 

the BET surface area have arisen as appealing methods for adjusting the photocatalytic 

activity within the visible spectrum. [72]. The resulting modified g-C3N4 materials 

showcase outstanding photocatalytic capabilities across diverse domains, as illustrated in 

Figure 2.4. 

 

Figure 2. 4 Photocatalysts derived from g-C3N4 for various photocatalytic reactions. 

Some researchers have proposed using expensive metal-based g-C3N4 photocatalysts, 

which involve modifications like incorporating gold nanoparticles onto g-C3N4 [73] and 

creating ternary nanocomposites consisting of g-C3N4-black phosphorus-gold 

nanoparticles [74] for various photocatalytic applications. Considering the observations 

mentioned above, it is evident that employing non-metal doping and surface modification 

of g-C3N4 through composite formation or functionalization with cost-effective 
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chromophores could be an effective strategy for developing solar light-harvesting 

photocatalysts. In the constitutent element of P@SGCN, Dopamine is a biopolymer that 

has been used in the various fields, including biomedicine, environment, and energy. 

Because of its excellent biocompatibility and hydrophilicity [37] as well as its varied 

adhesion ability, dopamine is a significant organic material that shows the excellent 

ability for the surface functionalization. The polymeric form of dopamine called as 

polydopamine (P) has a high UV and visible-light absorption properties and can be readily 

used for the surface modification . 

2.4.2 Polymer doped Photocatalyst 

Polymeric materials possess a range of properties that make them well-suited as catalyst 

supports, effectively boosting efficiency in various applications. Figure 2.5 illustrates the 

application of polymer-supported photocatalysts in numerous photocatalytic reactions, 

leveraging their high surface area, reusability, and stability [75], [76]. 

 

Figure 2. 5 Categorization of polymers based on their structures. 

Figure 2.5 illustrates that the integration of polymeric materials consistently enhances the 

photocatalytic activity of inorganic-organic compounds [77].  As a result, various reports 

emphasize the development of metal-based polymeric materials tailored for 

photocatalytic reactions. Although these photocatalysts have demonstrated significant 
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advancements in the field, their composition heavily depends on noble or rare elements 

and metal/metal oxides [77]. Consequently, the pursuit of an environmentally friendly, 

durable, and cost-effective polymer-based photocatalyst remains a challenging 

undertaking. Bakelite, an early phenol/formaldehyde resin, is a thermoset material with 

high crosslinking. It is produced through a condensation reaction between phenol and 

formaldehyde, catalyzed by either a basic or acidic catalyst. Invented by the Belgian-

American chemist Leo Baekeland in New York in 1907, Bakelite is notable for being 

among the earliest synthetic plastics. Its popularity soared due to its electrical non-

conductivity and heat-resistant characteristics, making it a favored material for electrical 

insulators, radio and telephone casings, and a wide array of products including 

kitchenware, jewelry, pipe stems, children's toys, and firearms. Overall, phenolic resins 

[78], [79] are prominent thermosetting resins extensively employed across various 

industrial sectors. Their applications encompass molding compounds, coatings, structural 

adhesives, thermal insulation materials, and composites. Their prevalence in these areas 

is attributed to their outstanding thermal and chemical resistance [78]. However, due to 

their high crosslinking density, phenolic resins exhibit brittleness, posing a challenge in 

their industrial use. To address this drawback, several research endeavors have been 

undertaken to modify phenolics by incorporating elastomers or thermoplastics. Polymer 

nanocomposites have garnered significant attention in polymer science research due to 

their ability to enhance various properties. This includes improvements in mechanical 

properties, as demonstrated in studies by [79]. Additionally, these nanocomposites show 

promise in areas such as scratch and abrasive-resistant hard coatings, as well as 

improvements in barrier properties and fire resistance, as indicated by[80]. In broad 

terms, the upcoming generation of composite structures needs to exhibit enhanced 

stiffness, strength, toughness, lightness, durability, and intelligence, incorporating 

multifunctionality. While the choice of nanomaterial, polymer matrix, and incorporation 

method usually determines mechanical properties, a novel approach has surfaced to 

notably augment not just the mechanical attributes but also the electrical and thermal 

properties of composites.This is achieved by strategically introducing a small quantity of 

dye (Bromophenol) was added into the polymeric matrix, resulting in composite materials 

with the targeted properties[81]. Some important porperties of bakelite based materials in 

Figure 2.6.  
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Figure 2. 6 Several excellent properties of Bakelite 

Consequently, I formulated and created a novel Bromophenol-Bakelite (BPB) composite, 

incorporating bromophenol blue dye into the Bakelite matrix. The BPB-composite 

functions as a visible light-harvesting photocatalyst in a photocatalyst−enzyme coupled 

artificial photosynthetic system. Compared to bromophenol, the BPB-composite 

photocatalyst has shown a seven-fold increase in NADH and formic acid yields and 

remarkable thermal stability. In conclusion, an efficient photocatalyst has been created 

for the selective production of solar chemicals directly from CO2 in an artificial 

photosynthetic process. 

2.4.3 Eosin-Y functionalized Photocatalyst 

In recent times, Eosin Y, a widely recognized dye molecule, has been increasingly 

employed as a photoredox catalyst in organic synthesis [84]. Its cost-effectiveness and 

easy accessibility make Eosin Y an attractive alternative to conventional inorganic 

transition metal photocatalysts. [82]Despite the outstanding photophysical properties 

exhibited by ruthenium and iridium polypyridyl complexes in visible light photocatalysis, 

their high cost and potential toxicity present drawbacks on a larger scale. [83] 
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Organic dyes have emerged as a compelling solution to transition metal complexes in 

photoredox catalysis. These dyes are generally more cost-effective and less toxic, offering 

ease of handling and, in some cases, surpassing the performance of organometallic and 

inorganic catalysts. Eosin Y, in particular, has become widely utilized as an 

organophotocatalyst in synthetic transformations. This renowned dye boasts a rich 

history, having been employed in various applications such as cell staining, pH indication, 

aiding in analytical halide determination by Fajans, and serving as a dye pigment in 

products like lipsticks. [84] The aim of this article is to explore recent applications of 

eosin Y as a visible light photocatalyst in organic synthesis.[85] 

 

Figure 2. 7 Development of Eosin-Y as catalyst in different type reactions 

 

The photochemistry of eosin-Y has been thoroughly examined in Figure 2.7. Under 

visible light exposure, eosin-Y quickly undergoes intersystem crossing to the lowest 

energy triplet state, with a lifetime of 24 μs [89]. Eosin Y selectively absorbs green light, 

as shown in its UV-Vis spectrum, which exhibits a distinct peak at 539 nm with a molar 

extinction coefficient (ε) of 60,803 M−1 cm−1. Upon excitation, eosin-Y demonstrates 

enhanced reducing and oxidizing properties compared to its ground state. The redox 

potentials of the excited state can be estimated using the standard redox potentials of the 

ground state, determined through cyclic voltammetry, and the energy of the triplet excited 
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state. Eosin-Y offers the measured ground state and the estimated excited state oxidation 

and reduction potentials. [85], [86] 

2.4.4 Artificial photosynthetic system for 1,4-NADH/ NADPH regeneration and solar 

fuel generation  

Scheme 2.1 provides an illustrative representation of the photocatalytic system 

responsible for generating formic acid from CO2. In the initial step, incident photons are 

absorbed by the photocatalyst, inducing an electron transition from a localized orbital in 

its valence band to the conduction band. These electrons are subsequently transferred to 

the rhodium complex (Rh) [87]. Through the reduction of the electron mediator, the 

rhodium complex gains a proton from the aqueous solution. Subsequently, it transfers a 

hydride ion to NAD+, converting it into NADH and finalizing the photocatalytic cycle. 

The Rh complex serves as an electron mediator between the photocatalytic material and 

the nicotinamide cofactor (NAD+), thereby facilitating the regeneration of 1,4-NADH. 

Ultimately, the reduced form of the nicotinamide cofactor participates in the enzymatic 

(FateDH) conversions of CO2 into formic acid. Consequently, formic acid is produced as 

the final product from the CO2 substrate through the photocatalytic-biocatalytic system. 

2.5 Application of photogenerated solar chemicals 

2.5.1 Application of NADH and NADPH 

NADH:  NADH plays a crucial role as a redox cofactor in various metabolic reactions, 

showcasing diverse physiological functions in its reduced form [88], [89]. Its 

antioxidative properties make it particularly valuable in addressing skin conditions like 

dermatitis and underscore its exceptional efficacy as a biological reducing agent [90]. In 

its reduced state, this form of the nicotinamide cofactor effectively safeguards cells and 

cell membranes from generated free radicals, contributing to the prevention of numerous 

diseases [91]. 1,4-NADH is applied in the treatment of conditions such as Alzheimer's 

disease, Parkinson’s disease, chronic fatigue syndrome, and dementia. Additionally, it 

functions as an energy supplement, enhancing mental clarity, memory, alertness, and 

athletic performance, as depicted in Figure 2.8a [92]. 
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NADPH:   

NADPH is actively involved in biosynthetic and redox reactions, serving a vital function 

in protecting against detrimental reactive oxygen species and aiding in the regeneration 

of glutathione [93]. Additionally, NADPH is utilized in anabolic pathways, including 

cholesterol synthesis, steroid synthesis, ascorbic acid production, and cytosolic fatty acid 

synthesis, as illustrated in Figure 2.8b [88]. 

Figure 2. 8 Several uses of nicotinamide cofactor (a) 1,4-NADH (b) 1,4-NADPH. 

2.5.2 Application of formic acid 

Formic acid has demonstrated numerous industrial and pharmaceutical applications, as 

illustrated in Figure 2.9 [94]. It serves as an antibacterial agent in livestock feed and 

preservatives. Furthermore, formic acid facilitates quick fermentation at low 

temperatures, minimizing the loss of nutritional value. Due to its acidic nature, formic 

acid is extensively employed in tanning, dyeing, finishing textiles, and leather production. 

In rubber production, it functions as a coagulant [94], and it finds application in various 

cleaning products as a substitute for mineral acids. Formic acid has been reported for its 

use in treating warts, and it can also be utilized as a fuel in fuel cells, both directly in 

formic acid cells and indirectly in hydrogen fuel cells. 
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Figure 2. 9 Different uses and their application of solar light produced fine chemical 

(HCOOH). 

   2.6 Organic transformations reactions 

The field of transformative science is advancing the synthesis of organic compounds, 

enabling selective assembly, molecular engineering, and architectural design with 

significant applications in material sciences, biochemistry, pharmaceutical industries, 

agrochemicals, and other domains. Photoredox-catalyzed organic transformations operate 

based on radical intermediates. The excited state of the photocatalyst facilitates the 

activation of organic substrates through a single-electron transfer (SET) reaction. 

Utilizing this potent synthetic tool, the development of various organic compounds from 

simple substrates has been achieved, encompassing the functionalization of C-H bonds, 

C-S bonds, keto sulfoxidation, and 1,3-oxathiolane-2-thiones. 

   2.6.1 C-H bond generation 

C-H bond activation stands out as a potent tool in organic synthesis, boasting remarkable 

applications in drug discovery, crop protection, and the agrochemical and pharmaceutical 

industries, as depicted in Figure 2.10 [95].  
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Figure 2. 10 Different type medicinal drug molecules and natural products was 

synthesized by C-H bond generation 

Literature reports indicate that C-H bond activation has been achieved using various 

costly transition metals such as iridium, palladium, ruthenium, and rhodium as catalysts, 

as shown in Figure 2.11 [96]. Unfortunately, these transition metals are both toxic and 

expensive. Consequently, achieving metal-free catalyzed C-H bond activation poses a 

significant challenge for practitioners in pharmaceutical and agrochemical industries. 

Nevertheless, the most robust approach for C-H bond activations involves the 

development of metal-free, cost-effective photocatalysts. [143] 
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Figure 2. 11 Various metal catalysed and photocatalyzed protocols for C-H bond 

formation. 

2.6.2 1, 3-oxathiolane-2-thiones 

A variety of natural products and biologically active compounds contain the 1,3-

oxathiolane moiety, exhibiting tuberculostatic, antibacterial, antifungal, and 

neuroprotective activities [97], [98]. Furthermore, 1,3-oxathiolane-2-thiones serve as 

valuable intermediates for synthesizing thiols, alkanes, and alkenes, with established 

applications in material science [99]. While the most efficient synthesis methods of 1,3-

oxathiolane-2-thiones involve the opening of oxiranes, catalyzed by alkali metals, these 

methods suffer from drawbacks such as low yields, efficiency, high loading catalyst, high 

pressure requirements, and the formation of regioisomeric products. Therefore, a highly 

efficient, convenient, and regioselective method has been developed to synthesize 1,3-

oxathiolane-2-thiones, playing a crucial role in this field. This involves preparing 1,3-
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oxathiolane-2-thiones by attaching two functional groups to the styrene substrate under 

photoredox catalysis 

2.6.3 β -keto Sulfoxidation 

β-Keto sulfoxides play a significant role in a wide range of pharmaceuticals and natural 

products, showcasing diverse synthetic applications [102]. The synthesis of β-Keto 

sulfoxides aligns with the principles of green chemistry by employing eco-sustainable 

and non-toxic atmospheric oxygen as an oxidant. Many drug molecules feature sulfoxide, 

sulfonamide, or sulfone groups [100], [101], [102], enhancing the biological activity and 

solubility of the drug, as exemplified by penilumamide [103]. Furthermore, sulfoxides 

exhibit antioxidant properties in conjunction with amino acids, potentially contributing 

to preventing liver damage and activating detoxifying enzymes [104], [105]. Certain 

sulfoxides also demonstrate anti-tuberculosis activity with notable biological effects 

[106]. 
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An efficient polydopamine modified sulphur doped GCN 

photocatalyst for generation of HCOOH from CO2 under sun 

ray irradiation 

The photocatalytic conversion of CO2 into solar chemicals presents a promising avenue for green energy 

and environmental sustainability. However, overcoming the low catalytic performance and poor selectivity 

of photocatalysts remains a significant challenge in this field. To address these issues, we devised a strategy 

inspired by natural photosynthesis, harnessing the high specificity and efficiency of enzymes. In this study, 

we developed a metal-free photocatalyst, polydopamine (P) modified sulfur-doped graphitic carbon nitride 

(P@SGCN), aimed at synergistically addressing the aforementioned challenges. Our work focuses on the 

regeneration of NADH and the highly selective production of formic acid, HCOOH, from CO2. This 

research introduces a novel approach utilizing polydopamine-modified photocatalysts for the production of 

solar chemicals/fuels from CO2. 

3.1 Introduction 

In greenhouse gases, carbon dioxide, CO2, is one of the important factors which causes 

crucial environmental problems, such as global warming, sea levels rising, and glacier 

melting [107]. Reducing CO2 in an efficient manner is a complicated issue and a big 

challenge [108]. Following this, extensive investigations have been carried out on the 

multi-electron reduction of CO2 to formic acid, HCOOH. Drawing inspiration from the 

natural photosynthesis process, numerous scientists have explored methods for 

transforming CO2 into solar chemicals or high-value-added products, employing 

techniques such as electrocatalysis [108], photocatalysis [109], thermal catalysis [110], 

and others. Among these experimental approaches, photocatalytic conversion of CO2 

utilizing light-harvesting materials offers several advantages, including energy savings 

and environmentally friendly conditions [1]. Currently, various semiconductor materials 

such as cadmium sulfide (CdS) [111], TiO2 [112], ZnO [113], zero-valent copper [114], 

heteroatom-doped catalysts [115], and graphene carbon nitride (g-C3N4 or GCN) [116] 

have been employed in this field. Among these photocatalysts, the GCN complex stands 

out as an inexpensive and metal-free option that has garnered significant attention due to 

its outstanding physical and chemical properties, including a suitable bandgap (~2.7 eV), 

excellent responsiveness to solar light, non-toxicity, and stable thermal stability [117].  

Nevertheless, the utilization of GCN as a photocatalytic material for CO2 reduction still 

presents several limitations, including poor photocatalytic activity, rapid charge 

recombination, and low specific surface area [118]. In response, numerous studies have 

been conducted to enhance its photocatalytic performance, employing strategies such as 
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surface functionalization [119], metal-nonmetal doping [120], noble metal deposition 

[121], and integration with carbonaceous materials [122]. Among these approaches, non-

metal chemical doping, particularly sulfur atom incorporation, has emerged as a 

promising avenue. Sulfur doping has been found to enhance visible light absorption and 

promote the separation rate of charge carriers in GCN [123]. Through a self-doping 

technique, Wang et al. demonstrated that sulfur-doped GCN (SGCN) exhibited favorable 

photocatalytic properties for CO2 reduction [66]. Among the various surface 

modifications explored, the coupling of electron acceptors along with the attachment of 

organic groups to SGCN appears particularly promising. This approach is anticipated to 

augment the solar light absorption capacity, facilitate efficient electron-hole separation, 

and enhance photocatalytic efficiency.  

Therefore, exploring stable immobilized modifiers for graphitic carbon nitride 

photocatalysts is imperative to effectively enhance light-harvesting and photocatalytic 

efficiency. Dopamine, a biopolymer utilized across various fields including biomedicine, 

environmental science, and energy, holds significant importance due to its excellent 

biocompatibility, hydrophilicity, and diverse adhesion capabilities, making it a valuable 

organic material for surface functionalization [124]. Its polymeric form, known as 

polydopamine (P), possesses high UV and visible-light absorption properties, making it 

readily applicable for surface modification [125]. Moreover, polydopamine (P) contains 

numerous catechol groups, enabling the formation of semiquinone/quinone groups under 

neutral and basic conditions, facilitating electron and proton transfer from an electron 

donor. In this study, we developed a metal-free photocatalyst, polydopamine (P) modified 

sulfur-doped graphitic carbon nitride (P@SGCN), through direct chemical doping of 

polydopamine into SGCN. In the resulting photocatalyst, polydopamine (P) efficiently 

facilitates the transfer of photoinduced electrons for the artificial photocatalytic process, 

thereby reducing rapid electron-hole recombination. Notably, polydopamine (P) exhibits 

exceptional adhesion capabilities, allowing straightforward modification onto the surface 

of SGCN. The P@SGCN photocatalyst demonstrated remarkable photocatalytic 

efficiency in regenerating NADH and selectively producing formic acid, HCOOH, from 

CO2, as depicted in Scheme 3.1. 
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Scheme 3. 1 Artificial photosynthesis process based on P@SGCN 

photocatalyst/biocatalyst coupled process for the generation of HCOOH from CO2 under 

the irradiation of solar light. 

3.2 Experimental Section  

3.2.1 Materials Used 

Thiourea, dopamine hydrochloride (purity ≥ 98 %), formate dehydrogenase (FDH), 

NaH2PO4⋅2H2O, Na2HPO4⋅2H2O, and NAD+ (purity ≥ 98 %) were purchased from 

Sigma-Aldrich. The electron mediator organometallic Rh-complex ([Cp*Rh(bpy)Cl]Cl), 

(Cp* = η5-C5Me5, bpy = 2,2-bipyridyl) was prepared by reported protocol. 

3.2.2 Instruments and measurements 

The linear absorption spectra were recorded by the Shimadzu spectrophotometer. Fourier 

transform infrared (FT-IR) spectrum was recorded on a Bruker ALPHA-T FT-IR 

spectrometer. Zeta-potential and particle size were measured by a nano-zeta sizer 

(NZS90). A powder X-ray diffractometer (Bruker, D8 Advance Eco) was used for 

investigations of crystallinity. A scanning electron microscope (JSM 6490 LV, JEOL)  

was used to investigate the morphologies of the as-synthesized chemical composites. 

Transmission electron microscopic (TEM) images were collected by TECNAI G2 F30 

microscope operated at 300 kV. 

3.2.3 Preparation of SGCN 

The SGCN was synthesized by heating the 5g thiourea in the muffle furnace at 520oC 

for 5 hours shown in Figure 3.1. 
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Figure 3. 1 Synthesis of S-g-C3N4 photocatalyst. 

3.2.4 Preparation of the P@SGCN 

The P@SGCN was synthesized according to the reported protocol Scheme 3.2 [109]. 

Initially, 700 mg of SGCN was mixed in 100 mL of buffer solution followed by the 

addition of 140 mg of dopamine. The suspension was stirred at 1200 rpm at 70 ◦C for 24 

h. Afterward, the obtained product was cooled at ambient temperature and washed 

thoroughly with distilled water 3 times to remove unreacted reagents. Lastly, the resultant 

product was dried at 60 ◦C. The details about the photocatalytic experiments were 

described in Supporting Information. 
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Scheme 3. 2 Schematic diagram of the preparation of the PDA@S-g-C3N4 photocatalyst. 

3.2.5 Photoregeneration of NADH 

The NADH regeneration was carried out in a quartz reactor at room temperature in an 

inert atmosphere, using a 450 W xenon lamp (Newport 66921) with a 420 nm cutoff filter 

as a light source. The photocatalytic reaction was taken place in a quartz reactor. The 

reaction was composed with NAD+(248 μL), Rh (124 μL), AsA (310 μL), and 

photocatalyst (31 μL) in 3.1mL of buffer solution (0.1M, pH 7.0).  

3.3 Result and Discussion 

3.3.1 UV-Visible spectroscopy 

 The UV–visible absorption spectra of SGCN and P@SGCN were measured with the 

samples dispersed in DMF solvent. The UV–visible absorption spectrum of SGCN clearly 

shows that the pristine SGCN shows a higher absorption near UV range and a low 

absorption spectrum near visible range, with an optical bandgap of 2.74 eV, which is an 

important characteristic property of SGCN [110]. The incorporation of P on the SGCN 

medium significantly enhanced the optical absorption of the P@SGCN photocatalyst 

compared to the SGCN in the entire spectral range (Figure 3.2). By the incorporation of 

P onto SGCN, the optical bandgap of P@SGCN gradually decreases. This optical 

property is likely to enhance the intense light absorption capability as well as the efficient 

charge generation in the P@SGCN photocatalyst [111]. 
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Figure 3. 2 UV-visible absorption spectra of PDA@S-g-C3N4 (red) and S-g-C3N4(blue) 

photocatalysts 

3.3.2 FTIR spectroscopy 

The chemical structures of pristine SGCN and P@SGCN were examined by FT-IR 

spectroscopy. As shown in Figure 3.3, the FTIR spectrum of the P@SGCN photocatalyst 

is similar to that of the pristine SGCN with the minor changes, implying that the original 

structure of SGCN was well kept in the P@SGCN photocatalyst. The mode at 800 cm− 1 

was attributed to the characteristics breathing vibration in the triazine unit. The broad 

peak around 1200–1700 cm− 1, with the typical peaks at 1327, 1473, and 1616 cm -1 

corresponds to the stretching vibrations of C–N, and C– –N in SGCN[112]. The peak 

exhibited at 3113 cm− 1 is mainly due to the stretching vibration of the O–H and N–H 

bonds, which demonstrated that the P was well incorporated onto the surface of the SGCN 

medium [113]. 
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Figure 3. 3 FTIR spectra of PDA@S-g-C3N4(red) and S-g-C3N4(blue) photocatalysts. 

3.3.3 X-ray diffraction Analysis 

To investigate the morphologies of SGCN and P@SGCN photocatalysts, scanning 

electronic microscopy (SEM) technique was used as shown in Figure 3.4. The SEM 

images of SGCN exhibited an agglomerated morphology with the sheet and some short 

rods stuck on the sheet, whereas the morphology of P@SGCN shows the sub-micrometer 

crystallite with the shape of short rods [114]. To further study the crystalline structure of 

P@SGCN photocatalyst, we implemented the powder X-ray diffraction (PXRD) analysis. 

In the as-synthesized P@SGCN photocatalyst, the two prominent peaks at 12.38◦ and 

27.81◦ were observed as shown in Figure 3.4. According to the previous study [51], the 

two prominent peaks of SGCN around 13.35◦ and 27.69◦were reported and were 

attributed to the inter-planar structural packing and stacking of the conjugated aromatic 

system, respectively. We expected that even though the polydopamine moieties were 

incorporated onto the SGCN medium, the structure of SGCN was well kept [115]. 
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Figure 3. 4 Powder X-ray diffraction (PXRD) analysis of as-synthesized P@SGCN 

photocatalyst. 

3.3.4 HR-TEM Analysis 

To examine the high-resolution topography of the P@SGCN photocatalyst, we also 

performed the measurement using transmission electron microscopy (TEM). The selected 

area electron diffraction (SAED) pattern, measured with the same instrument, was 

azimuthally averaged by using the established protocol in order to determine the d-

spacing value between the diffraction peaks [116]. As shown in Figure 3.5, the lattice 

spacing (d-spacing) of 0.333 nm (=1/3.002 nm) was observed in the SAED pattern. The 

observed lattice spacing was well matched to the (002) planes observed in the Bragg’s 

peak at 27.81◦ in the PXRD. To confirm the existence of atomic elements in the P@SGCN 

photocatalyst, we performed the energy dispersive spectroscopy (EDS) installed in the 

TEM instrument. As shown in Figure 3.5, the element-specific mapping images clearly 

show the co-existence of C, N, and O elements with the different relative fractions. The 

relative amounts of atoms (C, N, O, S) were listed in the Figure 3.5. We also performed 

the X-ray photoelectron spectroscopic (XPS) measurement for the as-synthesized 

P@SGCN photocatalyst. Based on the measured XPS spectra shown in Figure 3.5, the 

O1s spectrum shows the clear two peaks around 530.8 eV and 532.4 eV. According to 



 

56 | P a g e  

 

the previous study for polydopamine nanoparticle [117], those peaks can be attributed to 

the components of C–O–H and C––O, respectively. It is noted that the positions for the 

doping sites of polydopamine moieties on the ay-synthesized catalyst can be checked 

from the EDS mapping image for oxygen atom. The S2p spectrum shows the clearly 

separated two peaks at 163.5 eV and 167.9 eV. Among those peaks, the peak around 164 

eV can be assigned to the element of C–S bond which is formed by the replacement of 

nitrogen in pristine g-C3N4 to sulfur atom [66]. On the other hand, the N1s spectrum 

exhibits the broad-shaped feature around 398 eV including the several peaks. The most 

intense peak at 398.6 eV corresponds to the sp2 hybridized aromatic nitrogen atom 

connected to carbon atoms of C-N––C in the sulfurdoped g-C3N4. The results from the 

SEM, PXRD, TEM, and XPS measurements support that the polydopamine moieties are 

well doped onto the surface of SGCN surface [37,51]. 

 

 

Figure 3. 5 Transmission electron microscopy (TEM) measurement of P@SGCN 

photocatalyst. (a) TEM image of P@SGCN photocatalyst. (b) Selected area electron 

diffraction (SAED) image. (c) The one-dimensional profile of the area indicated by the 

magenta rectangle in the SAED image. The lattice spacing (d-spacing) of 0.333 nm 

(=1/3.002 nm) corresponds to the (002) planes in the SGCN medium. (d) Elemental 

mapping measured by the energy dispersive spectroscopy (EDS) for P@SGCN 

photocatalyst. Left figure shows the target range for the EDS mapping and right figures 
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show the element-specific mapping images. The existence of oxygen element (red color) 

in the measured range implies that the polydopamine moieties are well doped onto the 

SGCN medium. 

The average particle sizes of SGCN and P@SGCN photocatalysts were investigated by 

using the dynamic light scattering (DLS) technique. As shown in Figure 3.6, the average 

particle size of the pristine SGCN and P@SGCN photocatalysts were to be ~ 600 nm and 

~ 250 nm, respectively. The smaller particle size of the P@SGCN is likely to improve the 

photocatalytic properties due to the efficient charge migration with the large surface 

area.[118]  

 

Figure 3. 6  Particle size analysis of (a) S-g-C3N4 and, (b)PDA@S-g-C3N4 photocatalysts. 

3.3.6 Zeta potential 

Furthermore, the modification of P on the SGCN surface was also confirmed by the zeta 

potential. As depicted in Figure 3.7, the P-modified SGCN shows more negative zeta 

potential with − 13.4 mV as compared to SGCN with − 3.39 mV which indicates the 

surface modification of P into SGCN surface [119]. 
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Figure 3. 7 Zeta potential analysis of (a) S-g-C3N4 (-3.39 mV), and (b) PDA @S-g-C3N4 

(-13.4 mV) photocatalysts. 

3.4 A Photoinduced regeneration of NADH and production of HCOOH 

from CO2 

We performed the catalytic tests for the photoinduced regeneration of NADH using the 

polydopamine units (P), pristine SGCN, and P@SGCN photocatalysts. As shown in 

Scheme 3.1, we employed the artificial photosynthetic scheme including the 

photocatalyst/biocatalyst coupled process for the generation of HCOOH from CO2 under 

the irradiation of solar light. In all cases, the production yield of NADH was checked by 

UV–visible spectroscopic measurement. As depicted in Figure 3.8a, the P@SGCN 

photocatalyst showed the maximum yield of 80.38 % within 150 min. In contrast, the P 

and pristine P@SGCN showed 0 % and 20.14 % for the NADH regeneration, 

respectively. Using the same samples, we examined the photocatalytic efficiencies of the 

P, pristine SGCN, and P@SGCN photocatalyst for the production of HCOOH from CO2. 

As depicted in Figure 3.8b, the P@SGCN photocatalyst showed that the catalytic yield 

of HCOOH linearly increased as a function of reaction time. The P@SGCN photocatalyst 

produced the amount of HCOOH with 310.16 µM from CO2 under the irradiation of solar 

light. The highly selective generation of HCOOH in a more amount clearly indicates the 

outstanding photocatalytic efficiency of P@SGCN compared to the other photocatalysts 

of P and SGCN. The trends in the NADH regeneration and the production of HCOOH as 

a function of reaction time were deviated from the linear relationship in terms of 

production yield versus reaction time.  
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Figure 3. 8 Photocatalytic activities using polydopamine (P), pristine SGCN, and 

P@SGCN photocatalysts. Catalytic tests for (a) NADH regeneration and (b) production 

of HCOOH from CO2. 

3.4.1 Reusability and Chemical Stability  

Such a trend can originate from the instability of the P@SGCN photocatalys used in the 

catalytic tests. To check this possibility, we investigated the stability and reusability of 

the P@SGCN photocatalyst under the same experimental conditions In the first cycle 

(fresh condition), the P@SGCN photocatalyst showed the regeneration yield for NADH 

with 80.38 % and the production yield for HCOOH with 310.16 µM. At the fifth cycle, 

we found that the regeneration yield of NADH was slightly decreased to 76.38 % and the 

production yield of HCOOH was also slightly decreased to 290.78 µM. This result 

implies that the P@SGCN photocatalyst has the excellent chemical stability in view of 

the longterm performance. Nevertheless, to verify the non-linearity of catalytic 



 

60 | P a g e  

 

performance in terms of production yield versus reaction time, it is required to understand 

the detailed reaction mechanism during the photocatalyst/biocatalyst coupled process. To 

do so, the additional studies based on time-resolved and operando spectroscopies [57–58] 

should be performed in near future. 

3.5 Photocatalyst/biocatalyst coupled process for the generation of 

HCOOH from CO2 

Scheme 3.1 shows a pictorial illustration of the photocatalytic-biocatalytic coupled 

process for the generation of HCOOH from CO2. The polydopamine-modified SGCN 

photocatalyst (P@SGCN) is a primary light-harvesting material in which P acting as an 

electron acceptor is incorporated to the SGCN medium acting as an electron donor. First, 

the P@SGCN can absorb the sunlight and transfer the photo-excited electrons to the 

organometallic Rh-complex (Rh), acting as an electron mediator. The Rh-complex will 

effectively accept the photo-generated electron and subsequently be reduced .[120] 

Afterward, Rh can abstract an H+ from an aqueous solution, and transfer the electron and 

a hydride to a nicotinamide cofactor (NAD), which is transformed to NADH . As a 

consequence, the Rh acts as an electron mediator between the P@SGCN and 

nicotinamide cofactor (NAD+), showing to be a significant factor in NADH regeneration. 

Ultimately, the form of NADH can be utilized for the generation of HCOOH from CO2 

via the enzymatic conversion in the formate dehydrogenase. 

In summary, a newly synthesized P@SGCN photocatalyst for the artificial 

photosynthesis. The properties of as-synthesized P@SGCN photocatalyst were 

systematically characterized by employing the optical spectroscopies, SEM, XRD, TEM, 

XPS, and EDS analyses. Due to the strong interfacial adhesion of P, the polydopamine 

moieties were readily incorporated onto the SGCN. The chemical modifications facilitate 

the enhanced electron transfer between P moieties and SGCN medium. The P@SGCN 

photocatalyst showed the excellent photocatalytic performance for the NADH 

regeneration and the direction conversion of CO2 to HCOOH. Our study demonstrates 

that for the generation of solar chemicals from CO2, the P@SGCN is an excellent light-

harvesting module in the photocatalytic/biocatalytic integrated system. 
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A Spherical Photocatalyst to Emulate 

Natural Photosynthesis for the  

Production of Formic Acid from CO2  
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A spherical photocatalyst to emulate natural photosynthesis 

for the production of formic acid from CO2  

The conversion of carbon dioxide (CO2) into fuels is an attractive solution to many energy 

and environmental challenges. However, the chemical inertness of CO2 renders many 

photochemical conversion processes inefficient. In this work, efficient photocatalytic 

formic acid production from CO2 has been carried out by a novel Bromophenol-Bakelite 

(BPB) composite that is made of bromophenol blue dye-doped inside the Bakelite matrix. 

The BPB-composite act as a visible light-harvesting photocatalyst in a 

photocatalyst−enzyme coupled artificial photosynthetic system. Seven-fold increase in 

the yields of NADH and formic acid has been obtained with the BPB-composite 

photocatalyst than bromophenol along with photocatalyst being thermally very stable. 

Hence, an effective photocatalyst has been synthesised for the selective production of 

solar chemicals directly from CO2 via artificial photosynthesis.  

4.1 Introduction  

Global warming is one of the greatest threats to human survival. The upsurge in global 

carbon emission is the major factor causing global warming. Excessive dependence on 

fossil fuels to meet the ever-increasing energy demand is one of the main sources of 

carbon emission [121]. Hence there are efforts made throughout the world to develop 

strategies that are scientifically sound and economically viable to moderate the trends in 

global warming and to reverse the adverse climate changes [122][123]. Many effective 

strategies for reducing carbon emissions have been developed [124]. An especially 

fascinating and attractive approach is direct energy conversion from solar to chemical to 

produce fuels that are non-polluting and renewable [125]. Observing nature could offer a 

key method for the realisation of efficient solar energy conversion [126]. During 

photosynthesis, green plants convert light into chemical energy [127]. Solar energy is 

absorbed by chlorophyll present in the leaves of plants and generates high energy 

electrons [128]. These photoinduced electrons are transferred to enzyme ferredoxin 

through the electron transport chain causing NAD+ (nicotinamide adenine dinucleotide to 

be converted to NADH (reduced form of the nicotinamide cofactors) [129][130]. Solar 

energy is thus stored as the energy currency of cells (Scheme 4.1). In Calvin Cycle, 

NADPH with high reducing power serves as a hydrogen source for the synthesis of 

carbohydrates from carbon dioxide [131]. Motivated by the photocatalyst/biocatalyst 

system in natural photosynthesis, scientists are working to develop its artificial analogue 

[128][132]. For solar energy conversion, artificial photosynthesis has been recently 
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recognised as an eco-friendly and highly useful method [133]. The most suitable system 

for artificial photosynthesis is a photocatalyst−enzyme coupled system [134]. In this 

system, fuels and chemical synthesis take place by utilisation of solar energy. The most 

daunting task for the practical applicability of the photocatalyst−enzyme coupled artificial 

photosynthesis process is finding materials that are visible light active and highly efficient 

so can be used as photocatalysts [135]. Such photocatalyst should actively participate in 

the regeneration of NADH and henceforth initiate the formation of solar chemicals from 

CO2 [131][136][137][138]. A chemical that has gained extensive attention is formic acid 

which is a two-electron reduction product of CO2 [134]. Formic acid is a versatile acid 

and has several uses such as it can be used as insecticide, preservative, reducing agent 

and in industries of synthetic chemicals; it can be employed as a source of carbon [125]. 

Sustainable efforts are required for the search of photocatalyst that would produce formic 

acid from carbon dioxide, as for till now only a few have been reported 

[134][131][139][107]. We sought to use a unique architecture consisting of a bakelite 

matrix with bromophenol blue dye trapped in its structure for the selective production of 

formic acid from CO2. To the best of the author's knowledge, such a structure as a 

photocatalyst has not been studied yet. Bakelite with its remarkable properties has proved 

to be a mounting superstar with its wide variety of uses in the electrical insulator, 

kitchenware, jewelry children’s toys, pipe stems, molding compounds, and also as 

thermal insulating materials for many industrial applications [139]. Roza et.al [140] has 

reported that the strategic addition of a small number of particles in the polymer matrix 

that forms composite material opens a whole new avenue to not only enhance the 

electrical and mechanical properties of composite in the desired manner but also improves 

its optical and thermal properties.   

         In this work, we have synthesized a novel Bromophenol-Bakelite (BPB) composite 

with bromophenol blue dye-doped inside the Bakelite matrix that is visible light active 

photocatalyst in an artificial photocatalyst-enzyme couple set up for the production of 

formic acid from carbon dioxide The results show enhancement in photocatalytic 

properties of BPB- composite in comparison to pure bromophenol blue dye. 
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Scheme 4. 1 Schematic illustrations of Z-scheme in natural photosynthesis. The 

absorption of solar light energy by chlorophyll in the leaves of plants causes electrons to 

excite. NAD+ is reduced to NADH as a result of a sequential multi-electron transfer. The 

cofactor thus formed is used to produce carbohydrates in the Calvin cycle (PC = 

plastocyanin, PQ = plastoquinone, FR = ferredoxin and Cyt = cytochrome complex) 

[126][128] 

4.2 General remarks  

Bromophenol blue [C19H10Br4O5S], formaldehyde, acetic acid (CH3COOH), phenol, 

hydrochloric acid (HCl), NAD+ and ascorbic acid have been used in the present study. 

All the chemicals were utilized as purchased from TCI and Sigma-Aldrich. Rhodium 

complex [Cp*Rh(bpy)Cl] + was prepared using the approach described in the literature  

4.3 Instruments and Measurement 

The LI-2700 UV-VIS double beam spectrophotometer was used for the analysis of 

Ultraviolet-Visible (UV-Vis) absorption spectra of bromophenol, bakelite and BPB-

composite. The spectrometer (ALPHA-T FT-IR) was used to record Fourier transform 

infrared spectroscopy (FTIR) spectra of bromophenol and BPB-composite. At 15kV 

accelerating voltage, instrument FET Phillips (Model No. 200k VLAB6, (FEL TECNAI 

G2 -20S-Twin)] was used for obtaining field emission scanning electron microscopes 
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(FE-SEM) images. The thermal stability of bromophenol and BPB-composite was 

investigated using differential scanning calorimetry (DSC) on a DSC Q-1000 in a 

nitrogen atmosphere. Dynamic light scattering (DLS) measurements were done on the 

Zetasizer Nano ZS (NZS90) to estimate the particle size of the synthesized photocatalyst. 

At T = 25 °C zeta potential analysis was done of photocatalyst on the instrument Zetasizer 

Nano ZS. HPLC (high-performance liquid chromatography, Model: LC-20AP) was used 

to determine the quantity of formic acid produced.  

4.4 Synthesis of BPB-composite photocatalyst 

To synthesise BPB-composite (Scheme 4.2), initially 2g of phenol and 4 mL of 

formaldehyde were mixed along with the con. CH3COOH and HCl in a pre-dried beaker. 

Thereafter 40 wt% of bromophenol was incorporated into the reaction mixture and heated 

to 60 °C with continuous stirring [141]. White precipitate starts appearing and with 

constant and vigorous stirring pink colour plastic forms. Thereafter, the obtained solid 

powder of BPB-composite was washed with water multiple times and kept for drying at 

70 °C under a vacuum [141] 

 

Scheme 4. 2 Synthesis of BPB-Composite. 
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4.5 Process of photocatalytic NADH regeneration 

The NAD+ to NADH photochemical reduction was accomplished by employing a 450W 

Xenon lamp as a light source in a quartz reactor at ambient temperature [142]. The 

reaction was done under an inert atmosphere. A 420 nm cut-off filter was used to trim the 

spectrum generated by the lamp, allowing UV radiation to be irradiated selectively into 

the sample. 1.24 mmol ascorbic acid AsA (sacrificial agent) and 0.62 μmol Rh complex 

mixed in sodium phosphate buffer (3.1 mL) were used in the reaction sample. The 

photocatalyst bromophenol or BPB-composite (concentration 0.031X10-6 mol) was also 

added to the solution, along with NAD+ (1.24X10-6 mol). The regeneration progression 

of NADH was followed spectroscopically [142].   

4.6 Procedure to produce Formic Acid from CO2 

Formic acid production from carbon dioxide in artificial photosynthesis was carried out 

in a quartz reactor employing a 450W Xenon lamp as a source of light at ambient 

temperature. The reaction was performed under an inert atmosphere. A cut-off filter of 

420 nm was used to trim the spectrum generated by the lamp, allowing UV radiation to 

be irradiated selectively into the solution. The sample consisted of sacrificial agent 

ascorbic acid 1.24 mmol (AsA), formate dehydrogenase (3 units) and 0.62 μmol Rh 

complex, mixed in sodium phosphate buffer (3.1 mL) solution in the presence of CO2 

(flow rate: 0.5 mL/min). The photocatalyst bromophenol or BPB-composite (0.5 mg) was 

also added to the solution, along with β-NAD+ (1.24 10-6 mol). For one hour the reactor 

was bubbled with CO2 with lights off and then exposed to visible light (lights on). HPLC 

(high-performance liquid chromatography, Model: LC-20AP) was used to determine the 

quantity of formic acid produced.  

4.7 Results and Discussion 

4.7.1 Design an artificial enzyme-coupled photocatalytic system 

Many experimental attempts in artificial photosynthesis are being made to replicate the 

principle of natural photosynthesis in facilitating the required reaction sequence (8). 

Scheme 4.3 shows a pictorial representation of the photocatalyst/enzyme coupled system 

using synchronised photocatalysis and bio-catalysis working mechanisms for formic acid 

formation from CO2 [143]. The absorption of visible light by BPB-composite that plays 

the role of primary photosensitiser causes electrons to excite that are transferred to 

rhodium complex Rh [Cp*Rh(bpy)H2O]2
+ which here is the reaction mediator. Upon 
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reduction, a proton is extracted by the Rh complex and a hydride ion is provided to NAD+, 

causing the NADH cofactor to regenerate [129]. Hence the rhodium complex act as a 

reaction centre and efficient mediator of electron between the photocatalyst and NAD+. 

Finally, the CO2 conversion to formic acid takes place with the consumption of the NADH 

cofactor by the formate dehydrogenase enzyme. The released NAD+ from the enzyme 

then again functions as a precursor for the photocatalytic cycle resulting in the 

regeneration of NADH. Formic acid is thus produced directly from CO2 by this integrated 

working of photocatalytic and enzymatic cycles [134].The suggested mechanism has also 

been reported earlier by many studies [134][143][139].  
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Scheme 4. 3 Schematic illustration of a BPB-composite photocatalyst-enzyme coupled 

system for formic acid production from CO2. 

4.7.2 Characterisation of N-EGQD photocatalyst 

4.7.2.1 UV-Visible studies 

UV-Vis’s absorption spectra were used to investigate the visible light-harvesting 

efficiency of bromophenol, bakelite, and BPB-composite photocatalysts, as shown in 

Figure 4.1. UV study of bromophenol, bakelite and BPB-composite was performed in 

dimethylformamide. The ability to absorption of visible light by BPB-composite is 

indicated by a broad band of 520 nm to 650 nm whereas bakelite does not show such 

characteristic. Solutions of bromophenol, which is a well-known indicator [144] when 

irradiated by UV light show an absorption peak at λ = 602 nm and an optical bandgap of 

2.05 eV. There is an increase in absorbance of BPB-composite than that of pure 

bromophenol. The regeneration of NADH requires organometallic rhodium complex 

reduction and the obtained optical band gap of BPB-composite is sufficient for reducing 

the Rh complex. Hence the efficiency of BPB-composite photocatalyst for solar energy 

harvesting is indicated by its absorbance characteristics. 

 

Figure 4. 1  UV-visible absorption spectra of bromophenol (red colour), bakelite (blue 

colour) and BPB-composite photocatalyst (black colour) 
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4.7.2.2 FTIR studies 

FTIR (Fourier-transform infrared) spectra of bakelite have been reported [26] in-band 

region of 3000-3620 cm-1 corresponds to OH stretch; 1500 cm-1 (phenolic ring); 820 cm-

1 (aromatic ethylene bonds (C=C) of the phenolic ring). From the spectra of BPB-

composite (Figure 4.2), the absorption peak appearing at 3555.6 cm-1and 1396 cm-1 is of 

OH stretching and OH bending of phenol group respectively. The 1470 cm-1 peak can be 

ascribed to the phenolic ring [145]and the presence of peaks at 747 cm-1and 1661 cm-

1corresponds to C=C bending and stretching respectively of aromatic ethylene bonds 

(C=C) of the phenolic ring [145]. Hence, the FTIR spectra of BPB-composite show 

distinct differences in the frequency of functional groups as compared to bakelite. In 

addition, C-Br and S=O strong stretching is obtained at 631 cm-1and at 1339 cm-1that 

confirms the formation of bakelite and bromophenol composite. This indicates that the 

bromophenol has been captured in the voids of bakelite resulting in the formation of BPB-

composite.  

 

Figure 4. 2 Fourier-transform infrared (FTIR) spectra of bromophenol and BPB-

composite (black colour) photocatalyst. 

4.7.2.3 SEM Analysis 

The morphology of bromophenol and BPB-composite photocatalyst were analysed from 

FE-SEM (field emission scanning electron microscopic) [142] studies, shown in Figure 

4.3. The SEM image of BPB-composite photocatalyst displays a spherical shape (Figure 
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2b), which is completely different from bromophenol (Figure 2a). Also, the size of BPB-

composite is smaller than bromophenol as depicted in SEM images and particle size 

measurement confirms this observation.  

 

Figure 4. 3 Field emission scanning electron microscopy (FESEM) images of a) 

bromophenol and b) BPB-composite photocatalyst. 

4.7.2.4 Particle size 

The average particle size of bromophenol and the BPB-composite photocatalyst was 

determined using the dynamic light scattering (DLS) method (refer to Figure 4.4). The 

synthesized BPB-composite exhibited an average particle size of 252.50 nm (as shown 

in Figure 3), which is considerably smaller than that of bromophenol blue, with varying 

particle sizes of 458.84 nm and 1478.56 nm (as depicted in Figure 4.4). The reduced 

size of the BPB-composite photocatalyst suggests its enhanced photocatalytic activity. 
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Figure 4. 4 Particle size of bromophenol and BPB-composite photocatalyst. 

4.7.2.6 Zeta Potential Studies 

As shown Figures 4.5(a) and 4.5(b), the zeta-potentials of the bromophenol and BPB-

composite photocatalysts were -5.28 mV and -8.6 mV, respectively. As compared to 

bromophenol, the BPB-composite photocatalyst has a more negative value of zeta 

potential. This implies relatively better stability of BPB-composite than bromophenol 

blue. 

 

Figure 4. 5 Zeta potential plots of a) bromophenol and b) BPB-composite photocatalyst. 

4.7.2.5 EDS Studies 

EDS (energy-dispersive X-ray spectroscopy) is a useful technique for determining the 

percentage of different elements in materials [144]. EDS spectra of bromophenol [Figure 

4.6a] and BPB-composite [Figure 4.6(b)] show the percentage of different elements 

present in the photocatalyst. In bromophenol, the major element is seen to be bromine 

while the content of carbon and oxygen is very less. The height of the peak of carbon is 

increased in the BPB-composite. BPB-composite is composed of oxygen (19.51 atom %), 

carbon (79.97 atom %), and bromophenol sample with oxygen (14.17 atom %) and carbon 

(74.56 atom %), respectively, according to EDS analysis. It is apparent that BPB-

composite is formed, and the ratio of the bromine content is somewhat lower in the 

composite 
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Figure 4. 6 EDS of (a) Bromophenol and (b) BPB-composite photocatalyst. 

4.7.2.7 DSC Analysis 

Using Differential scanning calorimetry (DSC) thermal behaviour of bromophenol and 

BPB-composite (Figure 4.7) was studied. A sharp melting peak of bromophenol is 

observed at 274.78°C in its DSC curve. So, bromophenol decomposes completely below 

300°C whereas BPB-composite starts decomposing at a temperature near about 350°C 

that exhibits better stability than bromophenol blue. In the artificial photosynthetic 

system, the use of a photocatalyst with such remarkable thermal stability would open the 

possibility of executing the reduction of NAD+ repetitively enhancing nucleotide co-

factors' total yield [146]. 

 

Figure 4. 7 DSC of bromophenol and BPB-composite photocatalyst. 
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4.8 Photocatalytic studies of NADH and formic acid yield 

 

The presence of an optical absorbance band at 340 nm is commonly utilized to assess 

NADH regeneration yield [167]. When the BPB-composite photocatalyst is present, the 

notable absorption peak at 340 nm indicates the formation of NADH. The molar 

absorption coefficient of NADH at 340 nm is reported as ε = 6300 mol−1 cm−1 in the 

literature [167]. Figure 5a illustrates the percentage yield of NADH production versus 

reaction time. Conversely, when the reaction was conducted in darkness, no reduction of 

the oxidized form of NAD+ occurred, as depicted in Figure 4.8a.Upon continuous 

irradiation of solar rays, the yield % of NADH regeneration was found to increase [147]. 

The accumulation of the product in the experiment was observed to happen at a fast rate 

and within a short time of 150 min, the total conversion of oxidised NAD+ co-factor was 

accomplished. In this regard, a comparison of the photocatalytic performance of 

bromophenol and BPB-composite photocatalyst is interesting. The conversion efficiency 

of bromophenol and BPB-composite photocatalyst is shown in Figure 4.8a. As observed 

BPB-composite photocatalyst is extensively effective for photo-regeneration of NADH 

cofactor at constant accumulation up to 82.52% while the NADH photo regeneration 

efficiency of bromophenol was obtained to be 12.16% under the same condition. The 

above observation undoubtedly demonstrates the solar rays harvesting BPB-composite 

photocatalyst is suitable for conversion of NAD+ to NADH cofactor with better yield in 

comparison to bromophenol.  
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Figure 4. 8 Photocatalytic activity of bromophenol and BPB-composite photocatalyst for 

(a) NADH regeneration and (b) artificial photosynthetic production of formic acid from 

CO2 

4.8.1Reusaility and Chemaical Stability  
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The stability and reusability of the BPB-composite photocatalyst was also investigated 

under the same experimental conditions (see in Figure 4.9). 

 

Figure 4. 9 Reusability and stability test of BPB-composite photocatalyst for 1,4-NADH 

regeneration. 

4.8.2 HPLC chromatogram for Formic acid  

The production of formic acid was confirmed using HPLC (high-performance liquid 

chromatography). The appearance of the absorption spectrum at 256 nm confirms the 

production of formic acid as shown in supplementary information Figure 4.10 (b). The 

peak observed for produced formic acid is like that of pure formic acid that confirms the 

formic acid production from carbon dioxide using the photocatalytic solution.  The yield 

of formic acid increased linearly as a function of the reaction rate for BPB-composite 

photocatalyst as shown in Figure 4.10b. The efficiency of BPB-composite for the formic 

acid production was 220 μmol, while that of bromophenol was 32.46 μmol. The 

photocatalytic quantum efficiency (QE) of CO2 reduction was calculated to be 2.74 %.  

These outcomes revealed the outstanding performance of BPB-composite photocatalyst 

in comparison to bromophenol. 
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Figure 4. 10 Chromatogram of HPLC 

4.9 During the reduction of NAD+, the possibility of producing different 

NADH isomers 

The electrochemical reduction of NAD+ to NADH involves a series of reactions 

facilitated by free radical intermediates, as depicted in Scheme 4.4. There are two possible 

routes for reducing the radical form of NAD+. The first pathway entails the protonation 

of a free radical intermediate to yield a monomer, while the second pathway involves 

radical-radical coupling to form a dimer. Monomers and dimers of NADH can exist in 

various forms of isomers, such as 3/3’ and 4/4’, as illustrated in Scheme 4.4. Monomers 

can take the form of 3/3’ (3a/3a’, 3b/3b’, and 3c/3c’), including 1,6-, 1,4-, and 1,2-NADH, 

while dimers can exist as 4,4′ and 4,6′-NADH. However, the 3a/3a’ monomer (1, 4-
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dihydro derivative) of NADH is the only isomer enzymatically active, making it valuable 

in artificial photosynthetic systems. [142]. 

 

 

Scheme 4. 4 Plausible NAD+ reduction for the production of ‘enzymatically 

active/inactive’ isomers of NADH via free radical intermediates. 

In summary, an efficient visible light harvesting photocatalyst as BPB-composite has 

been synthesised successfully to emulate natural photosynthesis for the production of 

formic acid from CO2. The photocatalyst-enzyme coupled system has been described in 

detail with the synthesised photocatalyst. The artificial photosynthetic system involves a 

sequence of the process that starts with electron excitation with the absorption of visible 

light by a photocatalyst. These electrons transfer to the Rh complex and lead to the 

formation of NADH which is utilised by the enzyme formate dehydrogenase to convert 

CO2 to formic acid. More remarkably, BPB-composite unprecedently gave an excellent 

NADH yield of 82.52%. BPB-composite demonstrated good photo and thermal stability 

in addition to being an effective light-harvesting photocatalyst. Therefore, this study 
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opens the opportunity for further studies on bakelite-like polymer-based visible light 

harvesting photocatalysts. Furthermore, the approach proposed for producing formic acid 

from CO2 utilising solar energy marks a new era in artificial photosynthesis. 
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Fully π-conjugated Yne-linked Eosin-Y Based Photocatalyst for the 

Photoreduction of CO2 to HCOOH 

Utilizing visible light to drive CO2 conversion for the production of solar chemicals/fuels 

is increasingly crucial due to global warming and the growing scarcity of fossil fuels 

worldwide. In this study, we present the successful integration of a novel yne-linked 

Eosin-Y functionalized (EY@DEHB) photocatalyst via a Pd-catalyzed 

Sonogashira−Hagihara cross-coupling polycondensation reaction. The EY@DEHB 

photocatalyst demonstrates higher activity in the reduction of environmental CO2 to 

formic acid (HCOOH) under visible-light irradiation. Specifically, the EY@DEHB 

photocatalyst, synthesized by coupling Eosin Y (EY) with 3,5-diethynyl-4-

hydroxybenzaldehyde (DEHB), exhibits excellent performance in NADH regeneration 

and the photoreduction of CO2 into HCOOH, achieving 77.16% and 205.99 µmole, 

respectively. This research provides valuable insights into the design and construction of 

highly efficient photocatalysts for converting solar energy into chemical energy. 

5.1 Introduction 

The concomitant rising level of atmospheric CO2 and increasingly fossil fuel 

demands concerted carbon management. The fixation of ever-increasing CO2 emission 

into value-added chemicals/fuels have been reported by using different methods such as 

electrochemical reduction, photocatalytic reduction, photoelectrochemical reduction, 

photothermal reduction and thermal chemical reduction. The conversion of CO2 into 

value added chemicals/fuels such as CH3OH, CH4, CO, HCOOH and so on, involves 

single carbon compound and multi-electron processes. In addition, multi-carbon 

compounds product has also been reported by C-C coupling reaction. As a result, it 

appears that the fixation of CO2 into value-added chemicals/fuels is a key strategy for 

reducing environmental pollution issues and global energy shortages. Therefore, the 

research is regularly increasing to convert CO2 in to sustainable, non-polluting, clean, and 

abundant energy source.[169-172] In this regard, the development of a system for the 

fixation of CO2 into solar chemicals and fuels is particularly fascinating. Consequently, 

many studies on the fixation of CO2 to HCOOH have been executed so far. For instance, 

the fixation of CO2 has been reported by using inorganic and organometallic 

catalysts,[173-175] which afford the product in poor yield and selectivity.[176-180]  

Solar light is the most environmentally friendly energy source. Therefore, the 

efforts toward the selective reduction of CO2 into solar chemicals and fuels led to the 

development of solar light harvesting semiconductors photocatalysts.[181-184] Hence, a 

variety of organic/inorganic semiconductors and transition-metal complexes have been 
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widely estimated for the direct conversion of solar to chemical energy via an artificial 

photosynthetic system. Nonetheless, most of them suffer from limited solar light 

harvesting ability, poor photo-stability, low conversion efficiency, and fast charge 

recombination.[185-187] 

The literature demonstrates that the selective transformation of CO2 to 

chemicals/fuels in high yield remains a major challenge. Therefore, it is necessary to build 

uv-visible light active photocatalyst to improve the photocatalytic efficiency for driving 

the photoreduction of CO2 under visible light irradiation. Also, for the selective 

transformations, the enzymes or biocatalysts are carried out under ambient conditions. 

Hence, the production of HCOOH from CO2 has been explored by using an enzyme. 

Although, the enzyme necessitates the NADH cofactor in a stoichiometric amount to 

carry out biocatalysis, therefore, the development of economic methods for the 

regeneration of NADH is essential. [188-189]Over the last few decades, electrochemical 

NADH regeneration has been developed to accomplish this target. Despite much 

investigation, it still has significant flaws like poor electron-transfer ability, low yields, 

and selectivity. To overcome these obstacles, a solar light driven photo&biocatalyst 

integrated system is used for the incessant regeneration of NADH, which is further 

consumed by the enzyme for solar chemicals/fuels production. .[188-189] 

Surprisingly, the possibility of such an environmentally friendly method of 

obtaining HCOOH solely from CO2 has yet to be explored. This research requires an 

efficient photocatalyst with the absorption of a broad spectrum for concurrent electron 

transfer and efficient light capturing. To accomplish this aim, we describe the creation of 

a photo&biocatalyst integrated system. In this context, the newly bottom-up construction 

of novel yne-linked Eosin-Y functionalized (EY@DEHB) photocatalyst coupled with a 

formate dehydrogenase enzyme to establish this system, which is illustrated in Scheme 

5.1. To the best of our knowledge, the yne-linked Eosin-Y functionalized photocatalyst 

for the production of highly selective HCOOH from CO2 under the irradiation of visible 

light using a photo&biocatalyst integrated system has not been constructed earlier to this 

research. Eosin-Y is a well-known organic dye of the fluorescein family which got more 

attention due to its eco-friendly, easy handling, and also have great potential for visible-

light mediated applications. Eosin-Y is a promising photosensitizer that reveals better 

yield for solar chemicals/fuels.[189] Here, Eosin-Y coupled with DEHB as a 
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photosensitizer to enhance the visible light absorption ability of EY@DEHB 

photocatalyst and also for highly selective photocatalytic HCOOH production.  

 The photo&biocatalyst integrated system for HCOOH formation from CO2 is 

depicted in Scheme 5.2a. In a photocatalytic reaction, the difference between reduction 

potential (Pred) and oxidation potential (Pox) is changing the Gibbs free energy (ΔG) 

(Scheme 1a).  The positive and negative value of ΔG exhibits uphill and downhill 

reactions respectively. The CO2 reduction is a thermodynamic uphill reaction with a more 

positive change in ΔG (Scheme 5.1b).[190]  

 

Scheme 5. 1 Diagrammatic illustration of: (a) Photocatalytic electronic structure and 

Gibbs free energy change in photocatalytic process. (b) UP-hill of photocatalytic 

reactions. 

The visible light-capturing EY@DEHB photocatalyst absorbs incident photons and 

becomes excited for the transition of electrons from the valence band (VB) to the 

conduction band (CB) and left holes, which is reduced by ascorbic acid (AsA). 

Subsequently, the photoexcited electrons transfer to reduce the rhodium (Rh) complex 

([Cp*Rh(bpy)H2O]2+). The synthesis and 1H-NMR spectrum of the Rh-complex are 

detailed in the supporting information. Following reduction, the Rh-complex transfers 

hydride ions to convert NAD+ into NADH cofactor after removing a proton from an 

aqueous solution. In this capacity, the Rh-complex serves as an electron mediator between 

the EY@DEHB photocatalyst and NAD+ for NADH regeneration.[191,192] 

Furthermore, the formate dehydrogenase (FDH) enzyme is used to consume the NADH 

cofactor for the HCOOH production from CO2. The NAD+ is again released to recycle 

this photocatalytic process, leading to NADH regeneration. Thus, the photocatalyst 
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couple enzyme integrated system leads to the production of HCOOH from CO2 (Scheme 

5.2).[188] 

 

Scheme 5. 2 (a) Schematic illustration of HCOOH production from CO2 via the route of 

photo&biocatalyst integrated system. (b) Synthesis of EY@DEHB photocatalyst via Pd-

catalyzed. 

Formic acid (HCOOH) revealed many industrial and pharmaceutical. It is used as an 

antibacterial agent in livestock feed and preservatives. It also plays a vital role in tanning, 

rubber production, leather production, textiles, and the dyeing industry. Also, it can be 

used as a fuel cell.[194,195]  

5.2 Experimental Section 

5.2.1 General remarks 
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Eosin-Y, 3, 5-diethynyl-4-hydroxybenzaldehyde copper (I) iodide (CuI), tetrakis-

(triphenylphosphine) palladium (0) [Pd (PPh3)4], N, N-dimethyl formamide (DMF) and 

4.0 mL triethyl amine (Et3N), ethanol (EtOH), tetrahydrofuran (THF), pentamethyl 

cyclopentadienyl rhodium (III) chloride dimer, [Rh(C5Me5) Cl2]2, β-NAD+, ammonium 

sulfate [(NH4)2SO4], formate dehydrogenase enzyme and ascorbic acid were purchased 

from TCI and sigma-aldrich.   

5.2.2 Instruments and measurements 

UV-visible spectra of materials were recorded by using a UV-VIS spectrophotometer (LI-

2700: Lasany Inc.). Thermo-scientific, USA (Model: Nicole 6700) was used to record 

Fourier transform infrared spectrometer. Scanning electron microscope (SEM) images 

were collected to examine the morphology of materials by using JEOL, Japan (Model: 

JSM 6490 LV). The particle size of materials was measured by using a nano zeta sizer 

(NZS90).  

5.2.3 Synthesis of EY@DEHB photocatalyst 

To synthesize the EY@DEHB photocatalyst, initially all compounds such as 170 mg 3, 

5-diethynyl-4-hydroxybenzaldehyde (DEHB, 1mmol), 346 mg eosin-Y (0.5 mmol), 10 

mg copper (I) iodide (CuI), and 20 mg Pd(PPh3)4 were dissolved in a mixture of 4.0 mL 

DMF and 4.0 mL triethyl amine (Et3N). After that, the reaction mixture was refluxed at 

90 °C with a stirrer under an inert atmosphere for 72 h (Scheme 5.3). Subsequently, the 

reaction mixture was precipitated after cooling at room temperature. Furthermore, the 

obtained precipitate was filtered and washed with distilled water, EtOH, and THF to 

remove photocatalyst residues or any unreacted monomer. Then, followed by the 

purification of the product by soxhlet extraction using chloroform solvent. The product 

was dried by using a rotary evaporator.[196] Three-dimensional structure of EY@DEHB 

photocatalyst shown in Figure 5.4. The synthesized EY@DEHB photocatalyst was 

confirmed by proton nuclear magnetic resonance (1H-NMR) (Figure 5.9). 
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Scheme 5. 3 Synthetic scheme of EY@DEHB photocatalyst via coupling of EY and 

DEHB at 90oC temperature for 72h. 

 

Scheme 5. 4 Three-dimensional structure of EY@DEHB photocatalyst. 

5.2.4 CpM synthesis 

 [Cp*Rh(bpy)Cl] Cl, 25 mg pentamethyl cyclopentadienyl rhodium (III) chloride dimer 

[Rh(C5Me5) Cl2]2 was taken in pre-dried 25 ml round bottom flask and added 5 ml 

distilled methanol. The reaction mixture was stirred for 30 minutes at room temperature 

under an N2 atmosphere. Subsequently, 2 eq. of 2,2’-bipyridyl (13 mg) was introduced 

into the reaction mixture, followed by the addition of diethyl ether to yield the yellow 
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precipitate (Scheme 5.5). The resulting precipitate was then dried at room temperature.1, 

2 

The synthesized Rh-complex was confirmed by proton nuclear magnetic resonance (1H-

NMR) spectra in Figure 5.1.  

 

Scheme 5. 5 Synthesis of organometallic rhodium complex. 

2.5.5 Proton nuclear magnetic resonance (1H-NMR) spectra of rhodium 

complex 
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Figure 5. 1 Proton nuclear magnetic resonance (NMR) spectroscopic study of the 

electron mediator rhodium complex. 1 H-NMR (500 MHz, D2O) δ 1.52 (s, 30H), 8.80 (d, 

4H), 8.23 (d, 4H), 8.09 (t, 4H), 7.66 (t, 4H). 

The production of HCOOH from CO2 was also executed within a quartz reactor after the 

irradiation of a 450W xenon lamp with a cut-off filter of 420nm under an inert atmosphere 

at room temperature. The performed reaction mixture was composed of 1.24 mmol AsA, 

0.5 mg EY@DEHB photocatalyst, 0.62 μmol Rh-complex, 1.24 μmol β-NAD+, and 3 

units of FDH enzyme in 3.1mL of buffer (sodium phosphate buffer) to maintain pH up to 

7.0 in the presence of CO2. After 1h bubbling of CO2 in absence of light, the reactor was 

irradiated in visible light. The produced HCOOH amount was detected by HPLC (high 

performance liquid chromatography, Model: 51-ADD0012). 

5.3 Results and Discussion 

5.3.1 Artificial AQBCN photocatalyst-biocatalyst coupled system 

The robust EY@DEHB photocatalyst was created by covalently yne-linked EY dye with 

DEHB substrate . The as-prepared EY@DEHB photocatalyst was characterized by UV-

visible spectroscopy, Fourier transform infrared spectroscopy (FTIR), Field emission 

scanning electron microscope (FESEM), powder X-ray diffraction (PXRD), and 

Dynamic light scattering (DLS) technique.  

5.3.1.1 Uv-Visible spectroscopy 

UV-vis spectroscopy was used to confirm the existence of EY in the EY@DEHB 

photocatalyst. The EY@DEHB photocatalyst exhibits a strong absorption spectrum at 

536 nm (Figure 5.2). The EY dye also reveals a similar wavelength absorption spectrum 

albeit with low absorption. This blue shift maximum absorption spectrum of EY@DEHB 

photocatalyst attributed to the presence of DEHB with EY, which indirectly 

recommended the covalent attachment between them. This examination indicates the 

efficient visible light capturing ability of EY@DEHB photocatalyst, which provides 

photogenerated energy for enzymatically-active NADH regeneration and HCOOH 

production from CO2 with good efficiency. 
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Figure 5. 2 UV-Visible absorption spectra of EY and (d) EY@DEHB photocatalyst 

5.3.1.2 FTIR studies 

To estimate the evidence regarding coupling between EY dye and DEHB, FTIR studies 

were conducted. The characteristic peaks of EY dye were exhibited at 1751 cm-1 and 3253 

cm-1, which were allocated to the vibration stretching of C=O and O-H respectively. The 

new characteristic peak of -C≡C- stretching in EY@DEHB photocatalyst appeared at 

2117 cm-1  (Figure 5.3a,b) along with 700-1600 cm-1 absorption bands of the aromatic 

ring.[197] 
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Figure 5. 3 FTIR spectrum of EY and EY@DEHB photocatalyst.and, FTIR spectrum of 

EY@DEHB photocatalyst 

5.3.1.3 SEM analysis 

The morphology of EY dye and EY@DEHB photocatalyst were investigated by FESEM 

analysis, which is shown in Figure 5.4 (a and b). The EY dye shows the agglomerated 

morphology[198] whereas the morphology of the as-synthesized EY@DEHB 

photocatalyst changed (Figure 5.4b). As a result, it indicates that the coupling of EY dye 

with DEHB changed the surface morphology of the synthesized EY@DEHB 

photocatalyst.  
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Figure 5. 4 FESEM morphology of (a) EY and (b) EY@DEHB photocatalyst. 

5.3.1.4 X-ray diffraction studies 

The PXRD measurements indicated the crystalline and amorphous nature of EY and 

EY@DEHB photocatalysts, respectively, which is demonstrated in Figure 5.5. The 

diffraction peak of the EY@DEHB photocatalyst exhibits a strong characteristic peak at 

30.05° of 2θ value.  The characteristic peak at 30.05° corresponds to an interlayer d-

spacing about 0.0499 nm. The formation of a new –C-C- bond in EY@DEHB 
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photocatalyst after the combination between EY and DEHB is recommended by the 

appearance of a new diffraction peak at 30.05°.[196]  

 

Figure 5. 5 PXRD measurements of EY and EY@DEHB photocatalyst. 

5.3.1.5 Photocatalytic Reaction for NADH regeneration and production of 

HCOOH  

The photocatalytic activity of EY and EY@DEHB photocatalyst for NADH regeneration 

and production of HCOOH were examined via an artificial photosynthetic system (Figure 

5.6). The concentration of photo-regenerated NADH was determined using a UV-Visible 

spectrophotometer. As shown in Figure 5.6a, the EY@DEHB photocatalyst achieved the 

highest yield of NADH regeneration at 77.16% compared to EY (18.22%) over a period 

of 120 minutes. 
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Figure 5. 6 The photocatalytic performance of EY and EY@DEHB photocatalyst for (a) 

regeneration of NADH and (b) production of HCOOH from CO2 via artificial 

photosynthetic route. 

5.3.1.6 Particle size analysis 

In addition, the size of the particle also shows more significance in photocatalytic 

properties. The particle size distribution was investigated by using the DLS technique, 

which is demonstrated in Figure 5.7. The particle size of the EY@DEHB photocatalyst 

after the linkage of -C≡C- was reduced (8.91nm) relative to that of EY dye (164.95nm). 

The smaller size of the EY@DEHB photocatalyst enhances the rate of charge transfer, 

which is responsible for higher photocatalytic activity.[199,200] 
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Figure 5. 7 Particle size analysis of (a) EY and (b) EY@DEHB photocatalyst. 

5.3.1.7 High-performance liquid chromatography (HPLC) analysis for the 

determination of formic acid 

Additionally, the production of HCOOH was detected by using HPLC (Figure 5.8). As 

shown in Figure 5.6, the production of HCOOH linearly increased up to 205.99 μmol 

along with reaction time in the presence of highly efficient EY@DEHB photocatalyst. 

While, EY was afforded up to 37.25 μmol. The production of HCOOH was detected by 

using high-performance liquid chromatography (HPLC). The absorption spectrum of 

produced formic acid appears at 254nm, which is shown in Figure 5.8. The analyzed peak 

of produced formic acid is similar to pure formic acid peak,[172] which confirmed the 

formation of formic acid from CO2 using the photocatalytic solution.[173]- [201-205]  
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Figure 5. 8 Chromatogram of HPLC for HCOOH. 

5.3.1.8 Proton nuclear magnetic resonance (1H-NMR) spectra of 

EY@DEHB photocatalyst 
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Figure 5. 9 1H NMR spectra of the EY@DEHB photocatalyst. The sp2 hybridized 

aromatic proton is located in the range of 6.5~8 ppm. The chemical shifts of acetylene 

protons were located at 4 ppm and benzaldehyde protons shows in the range of 8-9 ppm. 

The chemical shift of phenolic proton shows in the range of 4-4.5 ppm. 

 

5.3.1.9 Reusability test of EY@DEHB photocatalyst 

The reusability test (5 runs) of fully π-conjugated Yne-linked Eosin-Y based 

photocatalyst (EY@DEHB) for the NADH regeneration and HCOOH production under 

the same reaction conditions has been examined. In view of the yield of NADH and 

HCOOH, EY@DEHB photocatalyst showed good photocatalytic efficiency during the 

recycling tests shown in Figure 5.10. 
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Figure 5. 10 Reusability test of EY@DEHB photocatalyst under visible-light irradiation 

for the NADH regeneration and HCOOH production. 

5.4 Mechanism of NADH regeneration 
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Scheme 5. 6 Plausible electrochemical reduction of NAD+ via free radical intermediates 

to be formed ‘enzymatically active/inactive’ NADH isomers. 

In summary, here we presented a new solar light active fully π-conjugated yne-linked 

eosin-y based photocatalyst for the transformation of CO2 to HCOOH via artificial 

photosynthesis. The EY@DEHB photocatalyst has been fully characterized by 

spectroscopy, microscopy, XRD, and particle size analyzer techniques. The EY@DEHB 

photocatalyst of the photocatalyst−enzyme coupled system is highly visible light active 

for efficient production of HCOOH from CO2. The artificial photosynthesis field opens 

many possibilities of applications for fully π-conjugated yne-linked eosin-y based 

materials. The presence of EY in photocatalyst makes it responsible for excellent 

photocatalytic activity with 77.16 % yield of NADH regeneration and 205.99 μmol 

production of HCOOH from CO2. The above result reveals the superiority of yne-linked 

eosin-y based photocatalyst. To the best of our knowledge, an yne-linked eosin-y based 

photocatalyst sets a new benchmark in the artificial photosynthesis area for the ultimate 

goal of solar fuel production from environmental CO2. 
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Nature-Inspired CO2 Fixation Through Photopolymer Modified Sulphur Doped 

Graphitic Carbon Nitride Photocatalyst 

Creating effective and cost-efficient photocatalysts for CO2 fixation, inspired by nature, 

poses a significant challenge in material chemistry. The photoinduced polymer grafting of 

metal-free sulfur-doped graphitic carbon nitride (SGCN) has recently gained substantial 

attention due to its diverse applications spanning photocatalysis, energy conversion and 

storage, and biomaterials. In this research study, we delve into the development of a light-

harvesting photocatalyst synthesized through the grafting of Poly (vinylidene fluoride-co-

hexafluoropropylene) polymer brush onto sulfur-doped graphitic carbon nitride 

(PVDHFP@SGCN) using visible light irradiation. Subsequently, PVDHFP@SGCN films 

can be produced through spin coating on glass substrates. The investigation highlights the 

exceptional properties of the newly formulated photocatalysts, including outstanding solar 

light-harvesting capability, optimal optical band-gap suitability, and highly structured π-

electron pathways facilitating efficient charge migration. These attributes position the 

photocatalyst as a highly promising candidate for various photocatalytic applications, 

particularly in utilizing solar energy for diverse chemical reactions. Moreover, the current 

PVDHFP@SGCN photocatalyst demonstrates remarkable efficiency as a catalyst in CO2 

fixation, resulting in the production of formic acid as a green solar chemical. 

 

6.1 Introduction 

The greenhouse effect and global warming are the most serious issues for modern society 

in the twenty-first decade, providing key challenges to the scientific community [211].  

The emissions of greenhouse gases increase daily with rapid consumption of energy 

sources such as coal, oil, and natural gas, which leads to environmental problems [212-

214].  It is important to note that an over-reliance on fossil fuels has led to an energy crisis 

and that the environment has suffered greatly as a result of the released greenhouse gases 

[215,216].  CO2 stands out as the most prevalent greenhouse gas among these emissions, 

driving significant global climate shifts and adverse environmental impacts. With CO2 

emissions continually rising due to human activities, the conversion of CO2 into valuable 

fuels like HCOOH, CH3OH, and CH4 emerges as a crucial objective. Such 

transformations hold the potential to enhance the global carbon balance and facilitate 
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energy storage in a positive manner. [217,218].  As CO2 is chemically the most stable and 

linear greenhouse gas having low electron affinity, the reaction of CO2 is defined by the 

nucleophilic assault at the carbon atom [217].  As a result, the conversion of CO2 to fuels 

is a scientifically challenging problem that requires suitable catalysts and considerable 

energy input [219]. Therefore, many researchers employ various strategies such as 

photoelectrochemical [220], biochemical [221] electrochemical [222], and 

thermochemical processes [223] to reduction of CO2.  As commonly known that the CO2 

molecule requires eight electrons to complete the 21 conversion to hydrocarbon 

molecules [220-224]. As a result, the reported methods for reduction often result in low 

yields and limited specificity towards the desired hydrocarbon products [10-14]. To 

overcome these drawbacks, the development of highly efficient 

process/technologies/methods are required for the conversion of CO2. The natural 

photosynthesis process plays a crucial role in maintaining the carbon/oxygen cycle which 

is essential for sustaining life on Earth [225]. Therefore, inspired by natural 

photosynthesis, we have designed artificial photosynthetic systems that are reasonable 

and effective technologies for the conversion of CO2 into value-added solar chemicals. 

Accordingly, many scientists have developed various types of artificial photosynthetic 

materials, such as TiO2/CdS photocatalysts [226,227], pigment sensitizers [228], 

semiconductors [229], metal-based covalent frameworks [230], transition-metal based 

complexes so on [231].  Still, the use of these photocatalytic materials has various 

limitations such as poor conversion efficiency, photostability, and high cost [232-234].  

To enhance the photocatalytic efficacy of photocatalysts, novel semiconducting materials 

have been introduced to actively harness visible light in solar energy applications. 

Notably, the utilization of two-dimensional layered materials like graphitic carbon nitride 

(GCN) has been prominent in augmenting the photocatalytic activity of metal-free 

photocatalysts, owing to their exceptional optical properties and thermal stability. With 

an optical band gap of approximately 2.7 eV, GCN is adept at absorbing solar light within 

the spectral range below 500 nm, making it suitable for various applications. GCN 

catalysts have found widespread use in processes such as water splitting and carbon 

dioxide photo-reduction, leveraging their optical characteristics. Despite its widespread 

application, pristine GCN encounters limitations in efficiently covering the broad spectral 

window of solar light below ~500 nm due to its wide optical band gap. One strategy to 

overcome this hurdle involves the incorporation of a sulfur heteroatom, leading to the 

development of heteroatom-doped GCN, commonly referred to as SGCN. In this research 



 

101 | P a g e  

 

endeavor, we introduce a novel SGCN photocatalyst by grafting a Poly (vinylidene 

fluoride-co-hexafluoropropylene) polymer brush onto sulfur-doped graphitic carbon 

nitride (PVDHFP@SGCN), as illustrated in Scheme 6.1. In this process, SGCN 

facilitated radical formation under visible light exposure, which was utilized to initiate 

polymerizations. Among the various modifications of g-CN, polymers have garnered 

increasing interest due to their versatile properties, such as flexibility, ease of 

functionalization, and cost-effectiveness. Notably, the PVDF-HFP polymer's high 

electron-absorbing C–F bonds have attracted significant attention from scientists and 

researchers owing to its exceptional thermal endurance and chemical stability. The 

copolymer PVDF-HFP, created by introducing amorphous HFP into PVDF, can disrupt 

the symmetric and regular chain structure of pure PVDF, thereby reducing its crystallinity 

and enhancing polymer membrane adsorption. To our knowledge, no prior studies have 

explored the grafting of polymer brushes onto SGCN, which could potentially enhance 

the interface properties of SGCN. Polymer brushes, surface coatings comprising 

polymers tethered to a substrate, can be achieved through covalent attachment. In this 

study, the grafting technique is employed to attach a Poly (vinylidene fluoride-co-

hexafluoropropylene) polymer brush onto sulfur-doped graphitic carbon nitride 

(PVDHFP@SGCN) for CO2 reduction. The PVDHFP@SGCN was analyzed using UV 

spectroscopy, TGA, and FT-IR. 

 

Scheme 6. 1 Polydopamine modified photocatalyst catalyzed the artificial photosynthesis 

process for the generation of HCOOH from CO2 under sun ray irradiation 
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6.2 Experimental Section 

6.2.1 General remarks 

Poly (vinylidene fluoride-co-hexafluoropropylene-) polymer (PVDHFP), Thiourea (T), 

chloroform, imidazole, ammonia solution, ethanol, methanol and dimethyl sulfoxide 

(DMSO), N, N-dimethylformamide (DMF), Acetonitrile (ACN), NAD+ (Nicotinamide 

adenine dinucleotide oxidized), Ascobic Acid (AsA), were purchased from sigma aldrich. 

6.2.3 Preparation of the SGCN 

The SGCN photocatalyst was synthesized through the thermal copolymerization method 

as per the reported procedure [246]. Initially, 20 g of thiourea was placed in a crucible 

and covered with foil paper after that heated at 520 °C in a muffle furnace for 3 hrs with 

a ramping rate of 5 °C/min. Afterward the 3 h calcination process, the resulting samples 

were cooled to ambient temperature. Lastly, the obtained product was employed for the 

synthesis of the PVDHFP@SGCN photocatalyst.  

6.2.4 Preparation of the PVDHFP@SGCN 

The PVDHFP@SGCN photocatalyst was synthesized as per the reported method [245].  

Firstly, 66 mg of SGCN photocatalyst and 20 mL of THF were mixed in a glass vial and 

sonicated for 1 h. After that, 660 mg of   PVDHFP polymer was added to the SGCN 

photocatalyst, and the glass vial was sealed with a rubber septum and passed with argon 

for 30 min. After that glass vial was irradiated under a visible light source at a distance 

of 5 cm to initiate the grafting process. After 48 hrs, the entire solution was washed with 

THF and dried under vacuum and we found the desired photocatalyst (Scheme 6.2).  
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Scheme 6. 2 Grafting of Polymer Brushes onto SGCN under Visible- Light Irradiation 

6.2.5 Photochemical Cofactor Regeneration of NADH 

NADH was photochemically regenerated in a quartz reactor at room temperature with an 

inert environment using sunlight. The following procedure was used to regenerate NADH 

by photocatalysis. A quartz reactor was used to carry out the reaction. The reaction 

contained 2.48 mol of NAD+, 1.24 mol of Rc complex, 1.24 mmol of AsA, and 0.4 mg 

of photocatalyst in 3.1 ml of buffer (100 mM, pH 7.0). Using a spectrophotometer, the 

NADH cofactor renewal was observed. 

6.3 Results and discussion 

6.3.1 Photo regeneration of NADH and generation of HCOOH from CO2 

Several experiments were conducted to assess the photo-regeneration of NADH using P, 

SGCN, and PVDHFP@SGCN photocatalysts. In each case, the concentration of NADH 

was monitored using UV-visible spectroscopy. As illustrated in Figure 6.1a, 

PVDHFP@SGCN exhibited significant efficacy in NADH photo-regeneration, steadily 

increasing to 88.42% over time. In contrast, SGCN and P photocatalysts yielded only 

28.14% and 0% NADH regeneration, respectively. Additional experiments were 

performed to evaluate the photocatalytic efficiency of P, SGCN, and PVDHFP@SGCN 

photocatalysts for the production of HCOOH from CO2. As shown in Figure 6.2b, the 

yield of HCOOH increased linearly with reaction time when PVDHFP@SGCN was 

utilized as a photocatalyst. PVDHFP@SGCN produced a greater amount of HCOOH 
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(290.16 µmmol) from CO2 compared to all other photocatalysts under sunlight 

irradiation. This highly selective generation of HCOOH in larger quantities underscores 

the remarkable photocatalytic efficiency of PVDHFP@SGCN compared to the other 

photocatalysts (P, SGCN). Consequently, PVDHFP@SGCN emerges as an outstanding 

light-harvesting photocatalyst for HCOOH generation. 

 

Figure 6. 1 Photocatalytic activities of P, SGCN, and PVDHFP@SGCN photocatalysts 

in (a) NADH photogeneration, and (b) Generation of HCOOH from CO2. 
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6.3.2 Optical Properties of Highly Efficient PVDHFP@SGCN Photocatalyst for CO2 

Fixation 

The optical and electrochemical properties of PVDHFP@SGCN photocatalyst were 

examined by using UV-vis absorption spectroscopy and cyclic voltammetry (CV) 

analysis respectively.  

 

As depicted in Figure 6.2, UV−visible spectroscopy results indicated that SGCN 

exhibited an absorption band position at approximately 455 nm [249,250]. Upon 

integration of PVDHFP onto SGCN, the UV-visible light absorption spectrum narrowed 

to approximately 420-700 nm (Figure 6.2). Notably, the narrowed UV−visible light 

absorption was primarily attributed to the SGCN molecule, which endowed available 

charge carrier properties despite its lower energy function [251]. Consequently, these 

enhanced photocatalytic properties of the PVDHFP@SGCN photocatalyst are more 

efficient compared to the starting material for NADH co-factor regeneration and the 

conversion of CO2 to formic acid. 
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Figure 6. 2 The absorption spectrum of the PVDHFP@SGCN photocatalyst 

6.3.3 Tauc plot of PVDHFP@SGCN photocatalyst 

 It should be noted that the grafting of PVDHFP polymer enhances the UV-visible 

absorption property.  The optical band gap energy of the PVDHFP@SGCN photocatalyst 

was determined by the Kubelka-Munk (KM) method shown in Figure 6.3. 

 

Figure 6. 3 The band gap calculated by the Kubelka-Munk (KM) method of the 

PVDHFP@SGCN photocatalyst 

6.3.4 Cyclic voltammetry studies 

 By using a CV evaluation (Figure 6.4) with Pt as a counter electrode, glassy carbon as a 

working electrode, and Ag/AgCl as a reference electrode in anhydrous acetonitrile 

containing 0.1 M tetra-butyl-ammonium hexafluorophosphate with a scan charge of a 100 

mV s1, the electrochemical band gap of PVDHFP@SGCN photocatalyst. 
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Figure 6. 4 Cyclic voltammetric analysis PVDHFP@SGCN photocatalyst and a mixture 

of three components in the presence Rh, NAD+ and PVDHFP@SGCN photocatalyst 

6.3.5 EIS electrochemical studies 

The separation and migration characteristics of charge carriers in a three-electrode system 

were assessed by analysing electrochemical impedance spectra (EIS). This investigation 

encompassed a frequency range from 100 kHz to 0.1 Hz, employing an AC amplitude of 

5 mV. Throughout all electrochemical analyses, the distance between the working and 

reference electrodes was maintained at a constant 1 cm. Figure 6.5 shows the EIS data of 

SGCN and PVDHFP@SGCN photocatalyst. All samples exhibit Nyquist plots with a 

flattened semicircular shape. The PVDHFP@SGCN photocatalyst   shows a smaller 

radius than the   SGCN photocatalyst, indicative of a significantly their much more 

efficient migration and transfer ability of photo-generated charge carriers [252]. The 

structure of the PVDHFP@SGCN photocatalyst establishes a direct pathway for photo-

induced electrons and holes to diffuse to the surface, resulting in a notable reduction in 

charge transfer resistance (Rct). Furthermore, the diminished charge resistance signifies 

efficient electron transfer during the proton reduction process at the interface of the 
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photocatalyst and electrolyte, mostly indicate the grafting of PVDHF polymer on SGCN 

photocatalyst [253,254] .   

 

Figure 6. 5 EIS of PVDHFP@SGCN and SGCN photocatalysts. 

6.3.6 Tafel plot studies 

As depicted in Figure 6.6 the PVDHFP@SGCN photocatalyst shows more negative Tafel 

slope in comparison to starting material PVDHF which indicated PVDHFP@SGCN 

photocatalyst more efficient for the photocatalytic reaction [255].   
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Figure 6. 6 Tafel plots of PVDHFP@SGCN and SGCN photocatalysts. 

6.3.7 FTIR studies 

FTIR analysis was utilized to examine the chemical bonding characteristics of the 

PVDHFP@SGCN photocatalyst, as illustrated in Figure 6.7. Within the FTIR spectrum 

of the PVDHFP@SGCN photocatalyst, a wide band spanning from 3100 cm−1 to 3500 

cm−1 was observed, attributed to the stretching vibration modes of –NH and –OH groups, 

indicating the presence of –NH, –NH2, and -OH functional groups. Notably, distinctive 

peaks detected in the range of 1250 cm-1 to 1600 cm-1 (including 1250, 1328, 1429, 1455, 

and 1571 cm−1) closely resemble the characteristic vibrational stretching modes of CN 

heterocycles. Additionally, the resonance around 800 cm−1 corresponds to the breathing 

mode of triazine components intricately linked with the modified CN heterocycles. The 

observed vibration peaks at 1395, 867, and 485 cm-1 are attributed to the C-F2 bending, 

wagging, and stretching vibrational modes, respectively. Moreover, the peak at 1185 cm-

1 arises from the C-C bond of PVDF. In the spectrum of PVDF-HFP, peaks are observed 

at 611, 872, 1064, 1180, and 1400 cm-1, corresponding to vinylidene, CH2 wagging of the 

vinylidene band, -C-F- stretching, scissoring, and bending vibration of the vinyl group, 

respectively [256,257]. 
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Figure 6. 7 FTIR spectra of SGCN and PVDHFP@SGCN photocatalysts. The potential 

was scanned at 100 mVs-1. 

6.3.8 XRD pattern studies 

Powder X-ray crystallography is used for the investigation of the crystallinity nature of   

PVDHFP@SGCN, PVDHFP and SGCN photocatalysts in Figure 6.8. As per reported 

literature [49] the PVDHFP shows characteristic peaks at 2θ = 20◦ and 38◦ corresponding 

to the (020) and (021) [50. These Characterstic peaks are shifted in case of   

PVDHFP@SGCN photocatalyst which indicate the grafting of PVDHFP on the SGCN 

photocatalyst.  
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Figure 6. 8 XRD pattern of PVDF HFP and PVDHFP@SGCN photocatalysts. 

6.3.9 EDS analysis and SEM analysis 

To study the carbon (C), sulphur (S), nitrogen (N), and fluorine (F) element existence in 

the PVDHFP@SGCN photocatalyst, we carried out a detailed study on chemical 

compositions and element distribution by Energy-dispersive X-ray spectroscopy analysis. 

As shown in Figure 6.9a. C, S, N, and F elements were found and they were evenly 

incorporated into the PVDHFP@SGCN photocatalyst. These results confirmed that 

polymer grafting of PVDHFP along with elemental existence in the PVDHFP@SGCN 

photocatalyst [51].  

To examine the morphologies of SGCN and PVDHFP@SGCN photocatalysts, we 

employed the scanning electronic microscopy (SEM) technique. In the SEM image of 

PVDHFP@SGCN the PVDHFP polymer shows a globular structure and porous regions 

between the globes as shown in Figure (6.9b,c). Further, the morphology of 

PVDHFP@SGCN changed from the morphology of SGCN which indicated the Grafting 

of PVDHFP on the SGCN surface [52,53].  
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Figure 6. 9 Energy-dispersive X-ray spectroscopy (EDS) and morphology studies by 

field emission scanning electron microscopy (FE-SEM). The SEM images of (b) SGCN, 

and (c) PVDHFP@SGCN photocatalysts 

6.3.10 The average particle Size 

The particle size of SGCN and PVDHFP@SGCN photocatalysts was examined by using 

the dynamic light scattering method. Particle size plays a pivotal role in determining the 

photocatalytic activity of photocatalytic materials. As depicted in Figure 6.10, the particle 

size of the PVDHFP@SGCN photocatalyst (~15 nm) is smaller in comparison to the 

SGCN monomer (~90 nm). This reduction in particle size enhances the photocatalytic 

properties of the PVDHFP@SGCN photocatalyst, attributed to the covalent attachment 

of SGCN and PVDHFP. [263, 264]. 
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Figure 6. 10 Particle size analysis of (a) SGCN and (b) PVDHFP@SGCN photocatalysts. 
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7.1 Conclusion 

The immense potential of artificial photosynthetic systems lies in their ability to convert 

solar energy into valuable chemical energy through the use of photocatalysts that harness 

solar light. This thesis details the successful synthesis of various photocatalysts designed 

for solar chemical/fuel production and organic transformations. Multiple approaches were 

employed in this study to achieve highly active photocatalysts tailored for innovative 

applications. The photocatalytic activity and physiochemical properties of these custom-

designed photocatalysts were assessed using various techniques, including UV-Vis, 

FESEM, FTIR, DLS, DFT, etc. The key findings and overall outcomes of the study are 

summarized below. This thesis is structured into seven chapters. The first chapter 

provides a concise introduction and outlines the objectives of the thesis. The second 

chapter delves into a comprehensive literature review on the escalating environmental 

issue of carbon dioxide and its fixation. Additionally, it discusses the design strategies for 

different types of photocatalysts intended for solar chemical and fuel production through 

artificial photosynthetic systems, as well as their applications in organic transformations 

like, C-keto sulfoxidation, and 1,3-oxathiolane-2-thiones. 

Chapters three to six offer in-depth exploration of various photocatalysts and their 

applications in solar chemical and fuel production, along with their roles in organic 

transformations under solar light irradiation. In the seventh chapter, I not only summarize 

my work but also discuss the future scope and direction for the development of 

photocatalysts in solar chemical production. 

 

Additionally, we successfully synthesized an efficient visible light-harvesting 

photocatalyst, the BPB-composite, to mimic natural photosynthesis for formic acid 

production from CO2. The detailed description of the photocatalyst-enzyme coupled 

system using the synthesized photocatalyst is provided. The artificial photosynthetic 

process involves a series of steps initiated by electron excitation through the absorption 

of visible light by the photocatalyst. These electrons are then transferred to the Rh 

complex, resulting in the formation of NADH, which is utilized by the enzyme formate 

dehydrogenase to convert CO2 to formic acid. Notably, the BPB-composite achieved an 

outstanding NADH yield of 82.52%. Furthermore, the BPB-composite exhibited 
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excellent photo and thermal stability, in addition to its effectiveness as a light-harvesting 

photocatalyst. 

In chapter fifth we desiged and synthesized new solar light active fully π-conjugated yne-

linked eosin-y based photocatalyst for the transformation of CO2 to HCOOH via artificial 

photosynthesis. The EY@DEHB photocatalyst has been fully characterized by 

spectroscopy, microscopy, XRD, and particle size analyzer techniques. The EY@DEHB 

photocatalyst of the photocatalyst−enzyme coupled system is highly visible light active 

for efficient production of HCOOH from CO2. The artificial photosynthesis field opens 

many possibilities of applications for fully π-conjugated yne-linked eosin-y based 

materials. The presence of EY in photocatalyst makes it responsible for excellent 

photocatalytic activity with 77.16 % yield of NADH regeneration and 205.99 μmol 

production of HCOOH from CO2. The above result reveals the superiority of yne-linked 

eosin-y based photocatalyst.  

In Chapter Six, we present a green and environmentally friendly approach for formic acid 

production. We systematically investigated the photocatalytic performance and key 

influencing factors for practical application of the PVDHFP@SGCN photocatalyst. The 

PVDHFP@SGCN photocatalyst exhibited enhanced photocatalysis for formic acid 

generation. This research offers a straightforward pathway for developing an 

environmentally benign photocatalyst with significantly improved photocatalytic activity 

for formic acid generation under solar light irradiation. Moreover, the PVDHFP@SGCN 

photocatalytic and photo-enzymatic system holds potential for a wide range of diversified 

applications. 

Based on my comprehension, artificial photosynthesis appears to be the most favorable 

method for economically generating value-added chemicals and fuels through the use of 

affordable photocatalysts. The findings indicate that these photocatalysts exhibit 

considerable potential and are promising candidates deserving further investigation in 

both research and practical applications. 
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7.2 Future Scope 

In this thesis, investigations delved into the realm of artificial photosynthetic systems, 

aiming to replicate natural photosynthesis for the synthesis of valuable chemicals and 

fuels.  

With a significant role in pharmaceutical and medicinal chemistry, my research focuses 

on the synthesis of diverse solar light-harvesting photocatalysts, including graphene, 

carbon nitride-based materials, and covalent organic frameworks. These materials are 

obtained through processes like diazonium reaction, calcination, condensation reaction, 

and Friedel-Craft alkylation. The synthesized photocatalysts have been applied in various 

innovative applications such as NAD(P)H regeneration, L-glutamate production, formic 

acid synthesis, sulfoxidation, keto sulfoxidation, 1,3-oxathiolane-2-thiones, C-H and C-

S bond activation. Their advantages in natural, biological, and pharmaceutical product 

contexts are evident. 

In addition to these achievements, my interest extends to the design of other cost-effective 

and highly efficient photocatalytic materials. Future studies will explore methodologies 

such as cross-coupling, Diels-Alder reaction, Heck reaction, and other approaches. These 

efforts aim to open up new avenues for applications in value-added solar chemicals/fuels 

production (e.g., methanol, formaldehyde) and organic transformations like C-N and C-

P bond formation, substituted benzothiazoles, aromatic benzylamine, etc. Such 

applications garner attention in pharmaceutical chemistry, offering societal benefits. The 

outlined research endeavors are presented below: 

• Creating an eosin-based conjugated framework photocatalyst through cross-

coupling to facilitate the synthesis of benzothiazoles from thiophenol and 

benzonitrile under visible light irradiation in aerobic conditions. 

• Designing a porphyrin-based covalent organic framework through Friedel-Craft 

alkylation for the generation of formic acid from CO2 and aromatic benzyl amine 

from the corresponding benzyl amine under visible light. 

• Formulating a graphene-based photocatalyst through a condensation process to 

enable the production of methanol from CO2. 

• Developing a multicomponent polymerized photocatalyst through the linkage of 

alicyclic poly(oxaselenolane)s for epoxidation applications under visible light 

irradiation. 
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