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Abstract 

The energy crisis and the greenhouse gas effect are recognized as two major future 

issues due to excessive consumption of non-renewable fossil fuels. Therefore, developing 

sustainable energy resources is highly imperative to meet energy demand and mitigate the 

greenhouse gas effect. The photocatalytic CO2 reduction (PCO2R) has been considered one of 

the most effective techniques for the utilization of CO2. The reaction can be performed under 

solar light in an aqueous media to produce value-added chemicals such as methanol (CH3OH), 

ethanol (C2H5OH), formic acid (HCOOH), methane (CH4), carbon monoxide (CO), etc., in an 

environmentally friendly process. Therefore, photocatalytic reduction of CO2 is like killing two 

birds with one stone to solve energy demand and environmental issues. The development of 

green pathways for the synthesis of nanoparticles (NPs) and their application in the 

photocatalytic reduction of CO2 to value-added chemicals is a potential pathway for controlling 

industrial CO2 emissions.  

This doctoral work focuses on developing an environmentally benign process for 

synthesizing CdS NPs, nanorods and quantum dots (QDs), and they are further modified for 

enhanced PCO2R. The resulting catalysts are applied for photocatalytic CO2 reduction to value-

added chemicals under visible light irradiation.  

In the first study, bio-based CdS(bio) nanorods were synthesized using plant-based 

phytochemicals found in Aegle marmelos and carbon quantum dots (CQDs) using orange 

peels. CQDs (7 nm) were homogeneously incorporated into CdS(bio) nanorods via simple 

deposition, forming CQDs/CdS(bio) nanocomposites. The catalysts were thoroughly 

characterized using diffraction, microscopic, spectroscopic, and electrochemical techniques. 

CQDs/CdS(bio) composites had a diameter and length of 73 nm and 822 nm with 82.25 m2/g 

specific surface area. CQDs/CdS(bio) composites showed a fourfold increase in both 

photocurrent density (0.38 μA/cm2) and CO2 adsorption capacity (0.292 mmol/g) compared to 

CdS(bio) nanorods alone.  The conduction band of the composite (-0.92 eV) becomes more 

negative compared to CdS(bio) (-0.85 eV). Moreover, the composite formation notably 

improved decay time by 2.35-fold and reduced photoluminescence intensity by 59.23 % 

compared to CdS(bio), indicating enhanced charge separation and reduced charge carrier 

recombination. Furthermore, the photocatalytic activity of CQDs/CdS(bio) nanocomposites 

was investigated for CO2 reduction to methanol under visible light (250 W, λ>420 nm, 2.2 

W/m2, 4.2719×1018 photons/m2.s) without any sacrificial reagent. The effect of the mass 
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fraction of CQDs on CdS and catalyst loading on PCO2R has been investigated. The optimal 

CQDs/CdS(bio) loading (0.50% w/w) exhibited the maximum methanol rate of 1060.52 

μmol/g·h (apparent quantum yield (AQY) 7%) over 5 h. CQDs/CdS(bio) nanocomposites 

exhibited strong stability (test up to 25 h in five consecutive cycles), retaining the 

morphological (0.11 % variation in size) and structural (4.2% variation in crystallinity index) 

attributes. This work would provide valuable insights into the development of bio-based CdS-

based composites for efficient PCO2R into valuable chemicals. 

Z-scheme In2O3/CdS(bio) heterostructures (25 nm, 217.0 m2/g surface area) with a more 

negative conduction band, synthesized using phytochemicals present in Aegle marmelos with 

short microwave irradiation, inhibit CdS(bio) photocorrosion, forming SO4
2-. In2O3/CdS(bio) 

increased photocurrent density (0.82 μA/cm2) and CO2 adsorption (0.431 mmol/g) significantly 

compared to CdS(bio) and In2O3(bio) NPs. Heterostructures increased decay time and reduced 

PL intensity by 46.28% and 61.80% over CdS(bio) and In2O3(bio) NPs. Density functional 

theory (DFT)-optimized geometry, band structure analysis, and density of state (DOS) studies 

indicate that the DOS of CdS is modified with In2O3 incorporation, enhancing charge 

separation. Optimal 0.4In2O3/CdS(bio) heterostructures exhibit remarkable CO2 conversion to 

HCOOH/CO production of 514.4/162 μmol/g·h (AQY 4.44/2.45%), surpassing CdS(bio) and 

In2O3(bio) by 9 and 6.5 times, and retained its morphological and structural stability. In the 

subsequent study, bio-based CdS heterostructures were developed for PCO2R to overcome 

limited redox potential alignment, restricting multi-electron transfer pathways and narrowing 

product selectivity. 

This study presents both experimental and theoretical insights into CO2 reduction to 

HCOOH using biomass-derived carbon dots embedded onto phytochemical-based CdS 

quantum dots. The 0D CDs/CdS QDs(bio) composites exhibit rich sulfur vacancies and a more 

negative conduction band, effectively inhibiting CdS photocorrosion (SO4
2-) while enhancing 

CO2 adsorption and photocurrent response. Additionally, it reduced PL intensity and increased 

decay time, suggesting enhancing charge separation and suppressing charge recombination. 

The optimal 0.4CDs/CdS QDs(bio) composite exhibited remarkable CO2 reduction to HCOOH 

formation rate of 439.51 μmol/g·h (AQY 3.81%) while retaining its structural and 

morphological stability. DFT calculations reveal HCOO* as a key intermediate, confirming the 

thermodynamic preference for HCOOH formation over CO with a free energy change of -0.71 

eV. This study introduces a novel bio-based CdS QDs composite modified with biomass-

derived CDs, providing mechanistic insights into PCO2R for sustainable fuel production. 
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This work studies on bio-based Z-scheme heterojunction photocatalysts for efficient 

reduction of CO2 into value-added chemicals. A Z-scheme SnO2/CdS heterojunction is 

synthesized (5.7 nm, 120.6 m2/g) with a conduction band position of -0.96 eV using bio-

analytes found in Aegle marmelos via microwave irradiation. The heterojunction synthesized 

could significantly enhance CO2 adsorption capacity (0.4 mmol/g) and photocurrent response 

(0.74 μA/cm2) in comparison to CdS QDs(bio) and SnO2(bio). Additionally, it improves charge 

carrier dynamics as PL intensity is reduced by 60 and 56.1 %, and charge carrier lifetime is 

increased by 48.9 and 59.2%, respectively. The internal electric field generated by the Fermi 

level difference between CdS (- 4.51 eV) and SnO2 (-5.52 eV) facilitates charge separation and 

transport, suppresses recombination, and prevents photocorrosion (SO4
2-) of CdS QDs(bio). 

DFT analysis further confirms modifications in the density of states of CdS within the bandgap 

region due to SnO2 incorporation, promoting efficient charge transfer at the interface. The 

optimized 0.50SnO2/CdS QDs(bio) heterostructure exhibits remarkable photocatalytic activity 

for CO2 reduction, achieving CH3OH and hydrogen production rates of 675.9/139.5 μmol/g·h 

(AQY 3.51/0.24%) while maintaining its structural and morphological stability.  

 In this study, a bio-based zero-dimensional (0D) p–n heterojunction CuO/CdS 

photocatalyst (7.2 nm, 136.65 m2/g) with a conduction band of -1.12 eV was synthesized using 

bio-analytes from Aegle marmelos via microwave irradiation. The p–n heterojunction enhanced 

CO2 adsorption capacity (0.643 mmol/g) and photocurrent response (0.94 μA/cm2) compared 

to CdS QDs(bio) and CuO QDs(bio). Additionally, it improved charge carrier dynamics by 

reducing PL intensity by 73% and 67% and increasing decay time by 74% and 54.6%, 

respectively. The internal electric field generated by the Fermi level difference between n-type 

CdS (- 4.21 eV) and p-type CuO (- 4.7 eV) enhanced charge separation and transport, 

suppressed recombination, and prevented photocorrosion (SO₄²⁻) of CdS QDs(bio). DFT 

analysis revealed alterations in the DOS of CdS within the band gap region due to the 

incorporation of CuO, further facilitating efficient charge separation and transport at the local 

junctions. The optimal 0.50CuO/CdS QDs(bio) heterostructure exhibited remarkable 

photocatalytic performance for CO2 reduction, achieving C2H5OH (C2 product) and CO 

production rates of 158.48/182.68 μmol/g·h (AQY 8.24/1.58%) while maintaining its structural 

and morphological stability. This work highlights the potential of bio-based p-n junction 

photocatalysts for efficient CO2 reduction into value-added chemicals. 
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CHAPTER 1 

Introduction and Literature Review 

 

This chapter provides a general introduction to CO2 emissions, including the global and 

Indian scenarios, the fundamentals of CO2 photoreduction, and an overview of various 

technologies for converting CO2 into value-added chemicals. It also presents a concise review 

of the state-of-the-art literature on photocatalysts and their modifications for enhancing 

photocatalytic CO2 reduction. 
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1.1 Overview 

The global energy demand is increasing rapidly due to accelerated industrialization and 

rising living standards. Global energy consumption is projected to increase by 48% between 

2012 and 2040 (Source: Energy Information Administration (EIA)). The rapid rise in global 

energy consumption and industrialization has resulted in the emission of significant amounts 

of greenhouse gases, causing serious harm to the environment and life on Earth [1]. Among 

these greenhouse gases, carbon dioxide (CO2) is the primary contributor, accounting for 

approximately 76% of the total greenhouse effect, potentially causing severe and irreversible 

environmental changes that impact human health [2]. Global CO2 emissions have now 

surpassed 40 gigatonnes annually, with atmospheric CO2 concentrations reaching 429.6 ppm 

(Source: International Energy Review (IEA)). 

Currently, most of the world’s energy needs are met by burning non-renewable fossil 

fuels like coal, oil, petroleum, and natural gas. Continued dependence on these resources could 

lead to their eventual depletion [3–5]. Furthermore, the extensive combustion of fossil fuels is 

a major source of greenhouse gas emissions, which drive global warming, rising sea levels, ice 

melt, and numerous other environmental consequences. 

 

1.1.1 CO2 emission and its global scenario 

Figure 1.1 depicts global CO2 emissions across various sectors from the mid-18th 

century to the present. Emissions remained relatively low until the mid-19th century, reaching 

6 billion tonnes by 1950. By 1990, this number had nearly quadrupled to over 22 billion tonnes. 

Since then, emissions have continued to increase rapidly, presently exceeding 40 gigatonnes 

per year. 

CO2 emissions originate from a range of sectors, including electricity and heat 

production, industry, transportation, residential, agriculture, and commercial and public 

services. Figure 1.2 shows the global distribution of CO2 emissions by sector from 1990 to 

2019. The top three contributors, electricity and heat production, industry, and transportation, 

collectively account for about 82.77% of total emissions. The remaining 17.23% is related to 

residential, agricultural, commercial, and public service sector activities. 
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Figure 1.1. Global annual CO2 emissions from the year 1850 to 2040 (Source: Center for 

Climate and Energy Solutions, available at www.c2es.org, accessed on 15 August 2025). 

 

 

Figure 1.2. Global sector-wise CO2 emissions annually from 1990 to 2019 (Source: 

International Energy Agency, available at www.iea.org, accessed on 15 August 2025). 

 

Figure 1.3 illustrates the country-wise global CO2 emission distribution. In 2020, 

China, the United States, and India were the top three emitters, accounting for approximately 

28, 15, and 7% of total global emissions, respectively. 
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Figure 1.3. Global share of CO2 emissions by country in the year 2020 (Source: International 

Energy Agency, available at the link www.ucsusa.org, accessed on 15 August 2025). 

 

Since the Industrial Revolution, atmospheric CO₂ levels have steadily risen, reaching a 

record 412.5 ppm in 2020 (Figure 1.4), despite the temporary economic slowdown caused by 

the COVID-19 pandemic. Compared to 1960, this represents an increase of 95.5 ppm, or 

approximately 30.12%. 

 

Figure 1.4. Atmospheric CO₂ concentration levels from 1960 to 2020 (Source: National Ocean 

and Atmospheric Administration, available at www.statista.com accessed on 15 August 2025). 
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1.1.2 Indian CO2 emission scenario 

India is the third-largest emitter of greenhouse gases globally, contributing nearly 7% 

of total global CO2 emissions, primarily from fossil fuel combustion. Currently, India’s CO2 

emissions have risen to approximately 3 gigatonnes, exceeding the 2019 level of 2.59 

gigatonnes, a surge largely driven by increased coal usage. However, in the financial year 

2019–20, the country experienced a rare decline in CO2 emissions from coal, oil, and gas by 

about 30 million tonnes (1.4%), marking the first drop in four decades (Figure 1.5). This 

downward trend continued with estimated reductions of 15% in March 2020 and 30% in April 

2020, largely due to the nationwide lockdown during the COVID-19 pandemic. Overall, India's 

total CO2 emissions in 2020 fell by 9.7%, slightly surpassing the global average decline of 

9.6%. 

Figure 1.6 presents sector-wise CO₂ emissions in India from 1990 to 2019. The top 

three sectors—electricity and heat production, industry, and transport—collectively contribute 

around 86.76% of the total emissions. The remaining 13.24% originates from other sectors, 

including residential, agriculture, commercial, and public services. 

 

Figure 1.5. Annual CO2 emissions in India from fossil fuel consumption during the period 

1965 to 2020 (Source: Centre for Research on Energy and Clean Air, available at 

www.carbonbrief.org, accessed on 15 August 2025). 
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Figure 1.6. Sector-wise CO₂ emissions in India from 1990 to 2019 (Source: IEA, available at 

www.iea.org/ accessed on 15 August 2025). 

 

1.2 Need for sustainable CO2 utilization strategies 

The development of sustainable renewable energy technologies is an urgent need of 

21st century to meet energy demands while mitigating the greenhouse gas effect. Several 

approaches have been explored for CO2 reduction, including carbon capture and storage (CCS), 

catalytic conversion, thermochemical conversion, electrochemical conversion, biological 

conversion, photoelectrocatalytic conversion, and photocatalytic conversion. However, each of 

these technologies comes with its own set of limitations and challenges. 

CCS technologies have been widely employed with notable efficiency; however, their 

broader adoption is limited by challenges such as leakage risks, high compression costs, and 

the need for extensive transportation infrastructure [6]. Similarly, catalytic and thermochemical 

conversions of CO2 into carbon monoxide (CO) and methane (CH4) using transition metal 

catalysts are effective for commercial use [7]. However, they require high temperatures and 

pressures, making both capital and operational costs significantly high. Electrochemical 

conversion offers a route to reduce CO2 into valuable chemicals using electrical energy, yet it 

faces limitations related to low efficiency and electrode stability [8]. Biological conversion, 

which utilizes microalgae to transform CO2 into value-added products, also encounters 

challenges, including limited enzyme regeneration and low production yields [9]. 

Photocatalytic CO2 reduction utilizes a semiconductor photocatalyst, light energy (solar 

or artificial light), and cost-effective water as a reducing agent to convert CO2 into solar fuels 

such as CH4, CO, methanol (CH3OH), formic acid (HCOOH), ethanol (C2H5OH), and 
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formaldehyde (HCHO). This method is considered as one of the most promising, efficient, and 

environmentally friendly strategies for addressing both energy and climate challenges. It 

utilizes renewable solar light energy, operates mostly under ambient temperature and pressure, 

produces no toxic byproducts or residues, and results in zero carbon emissions [10,11].  

 

1.3 Fundamentals of CO2 photoreduction 

1.3.1 Basic principle of CO2 photoreduction 

 Photocatalytic reduction of CO2 is a process that mimics natural photosynthesis in 

plants. In photosynthesis, green plants and photosynthetic bacteria convert atmospheric CO2 

into oxygen and energy-rich compounds like carbohydrates using light energy. Similarly, 

photocatalytic CO2 reduction emulates this mechanism by using light, a semiconductor 

catalyst, and water to convert CO2 into valuable fuels or chemicals [11,12] (Figure 1.7). In this 

process, the semiconductor photocatalyst absorbs ultraviolet or visible light, generating 

electron(e-)/hole (h+) pairs when the incident light energy equals or exceeds the bandgap energy 

(Eg) of the catalyst. The excited electrons are promoted to the conduction band (CB), while 

holes are left in the valence band (VB). The photogenerated holes oxidize water (H2O), 

producing protons (H+), hydroxyl radicals (•OH), or oxygen (O2), while the photogenerated 

electrons reduce CO2 adsorbed on the catalyst surface into value-added chemicals such as CO, 

CH4, HCOOH, C2H5OH, and CH3OH [13]. 

The photocatalytic reduction of CO2 proceeds through five key sequential steps: light 

absorption, charge separation, CO2 adsorption, surface redox reactions, and product desorption. 

This photoreduction process can be carried out in both liquid-phase and gas-phase systems 

[14]. 

 

Figure 1.7. Schematic of photocatalytic CO2 reduction. 
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CO2 is a highly stable, linear, and symmetrical molecule, characterized by strong C=O 

double bonds with a bond energy of approximately 750 kJ/mol—significantly higher than that 

of typical single bonds such as C–O (327 kJ/mol), C–H (411 kJ/mol), and C–C (336 kJ/mol) 

[14]. This inherent stability poses a major challenge for its activation, as considerable energy 

is required to overcome the thermodynamic barrier and break the C=O bonds during 

photoreduction. In this context, solar energy emerges as a promising solution with an immense 

potential of around 1.3×105 TW. It provides a clean, sustainable, and abundant energy source 

to drive the conversion of CO2 into value-added chemicals. 

The reduction potential of photogenerated electrons plays a crucial role in providing 

the driving force required for CO2 reduction. Photocatalytic CO2 reduction follows a complex, 

multi-electron and multi-proton transfer pathway, typically involving 2, 6, or 8 electrons and 

protons [15]. This process can yield a variety of value-added products, including C1 compounds 

such as CH4, CO, CH3OH, HCOOH, and HCHO, as well as C2 compounds like C2H5OH, 

ethylene (C2H4), and acetic acid (CH3COOH). The main reaction pathways and their 

corresponding redox potentials (E°) are summarized in Table 1.1. These theoretical reduction 

potentials are referenced to the normal hydrogen electrode (NHE) at pH 7.0 in aqueous 

solution. 

 

Table 1.1. The main products of CO2 reduction with the corresponding reduction potential 

(pH=7) [12]. 

Reaction Product Eo 

(V vs. NHE) 

CO2  + e- → CO2
•- Carbonate anion radical -1.90 

CO2 + 2H+ + 2e- → HCOOH Formic acid -0.61 

CO2 + 2H+ + 2e- → CO + H2O Carbon Monoxide -0.53 

CO2 + 4H+ + 4e- → HCHO + H2O Formaldehyde -0.48 

CO2 + 6H+ + 6e- → CH3OH+H2O Methanol -0.38 

CO2 + 8H+ + 8e- → CH4 +H2O Methane -0.24 

2H+ + 2e- → H2 Hydrogen -0.41 

 

As shown in Table 1.1, the direct one-electron reduction of CO2 is highly unfavorable, 

owing to its extremely negative redox potential of –1.9 V vs. NHE at pH 7 [16]. To date, no 

known photocatalyst exhibits a conduction band potential negative enough to efficiently 
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facilitate this single-electron transfer. In contrast, proton-coupled multi-electron reduction 

pathways present a more feasible and energy-efficient alternative. These routes require 

significantly less negative redox potentials, making them more suitable for practical CO2 

conversion under photocatalytic conditions [12]. 

Considering these challenges, the development of a highly active, durable, low-cost, 

and multifunctional photocatalyst for CO2 reduction requires careful attention to several critical 

factors. Firstly, the photocatalyst must have a suitable band structure capable of generating 

multiple e-/h+ pairs and facilitating efficient transfer of photogenerated electrons to CO2. 

Specifically, the conduction band edge should be more negative than the redox potentials of 

CO2 and its corresponding reduction products to ensure thermodynamic feasibility. 

Additionally, effective mass transport is essential; the reactants must readily access and adsorb 

onto the active sites, while the products must be able to diffuse away and desorb from the 

catalyst surface after the reaction. Finally, photoinduced holes should be rapidly consumed by 

a sacrificial agent or water to prevent charge recombination and maintain continuous 

photocatalytic activity [12,17]. 

 

1.3.2 Adsorption and activation of CO2 

The adsorption and activation of CO2 on the photocatalyst surface are critical steps for 

facilitating its subsequent reduction and for suppressing the competing hydrogen evolution 

reaction (HER). Upon adsorption, CO2 typically interacts with surface atoms to form a partially 

charged intermediate species, CO2
δ•- [18]. As illustrated in Figure 1.8, CO2 can adsorb in 

various configurations, including carbon coordination, oxygen coordination, and mixed 

coordination modes. 

 

Figure 1.8. Possible structures of adsorbed CO2
δ•- on the photocatalyst (Reproduced with 

permission from [18], Copyright 2016, Royal Society of Chemistry). 
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In oxygen coordination, each oxygen atom of the CO2 molecule donates its lone pair 

electrons to a Lewis acid site on the photocatalyst surface (Figure 1.8a). In carbon 

coordination, the carbon atom accepts electrons from surface species such as oxide ions, 

forming a carbonate-like intermediate (Figure 1.8b). In mixed coordination, both the carbon 

and oxygen atoms of CO2 simultaneously function as an electron acceptor and donor, 

respectively, leading to a more complex interaction with the surface (Figure 1.8c). 

In photocatalytic CO2 reduction, the adsorption of CO2 is widely considered as both the 

rate-determining and selectivity-controlling step. This process requires significant 

reorganization energy to convert the linear CO2 molecule into a bent radical anion (CO2
•-), 

which can be facilitated through various strategies, such as increasing surface area, introducing 

surface defects, and optimizing surface configurations. Enhancing the surface area of 

photocatalysts promotes faster mass transfer, improves CO2 adsorption, and provides more 

active sites for the reduction reaction [11].  To achieve this, a wide range of nanostructured 

materials has been engineered to offer high surface areas, including zero-dimensional (0D) 

nanoparticles, one-dimensional (1D) nanotubes, nanorods, and nanowires, two-dimensional 

(2D) nanosheets, and three-dimensional (3D) hierarchical micro/nanostructures. Additionally, 

porous and hollow materials with large surface-to-volume ratios and interconnected channels 

have been developed to further enhance photocatalytic CO2 reduction performance [18]. 

Introducing surface defects in photocatalysts is another effective strategy to enhance 

CO2 adsorption and activation. Defects such as oxygen and sulfur vacancies serve as highly 

reactive sites, particularly in metal oxide- and sulfide-based photocatalysts. Oxygen vacancies 

in metal oxides can significantly modify the catalyst’s structure, as well as its electronic and 

chemical properties, thereby improving its ability to interact with and activate CO2 molecules. 

Similarly, sulfur vacancies in sulfide-based photocatalysts can produce comparable effects, 

enhancing photocatalytic performance [11]. 

 

1.3.3 Mechanism of photocatalytic CO2 reduction 

Photocatalytic CO2 reduction is a complex redox process involving multiple steps, 

including the transfer of electrons and protons, the breaking of C=O bonds, and the formation 

of new C–X bonds with various species. Throughout the reaction sequence, several radical 

intermediates may form and participate at different stages, contributing to the complexity of 

the overall process. The reaction outcome can vary significantly depending on experimental 

conditions such as light source, reactor design, and the nature of the photocatalyst. There are 
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three primary proposed pathways for CO2 reduction: the formaldehyde pathway, the carbene 

pathway, and the glyoxal pathway. Each pathway involves distinct intermediate species, which 

are summarized along with their corresponding reaction mechanisms in Table 1.2. 

In the formaldehyde pathway [11],  the CO2
•-  radical anion is first attacked by a proton 

to form HCOOH. This is followed by the dehydration of a dihydroxymethyl intermediate, 

producing HCHO, which is subsequently reduced to CH3OH and eventually to CH4. In the 

carbene pathway [17], a proton reacts with CO2
•- to break a C-O bond, forming CO. Through 

successive electron and proton transfers, CO is reduced to a carbon residue, which is further 

transformed into reactive intermediates such as CH• and CH3
•, ultimately yielding CH4. 

Methane can then react with hydroxyl radicals (•OH) to form CH3OH. Alternatively, carbene 

intermediates may undergo reduction to form C2H4 and subsequently ethane (C2H6). This 

pathway involves only reduction steps, featuring the transfer of electrons and hydrogen atoms 

to form various radical and non-radical intermediates. In contrast, the glyoxal pathway [18] 

includes both oxidation and reduction steps. The proposed sequence of intermediates includes 

CO2
•-, HCOOH, HCO•, C2H3O

•, CH3
•, CH4, and CH3OH, highlighting a more complex 

interplay between redox reactions throughout the CO2 reduction process. 

 

Table 1.2. CO2 reduction reaction pathways and related reactions and products [19,20]. 

Pathways CO2 reduction reaction and  product formation 

Formaldehyde 

CO2 + e-→ CO2
•- + H+→ COOH• + e- + H+→ HCOOH (formaldehyde) + e- 

+ H+ → H3CO2
• + e- + H+→ CH2O + H2O 

CH2O + e-→ H2CO- + H+ → H3CO• + e- + H+→ CH3OH + e- + H+ → CH3
• 

+ H2O 

CH3
• + e- + H+ → CH4  

Carbene 

CO2 + e- → CO2
•- + e- + H+ → CO + OH- 

CO + e- → CO•- + e- + H+ → C + OH- 

C + e- + H+ → CH• + e- + H+ → CH2 (carbene) + e- + H+ → CH3
• + e- + H+ 

→ CH4  or  

CH3
• + e- + H+ + •OH → CH3OH 

2CH2 + 2e- → C2H4 + 2H+ → C2H6 

Glyoxal 

CO2 + e- → CO2
•- + e- + H+ → HCO2

- + H+ → HCOOH + e- → HCO• + OH- 

HCO•+ HCO• → C2H2O2 (glyoxal) + e- + H+ → C2H3O2
• + e- + H+→C2H4O2 

+ e- + H+ →C2H3O
• + H2O 
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C2H3O
• + e- + H+ →C2H4O + H+ → C2H3O

• + H+ 

C2H3O
• → CH3

•+ CO + e- + H+ → CH4   or  

CH3
•+ CO + e- + H+ + •OH→ CH3OH 

 

1.4 Technologies for CO2 reduction to value-added chemicals 

Several technologies have been developed for the reduction of CO2, including carbon 

capture and storage (CCS), catalytic conversion, thermochemical conversion, electrochemical 

conversion, biological conversion, photoelectrocatalytic conversion, and photocatalytic 

conversion. These methods are illustrated in Figure 1.9 [21]. A brief description of these 

methods is provided in the subsequent sub-sections. 

 

Figure 1.9. Technologies for CO2 reduction. 

 

1.4.1 Carbon capturing and storage (CCS) 

Carbon capture and storage (CCS) is a process designed to capture CO2 before they are 

released into the atmosphere. It involves three main steps: (i) CO2 capture, (ii) CO2 

transportation, and (iii) CO2 storage. This technology has the potential to capture up to 90% of 

CO2 emissions generated from fossil fuel-based power generation and industrial activities such 

as cement production. CCS is considered as a promising solution for reducing CO2 emissions 

within the energy sector and is often viewed as a key strategy for mitigating the impact of fossil 

fuels on global warming [6]. However, the widespread implementation of CCS is limited by 
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several challenges, including high costs, the risk of CO2 leakage, and the expenses associated 

with compression and transportation. These factors have significantly constrained its large-

scale adoption. 

 

1.4.2 Biological conversion 

This technique resembles photocatalytic conversion, as it utilizes solar energy to drive 

the transformation of CO2 into chemical energy through natural photosynthesis, resulting in 

the production of biofuels. In this method, microalgae (photosynthetic microorganisms) 

convert CO2 into biofuels or valuable chemicals in the presence of sunlight and water. It 

represents a promising and eco-friendly pathway for CO2 reduction. However, scaling up this 

process for industrial applications remains challenging due to the low efficiency of CO2 

fixation. Additionally, harsh operating conditions such as high CO2 concentrations, elevated 

temperatures, and high pH levels pose significant stress on microalgal species, adversely 

affecting both their growth and their ability to fix CO2 effectively [9]. 

 

1.4.3 Catalytic conversion 

The catalytic conversion of CO2 into valuable products such as CO and CH4 using 

transition metal catalysts is an effective technique with strong potential for commercial 

applications. This technology is generally categorized into two types: homogeneous and 

heterogeneous catalysis. Both approaches typically follow a three-step process: (i) adsorption 

of CO2 onto the catalyst surface, (ii) decomposition or activation of the CO2 molecule, and (iii) 

desorption of the resulting products. The catalytic reduction of CO2 often involves its 

hydrogenation to produce CH4, CH3OH, or other hydrocarbons. However, the process usually 

requires high temperatures and pressures and is exothermic in nature. These factors, along with 

the associated high operating and capital costs, pose significant limitations to the widespread 

adoption of this technology [22]. 

 

1.4.4 Thermochemical conversion 

This technology is closely related to catalytic conversion, where CO2 is reduced through 

thermochemical processes to produce CO and CH4 at high temperatures, typically ranging from 

500 to 1000°C. These reactions are highly endothermic and can be driven by concentrated solar 

radiation. However, the implementation of this approach requires substantial initial investment, 

either for achieving and maintaining high temperatures or for installing solar concentrators to 

harness sufficient solar energy. Additionally, a comprehensive understanding of the catalyst's 
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morphology, surface chemistry, and structural changes under such extreme conditions remains 

limited, posing further challenges to the development and optimization of this technology [23]. 

 

1.4.5 Electrocatalytic conversion 

Electrocatalytic conversion of CO2 is an emerging technology that utilizes externally 

supplied electrical energy to drive redox reactions at electrode surfaces. In this process, water 

is oxidized at the anode to produce oxygen and protons. These protons then migrate through a 

proton exchange membrane to the cathode, where they participate in the reduction of CO2 into 

value-added chemicals. This conversion can take place across various electrode and cell 

configurations, operating through 2-, 4-, 6-, or 8-electron transfer pathways in aqueous, non-

aqueous, or gas-phase systems. The final products are highly dependent on several factors, 

including the pH of the reaction medium, CO2 concentration, type of catalyst and electrolyte, 

electrode material, buffer strength, reaction environment, pressure, and temperature. Typical 

products of electrochemical CO2 reduction include  CO, HCOOH, HCHO, CH3OH, C2H5OH, 

CH4, and C2H4 [9]. The technology is appealing due to its on-demand operation, compactness, 

modularity, and scalability for both small- and large-scale applications. However, the reaction 

mechanism remains complex and not fully understood, posing challenges for further 

development and optimization. 

 

1.4.6 Photocatalytic conversion 

Photocatalytic reduction of CO2 involves using a semiconductor photocatalyst, solar or 

artificial light, and economical water as a reductant to convert CO2 into solar fuels such as CH4, 

CO, CH3OH, and HCOH. This process mimics the natural photosynthetic cycle and requires 

no additional energy input. Among the various CO2 reduction technologies, this approach 

stands out as one of the most effective, promising, and environmentally friendly. It leverages 

abundant and renewable solar energy, operates primarily under ambient temperature and 

pressure, and produces no toxic byproducts or residues, resulting in zero carbon emissions. 

Since CO2 and water serve as the primary reactants, this method offers a sustainable pathway 

for fuel generation while simultaneously addressing environmental concerns. In essence, 

photocatalytic CO2 reduction offers a dual benefit—tackling both energy demand and climate 

change in a single step [11].  
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1.4.7 Photoelectrocatalytic conversion 

The photoelectrocatalytic reduction of CO2 is a hybrid technology that integrates 

photocatalytic and electrocatalytic processes to enhance CO2 conversion efficiency. In this 

system, a semiconductor photoelectrode generates e-/h+ pairs through photoexcitation. The 

photogenerated holes at the anode react with water to produce oxygen and protons, while the 

protons migrate through a membrane to the cathode, where they participate in the reduction of 

CO2. Simultaneously, the photogenerated electrons are directed toward the CO2 at the cathode 

under the influence of an externally applied voltage, driving the reduction process. The 

application of external electric energy facilitates the directional movement of charge carriers, 

significantly improving the separation efficiency of e-/h+ pairs and enhancing the redox 

capability of the system. Moreover, when the semiconductor’s band positions are not ideal for 

H2O oxidation or CO2 reduction, applying an appropriate bias voltage can help adjust the redox 

potential, making the process more effective [24]. This method reduces the overall external 

energy input while enabling the efficient use of renewable energy. However, challenges such 

as slow reaction kinetics and limited photoelectrode stability continue to hinder its widespread 

application. The advantages and disadvantages of various CO2 reduction technologies are 

summarized in Table 1.3. 

 

Table 1.3. Advantages and disadvantages of CO2 reduction technologies. 

Technologies for CO2 

reduction 
Advantage Disadvantage 

Carbon Capture and Storage 

(CCS) 

Remarkable efficiency, 

reduces the effect of climate 

change 

Cost is High, Risk of 

leakage, cost of compression, 

and transportation have 

constrained its wide 

application 

Electrocatalytic Conversion Utilize a renewable source 

Low energy efficiency, 

unfavorable product 

selectivity, unknown 

durability, and mass transfer 

limitations  

Catalytic Conversion Commercial available 
High temperature and 

pressure, exothermic 
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reaction, and high operating 

and capital costs limit the 

wide application 

Thermochemical 

Conversion 

Commercially available 

 

Low productivity, slow 

kinetics, drastic conditions 

for heterogeneous catalysts, 

and a challenge to scale up 

homogeneous catalysts  

Biological Conversion Utilize solar energy 

Low efficiency in CO2 

fixation, constrained 

production, and regeneration 

of enzymes.  

Photoelectrocatalytic 

Conversion 

Utilization of renewable 

sources, reduction the 

external energy, Rapid 

transfer of electrons 

High cost and low stability of 

the catalyst, instability of the 

electrode, Less selectivity, 

poor production rate, and 

efficiency 

 

Photocatalytic Conversion Utilize solar energy 

Low conversion rate, low 

photon efficiency of 

materials  

 

 

Photocatalytic CO2 reduction is a sustainable approach to mitigate greenhouse gas 

emissions while simultaneously producing value-added fuels and chemicals. It utilizes 

abundant solar energy and readily available water as an electron donor to convert CO2 into 

products such as CH4, CH3OH, CO, and HCOOH under mild reaction conditions, mimicking 

the natural process of photosynthesis [11,25]. This method avoids the high energy demands of 

conventional CO2 conversion technologies, making it environmentally and economically 

attractive. Moreover, it offers a pathway to close the carbon cycle by transforming CO2 into 

renewable energy carriers, contributing to climate change mitigation towards a carbon-neutral 

future. Hence, the state-of-the art literature on photocatalytic CO2 reduction is provided in the 

next section. 
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1.5 State-of-art literature on photocatalytic CO2 reduction 

1.5.1 Photocatalysts for CO2 reduction 

Various photocatalysts have been explored for the photocatalytic CO2 reduction, 

including TiO2 [22], ZnO [23], Cu2O [24], g-C3N4 [29], CdS [12],  and others. The bandgap 

structures, along with the advantages and limitations of these photocatalysts for CO2 reduction, 

are summarized in Table 1.4. 

 

Table 1.4. Common photocatalysts for the photocatalytic reduction of CO2 with advantages 

and limitations. 

Photocatalyst 

Bandgap Structure 

vs. NHE 
Advantage Disadvantage 

CB 

(eV) 

VB 

(eV) 
Eg(eV) 

TiO2 -0.5 +2.7 3.2 

High thermal and chemical 

stability, high oxidation 

potential, high surface 

area, availability, and 

nontoxic 

High surface 

recombination rate, 

high bandgap 

ZnO -0.61 +2.58 3.19 

Rapid generation of 

photoexcited e-/h+ pairs, 

high excitation binding 

energy 

Slow formation of 

carbonates, only 

UV-light 

utilization 

CdS -0.95 +1.45 2.4 

Predominantly harvest the 

visible light, earth-

abundant, suitable negative 

potential of CB 

Oxidative 

photocorrosion, 

suffers from the 

recombination of 

photogenerated e-

/h+ pairs 

Cu2O -1.16 +0.85 2.01 

Abundant oxygen defect, 

admirable redox ability, 

and low cost 

 

Dual 

photocorrosion, 

low quantum 

efficiency 
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g-C3N4 -1.13 +1.57 2.7 

Easy preparation, high 

thermal and chemical 

stability, low cost, a 

suitable negative potential 

energy of CB 

Low charge 

transfer efficiency, 

high recombination 

issue, and stability 

issue 

CB: Conduction band; VB: Valence band; Eg: Bandgap 

 

Among these photocatalysts, CdS has been intensively studied for CO2 reduction due 

to its suitable bandgap (2.4 eV) and conduction band potential (-0.95 V vs. NHE, pH 7), high 

solar energy conversion, and earth abundance [25,30]. However, CdS suffers from rapid e-/h+ 

pairs recombination and oxidative corrosion. To overcome these limitations, CdS can be 

modified to enhance its structural stability and e/h+ recombination reduction for improved 

photocatalytic CO2 reduction. A brief discussion of modification strategies is provided in the 

next section. 

 

1.5.2 Catalyst modifications to boost photocatalytic CO2 reduction reaction 

A wide range of photocatalysts has been investigated for the photocatalytic CO2 

reduction. However, their overall conversion efficiency remains limited due to several 

challenges, including poor light-harvesting ability, rapid recombination of photogenerated e/h+ 

pairs, low photostability, and catalyst corrosion. Therefore, it is crucial to develop effective 

strategies to overcome these limitations and enhance the efficiency of CO2 reduction into value-

added chemicals. To address these issues, researchers have employed various approaches such 

as elemental doping, surface modification, introduction of structural defects, and construction 

of heterostructures and Z-scheme systems. These strategies, illustrated in Figure 1.10, aim to 

improve charge separation, extend light absorption, and boost overall photocatalytic 

performance. 
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Figure 1.10. Strategies for improving the photocatalytic reduction of CO2 over a photocatalyst. 

 

1.5.2.1 Reduction of bandgap 

Elemental doping is an effective strategy to significantly modify the electronic and 

optical properties of photocatalytic materials. The type and concentration of dopants play a 

crucial role in influencing the photocatalyst's performance [12]. Recent studies on doped 

photocatalysts for CO2 reduction are summarized in Table 1.5. These findings indicate that 

elemental doping can tailor the local surface microstructure and electronic structure of 

photocatalysts, thereby enhancing their efficiency in CO2 photoreduction. 

 

Table 1.5. Summary of recent studies on the photocatalytic CO2 reduction by elemental-doped 

photocatalysts. 

Photocatalyst Synthetic method Reaction medium 
Performance 

(μmol/g·h) 
Ref. 

O-doped g-

C3N4 

Thermal oxidation 

exfoliation and 

curling-condensation 

method 

300 W Xenon lamp, 

NaHCO3 and H2SO4 
CH3OH:0.88 [31] 

Ag-doped CdS Photodeposition 
300 W Xenon Lamp, 

water/TEOA 
CO: 260 [32] 
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In doped TiO2 Sol-gel Method 
500 W Hg flash 

lamp, H2O (vapor) 
CH4:1120 [33] 

K-doped g-

C3N4 

Thermal 

condensation method 

300 W Xenon lamp, 

water 
CO:87 [34] 

Mo-doped g-

C3N4 
Pyrolysis Method 

300 W Hg lamp, 

water as a reductant 

CO:887, 

CH4:124 
[35] 

N doped TiO2 

nanotubes 

Hydrothermal 

method 

500 W tungsten-

halogen lamp, Water 

as reductant 

CH3OH:94.38, 

HCHO:76.75 

HCOOH:1039 

[36] 

O and C co-

doped g-C3N4 

In situ soft chemical 

method 

300 W Xenon lamp, 

H2O/MeCN/TEOA 
CO:4.46 [37] 

K and O co-

doped on 

polymeric 

Carbon nitride 

Thermal 

polymerization 

process 

300 W Xenon lamp, 

Water as reductant 

CO:1.62, 

CH4:0.28 
[38] 

Ref: References; MeCN: Methyl cyanide; TEOA: Triethanolamine 

 

Non-metal atom doping 

Non-metal doping is an effective strategy to enhance photocatalytic activity by 

broadening the light absorption range and promoting efficient charge carrier separation [11]. 

For instance, oxygen doping into g-C3N4 nanotubes can optimize its band structure, resulting 

in a narrower bandgap, increased CO2 adsorption capacity, and improved charge separation 

efficiency [31]. The synthesis process of oxygen-doped g-C3N4 (OCN) nanotube is shown in 

Figures 1.11a–1.11c. This hierarchical OCN tube demonstrated significantly enhanced visible-

light-driven CO2 reduction activity, producing CH3OH at a rate of 0.88 µmol/g·h, 

approximately five times higher than that of bulk g-C3N4 (0.17 µmol/g·h). Similarly, nitrogen 

doping into TiO2 helps suppress the recombination of photogenerated e-/h+ pairs and extends 

TiO2’s light absorption into the visible range. N-doped TiO2 nanotubes exhibited significantly 

higher production rates of CH3OH (94.38 µmol/g·h), HCHO (76.75 µmol/g·h), and HCOOH 

(1039 µmol/g·h), compared to undoped TiO2 powder [36]. 

Beyond single-element doping, multi-element co-doping has also been employed to 

further enhance the photocatalytic activity for CO2 reduction. For example, the simultaneous 

doping of carbon and oxygen into g-C3N4 effectively reduces its bandgap energy from 2.79 to 

2.52 eV, leading to improved visible light absorption and significantly enhanced CO 
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selectivity, with a production rate of 4.46 µmol/g·h [37]. Co-doping not only tunes the 

electronic structure but also facilitates faster electron transport and migration, thereby boosting 

overall photocatalytic efficiency. 

 

Metal atom doping 

Doping semiconductor photocatalysts with metal atoms introduces impurity levels 

within the bandgap, which can act as electron traps under photoexcitation. These traps facilitate 

charge separation by capturing electrons, thereby reducing recombination with holes [12]. For 

instance, doping potassium (K) into g-C3N4 modifies its band structure and charge distribution, 

enhancing visible light absorption and acting as an effective electron trap. This leads to a 

significant improvement in photocatalytic activity for CO2 reduction, yielding CO at a rate of 

8.7 µmol/g·h, approximately 25 times higher than that of undoped g-C3N4 [34]. Similarly, in 

Ag-doped CdS composites, the incorporation of silver enhances CO2 photoreduction 

performance. Ag-doped CdS achieves a CO rate of 260 µmol/g·h, which is three times higher 

than that of pure CdS. In this system, Ag serves both as an electron trap and as an active site, 

further promoting the photocatalytic reduction of CO2 [32]. 

Metal and non-metal co-doping is a promising strategy to enhance the photocatalytic 

performance for CO2 reduction. For example, polymeric carbon nitride co-doped with 

potassium and oxygen demonstrated a narrowed bandgap, leading to improved visible light 

absorption and enhanced separation efficiency of photogenerated charge carriers (Figures 

1.12a–1.12d). These modifications significantly improve the photocatalytic activity, achieving 

CO and CH4 production rates of 1.62 and 0.28 µmol/g·h, respectively, substantially higher than 

those of bulk carbon nitride [38]. This highlights that elemental co-doping is an effective 

method for tuning the optical and electronic properties of photocatalyst band structures, thereby 

improving their efficiency in CO2 reduction.   
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Figure 1.11. (a) Schematic of the synthesis of hierarchical O-doped g-C3N4 nanotubes (OCN-

Tube), (b) XPS VB spectra,  and (c) Band alignments of bulk g-C3N4 and OCN-Tube (vs. 

Ag/AgCl, pH 7) (Reproduced with permission from [31], Copyright 2017, Wiley). 
 

 

Figure 1.12. (a) Illustration of formation process of K and O co-doped CN (C, N, O, and K 

atoms are respectively represented by gray, blue, red, and green spheres in the atomic model.), 

(b) Band alignments of pristine CN and CNKS-x, (c) photocatalytic reduction of CO2 

performance of CN-urea and CNKS-x after 3 h irradiation, and  (d) stability test for four runs 

(Reproduced with permission from [38], Copyright 2021, Elsevier). 
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1.5.2.2 Vacancy introduction 

Introducing vacancies is an effective strategy for tuning the electronic structure of 

photocatalysts. Surface vacancies can enhance visible light absorption, improve charge carrier 

separation and transport, and serve as active sites for CO2 adsorption and activation. Various 

types of vacancies, such as nitrogen, oxygen, and carbon vacancies, have been extensively 

studied to boost the photocatalytic  CO2 reduction [39]. Recent advancements and examples of 

vacancy-engineered photocatalysts for CO2 reduction are summarized in Table 1.6. 

Carbon vacancy-engineered g-C3N4 was synthesized via a thermal annealing process in 

an NH3 atmosphere. The resulting material, enriched with carbon vacancies, exhibited more 

than twice the CO rate for photocatalytic CO2 reduction compared to bulk g-C3N4. This 

enhancement is attributed to improved CO2 adsorption and activation, an upward shift in the 

conduction band, and increased concentration and lifetime of photogenerated e-/h+ pairs. 

Additionally, the introduction of carbon vacancies reduces exciton binding effects and 

enhances charge carrier generation (Figure 1.13a) [40]. Similarly, oxygen vacancy-rich In2O3 

was synthesized and evaluated for photocatalytic CO2 reduction. The presence of oxygen 

vacancies significantly improves CO2 adsorption, optimizes the band structure, and prolongs 

the lifetime of photogenerated charge carriers (Figures 1.13b–1.13e). As a result, the modified 

In2O3 achieves a CO rate of 63.3 µmol/g·h, nearly three times higher than that of pristine In2O3 

(21.7 µmol/g·h). These improvements collectively contributed to the enhanced photocatalytic 

performance of the material [41]. 

Beyond introducing traditional surface vacancies such as oxygen, carbon, and nitrogen, 

the incorporation of novel functional groups or species on the photocatalyst surface can further 

enhance its photocatalytic performance. These modifications help optimize visible light 

absorption, accelerate charge carrier separation and transport, and improve CO2 reduction 

activity [11]. For instance, introducing surface defects such as cyano and carboxyl groups into 

g-C3N4 significantly enhances visible light absorption, promotes surface charge accumulation, 

improves charge separation, and extends the lifetime of photogenerated carriers (Figures 

1.13f–1.13h). As a result, this defect-rich g-C3N4 exhibits superior photocatalytic activity for 

CO2 reduction to CH4, achieving a rate of 12.07 µmol/g·h and a high selectivity of 91.5%, 

surpassing many previously reported g-C3N4-based photocatalysts [42]. 
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Table 1.6. Summary of recent studies on the photocatalytic CO2 reduction by a photocatalyst 

with a vacancy. 

Photocatalyst 

(vacancies) 

Synthetic method Reaction medium Performance 

(μmol/g·h) 

Ref. 

g-C3N4 (carbon) 
Thermal reaction 

method 

300 W Xenon Lamp, 

water vapor as 

reductant 

CO:4.18 [39] 

In2O3 (oxygen) - 

300 W Xenon Lamp, 

MeCN/H2O (3:2), 

TEOA 

CO:63.3 [41] 

TiO2 (oxygen) 

Ti-OH bond 

breakage 

approach 

300 W Xenon Lamp, 

Water vapor 
CH4:2.6, CO:1.56 [43] 

g-C3N4 (surface 

defect) 

Solvothermal- 

calcination 

method 

300 W Xenon Lamp, 

Water vapor, H2SO4, 

and NaHCO3 

CH4:12.07, 

selectivity: 91.5% 
[42] 

ZnO (oxygen) 

Thermal 

decomposition 

technique 

150 W Hg lamp 

0.5 M aqueous 

solution of 

(NaHCO3) 

CH3OH:28.4 

CH3CHO:3 
[44] 

g-C3N4 

(nitrogen) 

Thermal treating- 

hydrogenate 

method 

300 W Xenon lamp, 

water as a reductant 
CO:124.2 [45] 

Ref: References; MeCN: Methyl cyanide; TEOA: Triethanolamine 
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Figure 1.13. (a) Schematic illustration of the promoted CO2 photoreduction activity on carbon-

vacancy modified GCN (Reproduced with permission from [40], Copyright 2019, Royal 

Society of Chemistry), (b) Schematic illustration for preparing In2O3-based model 

photocatalysts, (c) Production rates of CO and H2 of VO-In2O3, In2O3, and A-In2O3 for the 

photocatalytic CO2 reduction carried out under visible light irradiation, (d) Stability test of VO-

In2O3 for the photocatalytic CO2 reduction, (e) Schematic band structure of In2O3 and VO-In2O3 

(Reproduced with permission from [41], Copyright 2021, Elsevier), f) UV–vis diffuse 

reflectance spectra (DRS), (g) band structure alignment of BCN and CCN,  and (h) 

Photocatalytic CO2-reduction property of CCN and BCN (Reproduced with permission from 

[42], Copyright 2019, Wiley). 

 

1.5.2.3 Morphology control 

The morphology of semiconductor materials plays a critical role in determining their 

photocatalytic performance. By controlling factors such as particle size, shape, geometric 

structure, and surface texture, it is possible to enhance charge carrier transport and migration, 

as well as increase surface reactivity. These improvements can significantly boost the 

efficiency of photocatalytic CO2 reduction. Various photocatalysts with tailored morphologies 
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have been synthesized and studied for this purpose [11]. Recent research on photocatalysts 

with diverse morphological structures for CO2 photoreduction is summarized in Table 1.7. 

Porous, nitrogen-rich g-C3N4 nanotubes were synthesized using a supramolecular self-

assembly strategy. These nanotubes demonstrate excellent efficiency and stability as visible-

light-driven photocatalysts for CO2 reduction. CO was the primary product, with a rate of 103.6 

µmol/g·h, approximately 17 and 15 times higher than that of bulk g-C3N4 and P25-TiO2, 

respectively. The superior performance is attributed to the unique porous nanotube architecture 

and the nitrogen-rich nature of TCN (NH3), which provides abundant Lewis basic sites and a 

large surface area. These features enhance CO2 adsorption and facilitate charge transfer, as 

illustrated in Figures 1.14a–1.14d, ultimately boosting the photocatalytic activity for CO2 

reduction [46].  

Similarly, CdS hierarchical multi-cavity hollow particles (HMCHPs) were synthesized 

using a sequential solution growth, sulfidation, and cation exchange approach (Figures 1.14e–

1.14h). The unique architecture of these HMCHPs offers superior light-harvesting ability, a 

high density of catalytic active sites, and efficient mass-transfer channels, collectively 

accelerating the photocatalytic reaction. As a result, they could achieve a remarkable CO rate 

of 1337 µmol/g·h, significantly outperforming bulk CdS and conventional hollow CdS 

structures [47]. In another study, three-dimensional spherical β-SiC with a hollow morphology 

was prepared via a simple sol-gel method. This photocatalyst features a unique electronic 

structure and a high surface area, both of which facilitate the efficient photocatalytic reduction 

of CO2 into CH4 and other hydrocarbon products [48]. 

 

Table 1.7. Summary of recent studies on photocatalytic CO2 reduction by photocatalysts of 

various morphologies. 

Photocatalyst 

(morphology) 

Synthetic 

method 

Reaction medium Performance 

(μmol/g·h) 

Ref. 

SiC (hollow 

sphere) 
Sol-gel method 

300 W Xenon lamp, 

water as a reductant 
CH4: 16.8 [48] 

Porous nitrogen-

rich g-C3N4 

nanotubes 

Supramolecular 

self-assembly 

300 W Xenon lamp, 

water vapor as 

reductant 

 

CO:103.6 [46] 
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CdS-HMCHPs 
Cation exchange 

strategy 

300 W Xenon lamp, 

MeCN/H2O, TEOA 
CO:1337 [47] 

N-doped 

mesoporous CeO2 

Urea-assisted 

Method 

300 W Xenon lamp, 

H2O 

CO:0.15, 

CH4:0.1041 
[49] 

CdS/ZIF-8 

composites (core-

shell structure) 

In situ 

heterogeneous 

deposition 

300 W Xenon lamp, 

MeCN/H2O, 

TEOA 

CO:803.3 [50] 

Ref: References; MeCN: Methyl cyanide; TEOA: Triethanolamine; HMCHPs: hierarchical multi-cavity hollow 

particles; ZIF: Zeolitic imidazolate framework 

 

 

Figure 1.14. (a) Schematic of synthesis of TCN (NH3), (b) & (c) Scanning electron microscopy 

(SEM), (d) Transmission electron microscopy (TEM) (Reproduced with permission from [46], 

Copyright 2019, Elsevier), (e) Schematic illustration of the formation process of CdS 

HMCHPs, and (f-h) TEM images of CoSx@ZnS HMCHPs  (Reproduced with permission from 

[47], Copyright 2019, Royal Society of Chemistry). 
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1.5.2.4 Surface modification 

Surface functional group 

Surface modification of photocatalysts with functional groups is an effective strategy 

to enhance both reaction activity and product selectivity. For instance, amine groups can 

increase CO2 adsorption capacity due to the Lewis acid–base interaction, as CO2 is a Lewis 

acid [11]. Tian et al. demonstrated that amine-functionalized g-C3N4 could significantly boost 

CH4 production, achieving a rate of 0.34 µmol/g·h [51]. Additionally, co-modification with 

elements and basic functional groups can further improve CO2 reduction performance. For 

example, g-C3N4 modified with phosphorus and cyano groups exhibits a 1.57-fold increase in 

CO2 reduction efficiency compared to pristine g-C3N4. This improvement is attributed to the 

modified visible light absorption and optimized bandgap structure induced by these functional 

groups [52]. 

 

Cocatalysts 

Loading appropriate cocatalysts onto semiconductor photocatalysts is also an effective 

strategy to enhance photocatalytic CO2 reduction performance. Cocatalysts can activate surface 

reactive sites, lower the activation energy, improve product selectivity, and increase 

photostability of the system [11]. Various types of cocatalysts have been employed to boost 

the efficiency of semiconductor materials, including noble metals (e.g., Au, Pd, Pt), non-noble 

metals and their oxides (e.g., Co, Cu, Bi, Mg, Ni, MnOx, CuOx, NiO), metal alloys, and non-

metallic materials such as carbon quantum dots and graphene. Recent advancements in 

cocatalyst-modified semiconductors for CO2 photoreduction are summarized in Table 1.8. 

Non-metallic materials such as carbon quantum dots (CQDs) and graphene have 

demonstrated significant potential in enhancing CO2 conversion. In one study, nonpolar CQD-

modified g-C3N4 was synthesized via thermal polymerization followed by a hydrothermal 

treatment. The incorporation of CQDs reduces the surface polarity of the photocatalyst, thereby 

improving the adsorption of nonpolar CO2 molecules and enhancing reaction kinetics. 

Additionally, CQDs contribute to increased visible light absorption and improve charge carrier 

separation efficiency, owing to their photosensitization effect and strong electron-withdrawing 

capability (Figures 1.15a–1.15b). As a result, the modified photocatalyst exhibits a CO rate of 

118 µmol/g·h, approximately six times higher than that of pristine g-C3N4 [53]. 

Co(II)-dispersed CdS was synthesized via the controlled decomposition of Co-EDTA 

precursors (Figure 1.15c). Co(II) species, particularly in a tetra-coordinated configuration, act 

as active sites and facilitate efficient charge transfer, significantly enhancing the photocatalytic 
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CO2 reduction performance. CO was the primary product, with a rate of 392 µmol/g·h [54]. In 

another study, a CdS/A-GO (aspartic acid-modified graphene oxide with –COOH groups) 

photocatalyst was prepared using an ultrasonication method. The A-GO offers improved 

electrical conductivity and hydrophilicity, promoting effective charge separation, faster 

electron transport, and enhanced CO2 adsorption. These properties collectively lead to a 

significant boost in CO2 reduction efficiency. CH3OH was the main product observed, with a 

rate of 662.5 µmol/g·h, substantially higher than that of pristine CdS or unmodified GO [55]. 

g-C3N4/FeTCPP heterogeneous catalyst was synthesized using a simple assembly 

technique (Figure 1.15d). In this system, g-C3N4 functions as the light-harvesting material, 

while FeTCPP (iron tetrakis(4-carboxyphenyl) porphyrin) serves as the molecular catalytic 

center. Upon light irradiation, photoexcited electrons generated in the g-C3N4 nanosheets are 

efficiently transferred to FeTCPP, facilitating the CO2 reduction reaction. CO was the primary 

product, with a high rate of 1086.66 µmol/g·h and excellent selectivity of up to 98%, 

demonstrating the strong synergistic effect between the light absorber and the molecular 

catalyst [56]. 

 

Table 1.8. Summary of recent studies on photocatalytic CO2 reduction by a photocatalyst along 

with a cocatalyst. 

Photocatalyst 

(cocatalyst) 
Synthetic method Reaction medium 

Performance 

(μmol/g·h) 
Ref. 

g-C3N4 (carbon 

quantum dots) 

Thermal 

polymerization and 

hydrothermal 

method 

300 W halogen lamp CO:118 [53] 

CdS (Co(II)) 
Chemical 

anchoring method 

300 W Xenon lamp, 

0.3M Na2CO3 

0.06 M Na2SO3 

CO:392 TOF:7.94 

% 
[54] 

TiO2 nanowires 

(AuNPs) 

Hydrothermal and 

chemical reduction 

method 

HID 30 W Xenon 

lamp, H2 as reductant 

CO: 1237  

CH3OH: 13 
[57] 

Cu2O (rGO) 
Simple solution 

chemical method 

300 W Xenon lamp, 

water 
CH3OH:17.76 [58] 
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CdS (A-GO) Ultrasonication 
350 W Xenon lamp, 

H2O/TEOA 
CH3OH:662.5 [55] 

SiC nanosheets 

(PtNPs) 

facile acid-base 

mediated 

alcohol reduction 

method 

300 W Xenon lamp, 

H2O 

CH4:13.6, 

selectivity: 88.3% 
[59] 

g-C3N4 

(FeTCPP) 

Thermal 

polymerization and 

mechanical mix 

method 

300 W Xenon lamp, 

water 
CO:1086.66 [56] 

CdS (Co-bpy) - 
300 W Xenon lamp, 

MeCN/TEOA 
CO:844 [60] 

TiO2 (Cr2O3) 

Solvothermal and 

photodeposition 

Method 

300 W Xenon lamp, 

H2O 

CO:3.96  

CH4:1.54 
[61] 

CdS (Co-ZIF-

9) 
- 

300 W Xenon lamp, 

MeCN/H2O/TEOA 

CO:1625 

AQY:1.93% 
[62] 

Ref: References; MeCN: Methyl cyanide; TEOA: Triethanolamine; HMCHPs: hierarchical multi-cavity hollow 

particles; TOF: Turnover frequency; AQY: Apparent quantum yield; ZIF: Zeolitic imidazolate framework; bpy: 

bipyridine; FeTCPP: Fe tetra(4-carboxyphenyl) porphyrin. 
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Figure 1.15. (a) Schematic depicting enhanced surface adsorption of nonpolar CO2 molecules, 

(b) Illustration of photoreduction process for CO2 on the surface of the CQDs/g- C3N4 

composite (Reproduced with permission from [53], Copyright 2018, Wiley), (c) Schematic 

illustration for the chemical anchoring of the Co species on the CdS surface through the 

controlled decomposition of Co-EDTA precursor (Reproduced with permission from [54], 

Copyright 2018, Elsevier), and (d) Structure of g-C3N4/FeTCPP and FeTPP (Reproduced with 

permission from [56], Copyright 2018, Elsevier). 

 

 

1.5.2.5 Heterojunction construction 

Coupling a selective semiconductor with another to form a heterojunction is an 

effective strategy to enhance charge-carrier transfer and separation, which is achieved via the 

interface between semiconductors with well-aligned band potentials [16]. Based on the relative 

band positions of the two semiconductors, heterojunctions can be classified into three types, as 

illustrated in Figure 1.16. Among various configurations, type-II heterostructures are 

especially advantageous for photocatalytic CO2 reduction. By spatially directing 

photogenerated electrons and holes to different semiconductors, they promote efficient charge 
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separation, suppress recombination, and thereby enhance photocatalytic activity. Owing to 

these benefits, type-II heterostructures have attracted considerable interest in CO2 

photoreduction studies. Recent studies on semiconductor-based heterojunctions for CO2 

reduction are summarized in Table 1.9. 

 

Figure 1.16. Different types of semiconductor heterojunctions. 

 

The hierarchical branch-like ZnS-DETA/CdS heterostructure, composed of ultrathin 

nanowires (Figures 1.17a–1.17b), was synthesized via a cation-exchange method. This 

architecture exhibits a porous structure with a high surface area, providing numerous active 

sites for CO2 reduction. Additionally, the heterostructure efficiently harvests visible light and 

significantly improves charge carrier separation. As a result, it could achieve a maximum CO 

production yield of 8325 µmol/g·h [63]. 

CdS/Bi2S3 heterostructure was synthesized via an ion-exchange method and employed 

as a photosensitizer in combination with the FeTCPP molecular catalyst. This heterostructure 

effectively reduces sulfur vacancies in CdS, thereby enhancing charge separation and 

utilization. Moreover, integration with the FeTCPP catalyst alters the direction of electron 

transfer, as illustrated in Figure 1.17c. The resulting photocatalytic CO2 reduction to CO 

achieves a rate of 1930 µmol/g·h, which is 8.2 times higher than that of the CdS/FeTCPP hybrid 

catalyst [56]. 

Similarly, the CdS/ZnO heterostructure enables visible-light-driven photocatalytic CO2 

reduction by utilizing CdS as the primary light absorber. Electron migration from CdS to ZnO 

(Figure 1.17d) enhances charge separation, while ZnO facilitates improved CO2 adsorption 

and activation. CO and CH4 were identified as the main products, with rates of 35.2 and 5.9 

µmol/g·h, respectively, demonstrating a 13-fold increase in activity compared to pristine CdS 

[64]. 
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Figure 1.17. (a) Schematic illustration of the synthetic process of branch-like ZnS–DETA/CdS 

hierarchical heterostructures, (b) Possible reaction mechanism of photocatalytic CO2 reduction 

over the ZnS–EDTA/CdS heterostructure (Reproduced with permission from [63], Copyright 

2019, Royal Society of Chemistry), (c) Formation of CdS/Bi2S3 heterostructure and proposed 

charge transfer mechanism in CO2 photoreduction over CdS/Bi2S3/FeTCPP hybrid catalysts 

under visible-light illumination (Reproduced with permission from [65], Copyright 2018, 

Elsevier), and (d) Proposed mechanism of photocatalytic reduction CO2 over CdS/ZnO 

(Reproduced with permission from [64], Copyright 2020, American Chemical Society). 

 

Table 1.9. Summary of recent studies on photocatalytic CO2 reduction by using heterostructure 

photocatalysts. 

Photocatalyst 
Synthetic 

method 
Reaction medium 

Performance 

(μmol/g·h) 
Ref. 

g-C3N4/Cu-TiO2 
Solid state 

synthesis 

500 W Xen arch 

lamp, Water 

CH3OH: 321.75, 

HCOOH:633.62 
[66] 

CdS/Bi2S3/FeTCPP 
Ion exchange 

reaction 

300 W Xenon lamp, 

MeCN/H2O/TEOA 
CO:1930 [56] 

CdS/g-C3N4 

Polycondensation 

and hydrothermal 

method 

250 W Lamp, 

CH3OH 

HCOOCH3:135

2.07 
[67] 
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CdS/ZnO 
Solvothermal 

method 

500 W Hg Lamp, 

H2O 

CO:35.2, 

CH4:5.9 
[64] 

LaPO4/CdS 
Self-assembly 

approach 

300 W Xenon lamp, 

H2O/TEOA/MeCN 
CO:960 [68] 

ZnS-DETA/CdS 
Ion exchange 

strategy 

300 W Xenon lamp, 

2’2-bipyridine (bpy) 

MeCN/H2O/TEOA 

CO:8325 [63] 

Ref: References; MeCN: Methyl cyanide; TEOA: Triethanolamine; DETA: Diethylenetriamine; bpy: bipyridine; 

FeTCPP: Fe tetra(4-carboxyphenyl) porphyrin. 

 

1.5.2.6 Z-scheme construction 

Artificial Z-scheme architectures markedly improve photocatalytic performance by 

providing an extended light-absorption range, efficient separation of e-/h+ pairs, strong redox 

potential, and unique charge-transfer pathways [12]. Z-scheme photocatalysts are generally 

classified into two main categories, as illustrated in Figure 1.18. 

In direct Z-scheme photocatalysts (Figure 1.18a), the intimate contact between two 

semiconductors facilitates the formation of an internal electric field, which accelerates charge 

carrier transfer. In contrast, all-solid-state Z-scheme photocatalysts (Figure 1.18b) utilize an 

electron mediator (e.g., Ag, Au) to promote efficient charge transport between semiconductors. 

Both configurations have attracted growing interest for photocatalytic CO2 reduction using a 

variety of semiconductor materials [16]. Recent advancements in CO2 reduction using Z-

scheme photocatalysts are summarized in Table 1.10. 

 

Figure 1.18. Z-scheme photocatalytic mechanism: (a) Direct Z-scheme and (b) All-solid-state 

Z-scheme. 

TH-3902_206107104



 

CHAPTER 1 Introduction and Literature Review 

35 | P a g e  
 

Au-TiO2/g-C3N4 Z-scheme core–shell structure was synthesized using a precise 

method, as illustrated in Figure 1.19a. In this configuration, Au nanoparticles serve as electron 

mediators, facilitating electron transfer from TiO2 nanoparticles to the ultrathin g-C3N4 layer 

(Figure 1.19b). g-C3N4 nanosheets, wrapped around the structure, not only trap electrons but 

also enhance CO2 adsorption through their surface π-bond interactions. Under visible light 

irradiation with water as the electron donor, the photocatalyst exhibited outstanding CO2 

photoreduction performance, producing CO and CH4 at rates of 21.7 and 37.4 µmol/g·h, 

respectively, 36 and 41 times higher than those of commercial P25 TiO2 [69]. 

Nb-TiO2/g-C3N4 direct Z-scheme system was synthesized via a solid-state method and 

investigated for photocatalytic CO2 reduction with water under visible light irradiation. Nb 

doping in TiO2 effectively narrows the bandgap, enabling visible-light-driven photocatalytic 

activity. The Z-scheme configuration not only suppresses the rapid recombination of 

photogenerated e-/h+ pairs but also enhances the redox potential of the Nb-TiO2/g-C3N4 system. 

In this mechanism, photoexcited electrons in the conduction band (CB) of Nb-TiO2 recombine 

with holes in the valence band (VB) of g-C3N4, preserving the electrons in the CB of g-C3N4 

and holes in the VB of Nb-TiO2 (Figure 1.19c). The main products detected were CH4, CO, 

and HCOOH, with respective rates of 562, 420, and 698 µmol/g·h [70]. 

SiC/MoS2 Z-scheme nanoflower heterostructure was synthesized via a self-assembly 

method, as shown in Figure 1.19d. This Z-scheme configuration enables efficient charge 

transfer by facilitating the recombination of electrons in MoS2 with holes in SiC, thereby 

preserving the photogenerated electrons in the conduction band of SiC for effective 

photocatalysis (Figure 1.19e). As a result, the photocatalyst achieved a maximum CH4 

production rate of 323 µmol/g·h [71]. 

 

Table 1.10. Summary of recent studies on the photocatalytic CO2 reduction by Z-scheme 

photocatalyst. 

Photocatalyst 
Synthetic 

method 
Reaction medium 

Performance 

(μmol/g·h) 
Ref. 

Nb-TiO2/g-

C3N4 

Solid-state 

synthesis 

30 W white bulbs, 

water 

CH4:562,CO:420 

,HCOOH:698 
[70] 

Au-TiO2/g-

C3N4 
Deft Method 

300 W Xenon 

lamp, water 
CH4:37.4,CO:21.7 [69] 
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CdS/WO3 
Precipitation 

Method 

300 W Xenon arc 

lamp, Water 
CH4:1.02 [72] 

SiC/MoS2 
Self-assembly 

method 

300 W Xenon 

lamp, 

CH4:323, 

AQY:1.75% 
[71] 

Au-CdS/IO-

TiO2 
GBMR/P 

300 W Xenon 

lamp, H2O 
CH4:41.6 [73] 

GBMR/P: Gas bubbling-assisted membrane reduction precipitation 

 

 

Figure 1.19. (a) Schematic of preparation processes of Au-TiO2/ g-C3N4, (b) Schematic of the 

mechanism for CO2 photoreduction with H2O to CH4 over (Au/TiO2)@g-C3N4 catalysts 

(Reproduced with permission from [69], Copyright 2020, Elsevier), (c) Direct Z-scheme 

mechanism of Nb-TiO2/g-C3N4 for reduction of CO2 (Reproduced with permission from [70], 

Copyright 2019, Elsevier), (d) Schematically synthetic process of SiC@MoS2 nanoflower, and 

(e) Z-scheme model of SiC@MoS2 photocatalyst and its charge transfer process under light 

irradiation (Reproduced with permission from [71], Copyright 2018, American Chemical 

Society). 
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1.5.3 Challenges and scale-up considerations in photocatalytic CO2 reduction 

Despite the significant progress achieved in laboratory-scale photocatalytic CO2 

reduction, several technical challenges must be addressed before the developed bioinspired 

photocatalysts can be translated to industrial-scale applications. One of the major concerns is 

the long-term stability of photocatalysts under prolonged light irradiation, particularly for 

sulfide- and oxide-based systems that are prone to photocorrosion and structural degradation 

[25,26]. In addition, the scalability and reproducibility of bio-based synthesis routes remain 

challenging due to variations in biological precursors and difficulties in maintaining uniform 

physicochemical properties at large-scale production [27]. Practical implementation is further 

constrained by limited light penetration in dense reaction media, complex reactor designs, and 

inefficient photon utilization at scaled-up conditions [11]. Mass transfer limitations, including 

restricted CO2 diffusion to active sites and sluggish desorption of reaction products, can 

significantly reduce overall conversion efficiency [28]. Furthermore, catalyst recovery, 

recyclability, and associated cost considerations play a critical role in determining the 

economic feasibility of photocatalytic CO2 reduction processes [16]. Addressing these 

challenges is essential to bridge the gap between laboratory performance and real-world 

industrial deployment, thereby guiding the rational design of robust, scalable, and cost-

effective photocatalytic systems. 

 

1.6 Knowledge gap and objectives of the doctoral work 

Various semiconductor materials have been explored as photocatalysts for CO2 

reduction. However, they often suffer from critical limitations-such as rapid e-/h+ pairs 

recombination, low charge transfer efficiency, poor stability, and susceptibility to 

photocorrosion, which hinder their overall performance. To overcome these drawbacks, several 

catalyst modification strategies have been employed, including metal and non-metal doping, 

morphology tuning, defect/vacancy engineering, co-catalyst integration, and the construction 

of heterojunctions or Z-scheme systems. These approaches are proven to be effective in 

improving photocatalytic activity. These photocatalysts have traditionally been synthesized 

through chemical methods. However, these approaches often involve significant drawbacks, 

including high cost, energy consumption, extended processing time, and the use of hazardous, 

environmentally aggressive chemicals. To date, no studies have explored a bioinspired strategy 

for synthesizing modified nanoparticles specifically for PCO2RR. Green synthesis approaches 
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using natural resources, such as plant-based analytes, offer a sustainable and eco-friendly 

alternative.  

This work aims to develop modified nanoparticles through environmentally benign 

methods for the photocatalytic conversion of CO2 into valuable chemical products. The source 

of bio-extract was selected based on availability, richness in reducing compounds, economic 

value, and favourable growth characteristics. Northeastern states of India, known for their rich 

biodiversity and abundance of tropical plants, serve as a promising reservoir of natural 

resources. These plants offer an effective and eco-friendly source of reducing and capping 

agents, making them ideal for the green synthesis of nanoparticles (NPs). 

A short exposure of microwave irradiation in concurrence with the bioinspired process 

could accelerate the rate of NPs formation by several folds, along with relatively low cost, rapid 

synthesis, energy saving, high efficiency, small particle size, narrow particle size distribution, 

etc. [74]. Herein, a microwave-assisted bioinspired process is employed to synthesize NPs for 

PCO2RR photocatalytic CO2 reduction. In this study, Aegle marmelos has been selected as a 

plant source based on its natural phytochemicals contents, namely, phenol, flavonoids, 

alkaloids, tannins, saponins, steroids, proteins, and amino acids [75]. These bioactive 

compounds are known to be effectively for the reduction of metal ions into their nanoparticles, 

making Aegle marmelos a suitable candidate for the green synthesis of nanoparticles for 

photocatalytic CO2 reduction reaction [27,76]. 

Cadmium sulfide (CdS) has been selected as the semiconductor material due to its 

advantageous properties, including an appropriate bandgap (Eg = 2.4 eV), efficient solar energy 

conversion, a suitable conduction band potential (–0.95 V vs. NHE at pH 7), and earth 

abundance [25,30]. However, CdS also faces significant limitations for photocatalytic CO2 

reduction, such as rapid e-/h+ pairs recombination and oxidative corrosion. To address these 

issues, the synthesized CdS nanoparticles are further modified to enhance stability and reduce 

charge carrier recombination. The coupling of CdS with carbon quantum dots (CQDs) is 

carried out in a bioinspired route to enhance the separation and transport of charge carriers and 

CO2 adsorption, minimizing e-/h+ recombination and photo corrosion [77]. The construction of 

CdS/In2O3, CdS/CuO, and CdS/SnO2 heterostructured materials is also performed using a bio-

based route to improve its charge separation efficiency, minimize the recombination of e-/h+ 

pairs, and suppress the oxidative corrosion to a greater extent [64,78,79]. Furthermore, 

theoretical studies have been conducted to gain a fundamental understanding of the 

semiconducting properties of the synthesized photocatalysts for CO2 reduction. The specific 
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merits for the selection of these photocatalysts are provided in the respective chapters of the 

thesis. 

 

Based on the above knowledge gaps, the following objectives are taken into consideration. 

 To synthesis CQDs/CdS nanocomposites in a vegetal route for photocatalytic reduction 

of CO2 to methanol under visible light (Chapter 3) 

 To investigate plant-based phytochemicals for the synthesis of Z‑scheme In2O3/CdS 

heterostructures and its DFT analysis for photocatalytic CO2 reduction to HCOOH and 

CO (Chapter 4) 

 To perform experimental and theoretical studies on photocatalytic CO2 reduction to 

HCOOH by biomass-derived carbon dots embedded phytochemical-based CdS 

quantum dots (Chapter 5) 

 To synthesize Z-scheme SnO2/CdS heterostructure and its DFT study for photocatalytic 

CO2 reduction to methanol and hydrogen (Chapter 6) 

 To construct phytochemical-based synthesis of p-n Junction CuO/CdS heterostructures 

for photocatalytic carbon dioxide reduction to ethanol and carbon monoxide (Chapter 

7) 

 

 

1.7 Organization of the Thesis 

The thesis is organized into seven chapters, which are outlined below. 

CHAPTER 1: Introduction and Literature Review 

 This chapter presents a general introduction to CO2 emission and its global and Indian 

scenario, the fundamentals of CO2 photoreduction, various technologies for CO2 reduction to 

value-added chemicals, a review of the state-of-the-art literature on photocatalysts and its 

modifications for photocatalytic CO2 reduction, and a knowledge gap and the research 

objectives are composed. 

 

CHAPTER 2: Materials and Methodology  

This chapter describes the experimental methods, chemicals used, and equipment 

employed for the characterization of catalysts and analysis of the products. It also includes a 

discussion of the Density Functional Theory (DFT) calculations conducted in this study. 
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CHAPTER 3: Vegetal Route for Synthesis of CQDs/CdS Nanocomposites for 

Photocatalytic Reduction of CO2 to Methanol under Visible Light 

This chapter discusses on the synthesis of CQDs/CdS nanorod composites via a bio-

based route, utilizing natural precursors such as orange peels and phytochemicals from Aegle 

marmelos plant extract. The catalysts were comprehensively characterized using X-ray 

diffraction, microscopic, spectroscopic, and electrochemical techniques. The photocatalytic 

activity of CQDs/CdS(bio) composites was evaluated for CO2 reduction to methanol under 

visible light irradiation. 

 

CHAPTER 4: Phytochemicals-based Synthesis of Z‑Scheme In2O3/CdS 

Heterostructures: DFT Analysis and Photocatalytic CO2 Reduction to HCOOH and CO 

In this chapter, a Z-scheme In2O3/CdS heterostructure was developed through a 

bioinspired approach using phytochemicals from Aegle marmelos, employing a short-duration 

microwave irradiation. Density Functional Theory (DFT) calculations were carried out on the 

synthesized catalysts, including optimized geometry, band structure, and density of states 

(DOS) analysis. Detailed characterization of the catalysts was performed using various 

techniques. The photocatalytic performance of In2O3CdS(bio) composite was evaluated for 

CO2 reduction to formic acid and carbon monoxide under visible light illumination. 

 

CHAPTER 5: Experimental and Theoretical Studies on Photocatalytic CO2 Reduction to 

HCOOH using Plant-based CDs/CdS Quantum Dots composites 

This study presents bioinspired synthesis of CdS quantum dots (QDs) using 

phytochemicals found in Agle mamelos and carbon dots (CDs) using orange peels. CDs were 

homogeneously incorporated into CdS QDs(bio) via a simple deposition method, forming 

CDs/CdS QDs(bio) nanocomposites. The photocatalytic activity of the CDs/CdS QDs(bio) 

composite was studied for CO2 reduction to HCOOH under visible light irradiation. Both 

experimental investigations and theoretical insights into the CO2 reduction mechanism to 

HCOOH are also presented in this study. 

 

CHAPTER 6: Green Synthesis of Z-Scheme SnO2/CdS Heterostructures: DFT 

Calculation and Photocatalytic CO2 Reduction to Methanol and Hydrogen 

This chapter discusses on the synthesis of Z-scheme SnO2/CdS QDs heterostructures in 

a bio-based route using bio-analytes found in Aegle Marmelos via microwave irradiation. DFT 

calculations were performed on the synthesized catalysts, including geometry optimization, 
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band structure, and DOS analysis. The catalysts were thoroughly characterized using a various 

of analytical techniques. The photocatalytic performance of SnO2/CdS QDs(bio) 

heterostructures was evaluated for CO2 reduction to methanol and hydrogen under visible light 

irradiation. 

 

CHAPTER 7: Phytochemicals for Synthesis of p-n Junction CuO/CdS Heterostructures 

for Photocatalytic Carbon Dioxide Reduction to Ethanol and Carbon Monoxide 

This chapter focuses on the bioinspired synthesis of zero-dimensional (0D) p-n junction 

CuO/CdS QDs heterostructures using bio-analytes from Aegle marmelos via microwave 

irradiation method. The catalysts were characterized using various analytical techniques. The 

photocatalytic test of CuO/CdS QDs(bio) heterostructure was carried out for CO2 reduction to 

ethanol (C2 hydrocarbon) and carbon monoxide under visible light illumination. Additionally, 

DFT calculations were conducted to investigate the optimized geometry, band structure, and 

DOS of the synthesized catalysts.  

 

CHAPTER 8: Conclusions and Scopes for Future Studies 

This chapter outlines the key findings of the overall work. It also presents suggestions 

and recommendations for future research based on the shortcomings in the present study. 
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CHAPTER 2 

Materials and Methodology 

 

This chapter outlines the experimental procedures, chemicals, and equipment used for 

catalyst characterization and product analysis. It also details the Density Functional Theory 

(DFT) calculations performed in this study. Any deviations or modifications from the methods 

described here are specified in the relevant chapters. 
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2.1 Chemicals and Reagents 

Chemicals, reagents, and materials listed in Table 2.1 were used as received without 

further purification unless otherwise specified. All the solutions were prepared using deionized 

water (DI) (resistivity: 18.2 MΩ.cm) obtained from the water purifier (Millipore, USA). 

 

Table 2.1. List of chemicals, reagents, and materials used in this doctoral work. 

Reagents/Chemicals Purity (%) Grade 
CAS/Catalogue 

no. 
Make 

Cadmium chloride 

monohydrate 

(CdCl2.H2O) 

99.99 AR 35658-65-2 
Himedia, 

India 

Sodium sulfide (Na2S) 60 - 27610-45-3 

Merck, India 

Ethanol (C2H5OH) 99.99 ACS 64-17-5 

Dimethyl sulfoxide 

((CH3)2SO) 
99.9 ACS 67-68-5 

Thiourea (H2NCSNH2) 99.9 ACS 62-56-6 

Copper (II) sulfate 

pentahydrate 

(CuSO4.5H2O) 

99 ACS 
 

6046-93-1 

Tin (II) chloride 

dehydrate (SnCl2.2H2O) 
98 ACS 10025-69-1 

Formic acid (HCOOH) 98-100 ACS 64-18-6 

Sodium sulfate 

anhydrous (Na2SO4) 
99 ACS 7757-82-6 

SRL, India Cadmium acetate 

dehydrate 

(Cd(CH3COO)2·2H2O) 

99.50 AR 5743-04-4 

Methanol (CH3OH) 99.8 ACS 67-65-1 

Sigma 

Aldrich, 

Germany 

Indium (III) nitrate 

hydrate (In(NO3)3·xH2O) 
99.9 - 207398-97-8 
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Deuterium oxide (D2O) 
99.9 atom% 

D 
- 7789-20-0 

Sigma 

Aldrich, 

USA 

Nafion® D-521 

dispersion 

5%(w/w) in 

water and 1-

propanol 

- 31175-20-9 
Alfa Aesar, 

USA 

Triethanolamine 

(C6H15NO3) 
99.9 AR 102-71-6 

Loba 

Chemie, 

India 

Carbon dioxide (CO2) 99.9 - - 
Assam Air 

Product Pvt. 

Ltd., India 

Nitrogen (N2) 99.9 - - 

Carbon monoxide (CO) 99.9 - - 

Hydrogen (H2) 99.9 - - 

 

2.2 Biomass and bio-extract 

2.2.1 Selection of Aegle Marmelos leaves extract 

 The fresh Aegle Marmelos leaves were collected from the plants naturally grown at the 

Indian Institute of Technology Guwahati campus, Assam, India. The local name of Aegle 

Marmelos is ‘Bael,’ and it is abundantly present in India, Pakistan, Bangladesh, Sri Lanka, 

Nepal, Malaysia, Myanmar, Thailand, and most of the East Asian countries. The abundance of 

active phytochemicals in Aegle marmelos from various geographical locations—identified 

through mass spectrometry as flavonoids, alkaloids, tannins, phenols, saponins, etc., along with 

their concentrations, is summarized in Table 2.2 [1]. It has been reported that the parts of the 

plant contain natural phytochemicals such as phenol, flavonoids, alkaloids, tannins, saponins, 

steroids, proteins, amino acids, etc, which have been used to reduce the metal ions to their 

corresponding nanoparticles [2]. There are recent reports for the synthesis of Ag and Au 

nanoparticles (NPs) using plant-based phytochemicals extracted from Aegle marmelos [3,4]. 

These studies also served as the foundation for selection of Aegle marmelos for the synthesis 

of CdS nanorods (CdS(bio) NRs), CdS NPs(CdS(bio) NPs), CdS quantum dots (CdS 

QDs(bio)), CuO quantum dots (CuO QDs(bio)), In2O3 NPs (In2O3(bio) NPs), and SnO2 NPs 

(SnO2(bio) NPs) for photocatalytic CO2 reduction reaction (PCO2RR) in the present study. 
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Table 2.2. Active phytochemical constituents of Aegle marmelos plants and plant organs. 

Plants Alkaloids 

(mg/g) 

Flavonoids 

(mg/g) 

Phenols 

(mg/g) 

Saponins 

(mg/g) 

Tannins 

(mg/g) 

Proteins 

(mg/g) 

 

Aegle 

Marmelos 

16.08 63.9 29.4 11.98 8.38 - 

 

2.2.2 Preparation of Aegle Marmelos leaves extract 

Fresh Aegle marmelos leaves (10 g) were collected and washed thoroughly under running 

water for 10 min to eliminate dust particles, followed by a final wash with distilled water. The 

leaves were cut into small pieces and placed in a beaker with  100 mL of 50% ethanol (EtOH), 

then stirred at 70°C until the solution acquired a dark green color [5].  After cooling, the extract 

was filtered through a nylon filter and stored for further use. The quantitative assay of 

phytochemical contents in Aegle marmelos was performed following previously reported 

methods [1,6]. The results are presented in Table 2.3.  Phytochemical concentrations are 

expressed as mg of standard equivalents per g of dry leaves. For example, rutin was used as 

the standard for flavonoid quantification. The analytes identified in Aegle marmelos by HRMS 

(Figure 2.1) are summarized in Table 2.4. A flavonoid fraction of 3,5-dihydroxy-6-methyl-

2H-pyran-4(3H)-one was rich in the bio-extract, and it could act as a reducing and capping 

agent for catalysts synthesis. The calibration graph of the rutin standard is shown in Figure 

2.2. The flavonoid fraction concentration in bio-extract was measured in different seasons, with 

a concentration of 27-28 mg/g, and it was uniformly maintained across the different batches of 

experiments. 

 

Table 2.3. Quantitative analysis of phytochemicals (mg/g) present in bio-extract. 

Aegle marmelos (bael) 

type 

Alkaloids Tannins Flavonoids Phenol Saponins 

Rutaceae 9.28 5.62 27.00 14.44 11.23 
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Table 2.4. Active analytes /compounds present in Aegle marmelos identified using mass 

spectroscopic analysis.  

Compounds Chemical structure 

m/z 

(HRMS

) 

m/z 

(structur

e 

propose

d) 

Mass 

error 

(mol/g

) 

4H-Pyran-4- one, 

2,3-dihydro-3,5-

dihydroxy-6-methyl- 

(C6H8O4) [Flavonoids 

fraction] 

 

 

144.04 144.10 0.06 

((2R,3S,4S,5R,6S)-3,4,5-

trihydroxy-6-((5-hydroxy-

2-(4-hydroxyphenyl)-4-

oxo-4H-chromen-7-

yl)oxy)tetrahydro-2H-

pyran-2-yl)methyl acetate 

(C23H22O11)  

475.326

0 
475.12 0.2 

   1,8,15,22,29,36-

hexaazacyclodotetraconta

ne-2,7,16,21,30,35-

hexone(C36H66N6O6) 

 

701.493

9 
701.49 0 

Auraptene(C19H22O3) 

 

299.110

2 
299.11 0 
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Figure 2.1. HRMS spectra of Aegle marmelos extract (a) Before reaction and (b) After reaction 

showing different bio-constituents present in the extract. 

 

 

Figure 2.2. Calibration graph of rutin standard. 

 

2.3 Methodologies of photocatalyst synthesis 

2.3.1 Bioinspired synthesis of CQDs/CdS nanocomposite 

2.3.1.1 Synthesis of CdS(bio) nanorods using bio-extract 

A 0.1 M solution of CdCl2 was placed in a beaker, followed by the dropwise addition 

of a 0.1 M Na2S solution and 20% (v/v) bio-extract under continuous stirring [7].  The resulting 

solution was transferred into a microwave reactor (Discover System, CEM Matthews NC, 

USA) and irradiated for 5 min at 100°C. The precipitate was centrifuged (5000 rpm, 5 min) 
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and washed numerous times using distilled water and 50% (v/v) ethanol.  The obtained yellow 

residue was oven-dried for 12 h at 65°C to recover CdS(bio) nanorods. The control synthesis 

of CdS(con) was done at the experimental condition (optimized using bio-extract), using 

distilled water instead of bio-extract. The schematic of CdS(bio) nanorod synthesis is given in 

Figure 2.3. 

 

Figure 2.3. Possible schematic synthesis mechanism of CdS(bio) nanorods using flavonoid 

fraction of 4H-Pyran-4- one, 2,3-dihydro-3,5-dihydroxy-6-methyl-   present in Aegle 

marmelos. 

 

2.3.1.2 Synthesis of CQDs(bio) using waste orange peels 

Orange peels were purchased from the fruit market located at IIT Guwahati. Firstly, 

orange peels were thoroughly washed in tap water, dried in sunlight, and then ground into 

powder (20-40 μm, Figure 2.4) using a grinder-mixer.  A quantity of 1 g of obtained powder 

was mixed with 40 mL distilled water, and the mixture was stirred for 15 min to obtain a 

homogeneous suspension. Then, the solution was placed in a Teflon-line hydrothermal reactor 

and heated at 180°C for 12 h [8]. After reaching room temperature, the solution was centrifuged 

(5000 rpm, 10 min) to separate residues and then filtered using a 0.2 μm PTFE filter. The CQDs 

residue (10 mg/mL) was stored for further use.  The primary constituents of orange peel powder 

were determined by CHNSO analysis to be carbon (43%), hydrogen (5%), nitrogen (3%), 

sulfur (0%), and oxygen (49%). For the synthesis of carbon quantum dots (CQDs), a uniform 

carbon content of 43 % (w/w) was maintained across different batches of experiments.  
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Figure 2.4. FESEM image of orange peel powder. 

 

2.3.1.3 Synthesis of CQDs/CdS(bio) composites 

A facile deposition method was used to prepare CQDs/CdS(bio) nanocomposites (Figure 

2.5). Firstly, a known quantity of CQDs (0.25, 0.50, 0.75, and 1% w/w) was mixed in a 50 mL 

aliquot using distilled water in a beaker. Then, 100 mg CdS(bio) nanorods were added to this 

dispersion, and the mixture was stirred at room temperature for 12 h. The solution was then 

centrifuged and left to dry overnight in an oven [9].  

 

Figure 2.5. Schematic representation of CQDs/CdS(bio) composites synthesis using a simple 

deposition approach. 

 

 

 

TH-3902_206107104



 

CHAPTER 2 Materials and Methodology 

57 | P a g e  
 

2.3.2 Bioinspired synthesis of In2O3/CdS heterostructure 

2.3.2.1 Synthesis of CdS(bio) NPs 

First, 10 mL of thiourea solution (0.1M) was added to an equal volume of cadmium 

acetate (0.1 M ) with constant stirring [10]. Subsequently, 5 mL of bio-extract was gradually 

added to the above solution. The resulting mixture underwent irradiation in a microwave 

reactor at 100°C for 5 min. The solution was centrifuged and washed repeatedly with DI water 

and 50% (v/v) EtOH. The resulting solution was then oven-dried at 65°C for 12 h to obtain 

CdS(bio) NPs. For a control synthesis of CdS(con), DI water was used instead of bio-extract 

under optimal experimental conditions. 

 

2.3.2.2 Synthesis of In2O3(bio) NPs 

A 5 mL Aegle marmelos extract was mixed with 5 mL of In(NO3)3·H2O (0.1 M) 

solution under constant stirring.   Subsequently, the solution was moved to a microwave reactor 

and irradiated at 120°C for 5 min. Afterward, the solution underwent centrifugation (6000 rpm 

for 8 min) and repeated washing with DI water. The resulting residue was oven-dried at 80°C 

overnight, crushed into powder, and subjected to calcination for 2 h at 400°C [11]. A control 

synthesis of In2O3(con) was conducted using DI water instead of the bio-extract under the same 

optimal experimental conditions. 

 

2.3.2.3 Synthesis of In2O3/CdS(bio) NPs heterostructures  

A volume of 10 mL of thiourea solution (0.1 M) was added to an equal volume of 

cadmium acetate solution (0.1 M) with constant stirring. Then, 10 mL of In(NO3)3.H2O (0.1 

M) solution was added dropwise to the mixture, followed by 7.5 mL of the bio-extract. The 

resulting mixture was transferred to a microwave reactor and irradiated at 100°C for 5 min. 

The solution underwent centrifugation at 8000 rpm for 8 min to eliminate the residue, followed 

by multiple washes with DI water and 50% (v/v) EtOH. Afterward, the sample was oven-dried 

overnight at 80°C (Figure 2.6). The dried residue was pulverized into powder and subjected to 

calcination at 150°C for 4 h. The calcination temperature is selected based on the mass loss vs. 

temperature curve obtained from the thermogravimetric analyzer (TGA) analysis. In2O3/CdS 

heterostructures with various molar ratios of In2O3 (0.2, 0.4, 0.6, 0.8, and 1.0) were synthesized 

using this procedure. The corresponding catalysts are designated as 0.2In2O3/CdS(bio), 

0.4In2O3/CdS(bio), 0.6In2O3/CdS(bio) 0.8In2O3/CdS(bio), and 1.0In2O3/CdS(bio). 
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Figure 2.6. Process schematic of In2O3/CdS(bio) heterostructures synthesis with a combination 

of vegetal extract and microwave irradiation process. 

 

2.3.3 Bioinspired synthesis of CDs/CdS QDs composites 

2.3.3.1 Synthesis of CdS QDs(bio), CDs(bio), and CDs/CdS QDs(bio) 

 To synthesize CdS QDs(bio), A 0.1 M solution of CdCl2 was placed in a beaker, 

followed by the dropwise addition of a 0.1 M Na2S solution and 20% (v/v) bio-extract under 

continuous stirring [12]. The resulting mixture underwent microwave irradiation at 100°C for 

5 min, followed by centrifugation, washing, and drying at 80°C for 15 h to obtain CdS 

QDs(bio). For comparison, CdS QDs(con) were synthesized using DI water instead of bio-

extract under the same conditions.  

A weight of 1 g of the orange peel powder (20-40 μm) was mixed with 40 mL of DI 

water, stirred for 10 min for homogeneity, and subsequently transferred to a PTFE-lined 

hydrothermal reactor. The mixture was heated at 180°C for 12 h [9]. After cooling, the resulting 

solution was centrifuged at 5000 rpm for 8 min and filtered through a 0.2 μm Teflon filter to 

remove residues. The resulting CDs (15 mg/mL) were stored for future use. CHNSO analysis 

revealed that orange peel powder consists mainly of carbon (53.84%), hydrogen (5.86%), 

nitrogen (1.54%), sulfur (6.41%), and oxygen (35.35%). Carbon content was maintained 

consistently at 53.84% (w/w) during the synthesis of CDs(bio) across various experimental 

batches. 

A straightforward deposition technique was employed for CDs/CdS QDs(bio) 

composites synthesis. First, a dispersion of 1 mg/mL CDs was prepared by mixing the 
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synthesized carbon dots with water. Then, 200 mg of CdS QDs(bio) was added to a definite 

volume of CDs dispersion, and the mixture was stirred for 12 h (Figure 2.7). Afterward, the 

resulting solution underwent centrifugation and was dried overnight in an oven at 80°C [8].  

Using this approach, CDs/CdS QDs(bio) composites with different mass ratios of CDs (0.2, 

0.4, 0.6, 0.8, and 1% w/w) were synthesized, labeled as 0.2CDs/CdS QDs(bio), 0.4CDs/CdS 

QDs(bio), 0.6CDs/CdS QDs(bio), 0.8CDs/CdS QDs(bio), and 1.0CDs/CdS QDs(bio). 

 

Figure 2.7. Schematic synthesis route of CDs/CdS QDs(bio) composites. 

 

2.3.4 Bioinspired synthesis of SnO2/CdS heterostructures 

2.3.4.1 Synthesis of CdS QDs(bio)  

Aegle marmelos vegetal leaves extract was prepared following our previous study [12]. 

To synthesize CdS QDs(bio),  0.1 M of sodium sulfide (10 mL) solution was added dropwise 

to  0.1 M solution of cadmium acetate (10 mL) under constant stirring at 300 rpm [10]. 

Subsequently, 5 mL of the extract was introduced dropwise into the resulting mixture. The 

solution was transferred to a microwave reactor (MR) (Discover system, CEM Matthews NC, 

USA) and irradiated at 100°C for 5 min. After centrifugation at 7500 rpm for 10 min thorough 

washing with DI water and 50% EtOH, the yellow residue was dried at 80°C for 15 h to obtain 

CdS QDs(bio). For comparison, CdS(con) was also synthesized under identical conditions 

without the bio-extract.  
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2.3.4.2 Synthesis of SnO2 NPs 

 A 10 mL volume of 0.1 M Tin(II) chloride solution was sonicated (GT-1990QTS, 

GTSONIC, ultrasonic power 200 W, frequency 33/40 kHz, China) for 15 min before it was 

mixed with 5 mL of the bio-extract. The resulting mixture was moved to the MR and heated at 

100 °C for 10 min. Subsequently, the solution was centrifuged at 10000 rpm for 10 min, 

repeatedly washed with DI water and 50% EtOH, and dried at 80 °C for 12 h. The dried material 

was ground into a fine powder with a particle size of 7.6 nm and calcined at 550°C for 2 h in a 

muffle furnace (NU-126, Navyug®, India). The calcination temperature was selected based on 

thermogravimetric analysis (TGA). For comparison, SnO2(con) was synthesized under 

identical conditions using DI water.  

 

2.3.4.3 Synthesis of SnO2/CdS QDs(bio) heterostructure 

A volume of 10 mL of 0.1 M sodium sulfide solution was added to an equal volume of 

0.1 M cadmium acetate solution with constant stirring. Then, a volume of 10 mL sonicated 

solution of 0.1 M Sn(II) chloride was added dropwise, followed by 7.5 mL of the bio-extract. 

The mixture was transferred to an MR and irradiated at 100 °C for 5 min. The solution was 

centrifuged and then washed multiple times with DI water and 50% EtOH. Afterward, the 

sample was oven-dried overnight at 80 °C, and ground into powder, calcined at 150°C for 4 h 

(Figure 2.8). Using this approach, SnO2/CdS heterostructures with varying SnO2 molar ratios 

(0.25, 0.50, 0.75, and 1.00) were synthesized, labeled as 0.25SnO2/CdS QDs(bio), 

0.50SnO2/CdS QDs(bio), 0.75SnO2/CdS QDs(bio), and 1.00SnO2/CdS QDs(bio), respectively. 

 

Figure 2.8. Schematic illustration of the bio-based synthesis route of SnO2/CdS QDs(bio) 

heterostructures. 
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2.3.5 Bioinspired synthesis of CuO/CdS heterostructure 

2.3.5.1 Synthesis of CdS QDs(bio) 

To synthesize CdS QDs(bio) QDs,  0.1 M of sodium sulfide (10 mL) was added 

dropwise to  0.1 M solution of cadmium acetate (10 mL) under constant stirring [10], followed 

by the addition of  5 mL of the extract. The resulting mixture was moved to a microwave reactor 

and irradiated at 100°C for 5 min. After centrifugation and washing with DI water and 50% 

EtOH, the residue was dried at 80°C for 15 h to obtain CdS(bio) QDs. For comparison, 

CdS(con) was synthesized using DI water in place of bio-extract under the same conditions. 

 

2.3.5.2 Synthesis of CuO QDs(bio) 

 A 5 mL volume of bio-extract was added dropwise to 10 mL of (0.1M) copper (II) 

sulfate solution under stirring. The mixture’s pH was adjusted from 3.6 to 12 using a 2 M 

NaOH solution [13]. The resulting solution was irradiated in a microwave at 100°C for 10 min. 

After that, the solution was centrifuged at 9000 rpm for 10 min, washed with water and 50% 

EtOH, dried at 80°C for 15 h, crushed into powder, and calcined at 550°C for 5 h. The 

calcination temperature is determined based on thermogravimetric analysis (TGA). For 

comparison, CuO(con) was synthesized using DI water, keeping the conditions the same. 

 

2.3.5.3 Synthesis of CuO/CdS QDs(bio) heterostructure 

A volume of 10 mL of sodium sulfide solution (0.1 M) was added to an equal volume 

of cadmium acetate solution (0.1 M) with constant stirring. Then, 10 mL of copper (II) sulfate 

solution (0.1 M) was added dropwise to the mixture, followed by 7.5 mL of the bio-extract. 

The resulting mixture was transferred to a microwave reactor and irradiated at 100°C for 5 min. 

The solution was centrifuged at 10000 rpm for 12 min to eliminate the residue, followed by 

multiple washes with DI water and 50% EtOH. Afterward, the sample was oven-dried 

overnight at 80°C (Figure 2.9). Using this approach, CuO/CdS heterostructures with different 

molar ratios of CuO (0.25, 0.50, 0.75, and 1.00) were synthesized, labeled as 0.25CuO/CdS 

QDs(bio), 0.50CuO/CdS QDs(bio), 0.75CuO/CdS QDs(bio), and 1.00CuO/CdS QDs(bio). 
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Figure 2.9. Schematic representation of bioinspired synthesis of CuO/CdS QDs(bio) 

heterostructures. 

 

2.4 Characterizations of photocatalysts 

2.4.1 UV-vis spectroscopy 

UV-diffuse reflectance spectra (UV-DRS) and absorption spectra were obtained using 

a spectrophotometer (UV-2600, Shimadzu, Japan) in the range of 200 - 700 nm, with BaSO4 

as a reference. For the analysis, a thin and uniform layer of BaSO4 powder was evenly spread 

over the sample holder, followed by an even layer of the catalyst sample on the top. 

 

2.4.2 High-resolution mass spectroscopy 

The mass spectra of Aegle marmelos leave extract were obtained using a high-

resolution mass spectrometer (HRMS, G1969A, Agilent, USA) in positive ion mode. Bio-

extract was first diluted with DI water and filtered through a 0.2 μm membrane filter. After 

that, the mass spectra of active phytochemicals present in Aegle marmelos leaves extract were 

captured. 

 

2.4.3 X-ray diffraction 

The crystallinity and phase structure of synthesized catalysts were characterized using 

a powder X-ray diffractometer (XRD, Smart lab, Rigaku, Japan) with Cu Kα radiation 
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(λ=1.540 Å) in 2θ range of 5 - 80° at a scan rate of 20° min-1. About 20 mg of catalyst powder 

was placed in the sample holder, and the XRD pattern was recorded. 

 

2.4.4 Field emission scanning electron microscopy 

The morphological characteristics of catalyst particles, including particle sizes and 

shapes, were imaged using a field emission scanning electron microscope (FESEM, Sigma 300, 

Zeiss, Germany) equipped with a Fe cathode electron gun and In-lens detector, operated under 

a system vacuum of 1.2×10-5 mbar. For FESEM analysis, an amount of 1 mg of catalyst powder 

was dispersed on carbon tape, followed by gold coating onto it. 

 

2.4.5 Field emission transmission electron microscopy 

 The particle size and morphology of the catalyst were also analysed by a field emission 

transmission electron microscope (FETEM, JEM2100F, JEOL, Japan) with a ZrO/W(100) 

Schottky electron gun, operated at a background pressure of 5.8×10-5 mbar.  For sample 

preparation, 0.5 mg of catalyst was mixed with 2 mL DI water and sonicated for 45 min. An 8 

μL aliquot of the resulting suspension was drop-cast onto a TEM grid, which was then dried 

overnight at 50°C before analysis. FETEM analysis was also employed to get the information 

on the fringe width (from HRTEM data) and crystallinity (from selected area electron 

diffraction data) of the catalysts. 

 

2.4.6 Energy-dispersive X-ray spectroscopy 

The catalyst’s surface elemental composition was analyzed by energy-dispersive X-ray 

spectroscopy (EDS, Sigma 300, Zeiss, Germany). Sample preparation followed the same 

procedure as described for the FESEM analysis. 

 

2.4.7 BET surface area analysis 

The surface area of synthesized catalysts was determined using a BET analyzer 

(Micromeritics, Tristar-II 3020, USA) by N2 sorption isotherm technique.   A quantity of 70-

80 mg of catalyst powder was degassed at 150°C for 5 h before analysis. The parameters, such 

as pore volume and pore size, were obtained from the BET Analysis. 

 

2.4.8 X-ray photoelectron spectroscopic analysis 

 The elemental composition, valence state, and valence band position of catalysts were 

analyzed by using X-ray photoelectron spectroscopy (XPS, PHI 5000 Versa Probe III, 
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ULVAC-PHI, USA) with the Al Kα (1486.6 eV) as an X-ray source (1486.6 eV).  XPS spectra 

were generated using XPSPEAK41 software. 

 

2.4.9 Thermogravimetric analysis 

 The thermal stability of synthesized catalysts was analyzed by thermogravimetric 

analysis (TGA 209 F1, Netzch, Germany). For this analysis, a sample quantity of 8-10 mg was 

used and heated in the temperature range of 25 to 1000°C with a N2 flow rate of 20 mL/min 

and a heating rate of 10°C/min. 

 

2.4.10 Photoluminescence spectroscopy 

Photoluminescence (PL) spectra were analyzed by a fluorescence spectrophotometer 

(Fluromax-4, Horiba Jobin Yvon, Japan) to explore e-/h+ carriers dynamics and its trapping 

efficiency. A catalyst mass of 2 mg was dispersed in DI water and sonicated for 30 min. After 

sonication, the PL spectra were recorded at the excitation wavelength specific to a catalyst as 

mentioned in the respective chapter. 

 

2.4.11 Time-resolved photoluminescence spectroscopy 

The time-resolved photoluminescence (TRPL) (FLS 1000, Eddinburg Instrument, UK) 

spectra were recorded to comprehend e-/h+ carrier behaviour with 1000 counts. TRPL spectra 

were recorded based on the excitation and emission wavelengths specific to a catalyst, as 

mentioned in the respective chapter. TRPL curve fitting was done with an exponential decay 

function to calculate the average e-/h+ carrier lifetime.  

 

2.4.12 Zeta potential and particle size measurement 

The hydrodynamic diameter and zeta potential of catalyst particles were obtained using 

dynamic light scattering technique (DLS, Litesizer TM 500, Anton Paar, USA). For this 

analysis, 2 mg catalyst powder was dispersed in 10 mL DI water (pH 7.5), and then the mixture 

was sonicated for 30 min. After that, particle size and zeta potential values were recorded. 

 

2.4.13 High-pressure gas sorption analyzer 

CO2 adsorption capacity was studied using a high-pressure gas sorption analyzer 

(SorbHP1-XKRLSPN100, Quantachrome Instrument, Austria) at a pressure range of 0.1 to 1 

bar. 
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2.5 Photocatalytic CO2 reduction reaction experiment 

PCO2RRs experiments were conducted in a quartz reactor cell (50 mL) with a sealed 

headspace under visible light illumination under constant stirring (Figure 2.10).  A 250 W 

metal halide (MH) lamp (λ >420 nm, Halonix Technologies, India) provided a light intensity 

of 3.51W/m2 and a photon flux of 8.12 ×1018 photons/m2. s. The MH lamp emitted primarily 

visible light (96.8%), with some infrared (3.2%) IR and no ultraviolet radiation [12]. The 

solution temperature (30°C) was maintained by a water circulation system. For each 

experiment, 20 mg of catalyst was mixed into 20 mL aqueous solution and sonicated for 15 

min to prevent particle aggregation. The mixture was degassed with N2 gas at a rate of 20 

mL/min for 15 min, followed by CO2 purging at 10 mL/min under constant stirring until 

saturation. The concentration of CO2 was monitored using an Ion-selective electrode (PS-3517, 

Thermo Scientific, USA). Samples were periodically collected during irradiation and analyzed 

via HPLC, GC, and NMR spectroscopy to identify PCO2RR products. Three control 

experiments were carried out to determine the carbon source involved in the formation of 

products: one with a catalyst, DI water, and light without CO2; another with a catalyst, DI 

water, and CO2 but with the lamp off; and a third with DI water, CO2, and light but excluding 

the catalyst. To investigate the impact of carbonaceous material present on catalysts in 

PCO2RR [12,14], a control experiment was conducted under optimal conditions for 10 h.  

Instead of CO2, a 30-min N2 purge at a flow rate of 10 mL/min was carried out in the dark 

conditions. Subsequently, the experiment was irradiated with light under continuous N2 flow 

for 10 h, with samples collected at 5 h intervals. 

 

Figure 2.10. Schematic experimental setup of PCO2R employed in this study. 
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2.6 PCO2RR product analysis techniques 

2.6.1 Gas chromatography (GC) 

The gas sample was analyzed by Gas chromatography (450GC, Bruker, USA) equipped 

with a 60/80 Carboxen 1000 (15ft× 1/8in × 2.1mm) column and TCD detector. The oven 

temperature was initially held at 35°C for 6 min and then raised to 220°C at a rate of 20°C/ 

min. The temperature of the detector and injector were maintained at 200°C and 100°C, 

respectively. Nitrogen served as the carrier gas at a flow rate of 30 mL/min. 

 

2.6.2 High-performance liquid chromatography (HPLC) 

The liquid product was tested using High-performance liquid chromatography (HPLC, 

SPD-M30A, RID-20A, SHIMADZU, USA) equipped with a RID detector and Aminex HPX-

87H column. A mobile phase of 5 mM H2SO4 flowed at 0.6 mL/min. 

 

2.6.3 Nuclear Magnetic Resonance (NMR) spectroscopy 

The liquid product was analyzed using 600 MHz 1H NMR spectroscopy (ASCEND 

600, Bruker, Germany). NMR identification and quantification of liquid product was carried 

out as follows.  A volume of 1 mL of solution was collected from the photocatalytic reactor 

after 60 min of reaction. It was mixed with 100 μL internal standard 5 mM dimethyl sulfoxide 

(99.99%). 250 μL of this mixture was mixed with 250 μL D2O (99.9%, Sigma Aldrich) and 

transferred into an NMR tube [15]. 1H NMR spectroscopy of the prepared sample was 

performed in a 600 MHz spectrometer. The concentration of the liquid product was calculated 

using the standard curve made using the internal standard mentioned previously. The methanol 

standard was used to develop the calibration (2-10 mM) to measure its concentration. A linear 

calibration fit was obtained with an R2 of 0.999. The H1 NMR graph of methanol is presented 

in Figure 2.11. 
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Figure 2.11. NMR spectra of solution after 300 s of CO2 reduction, and (inset) 10 mM 

methanol standard solution. 

 

2.7 Photoelectrochemical measurement 

The PEC characteristics of the photocatalysts were examined by a three-electrode 

system on a potentiostat (AUTOLAB 302N, Metrohm Autolab, Netherlands). The working 

electrode was a catalyst-coated FTO glass with a platinum wire counter and an Ag/AgCl 

reference electrode. The electrolyte was a 0.5 M Na2SO4 solution [10]. To prepare the working 

electrode, the catalyst (10 mg) was mixed with 200 μL Nafion and EtOH solution (1:3 v/v), 

sonicated for 30 min, and then spin-coated onto the FTO glass at 2500 rpm for 20s with a 

projected area of (2×1) cm2, followed by overnight drying at 60°C. The chronoamperometric 

test evaluated photocurrent density in both dark and light conditions, while electrochemical 

impedance spectroscopy (EIS) analyzed the resistance of the working electrode and charge 

transfer efficiency. 

 

2.8 Density functional theory (DFT) studies 

2.8.1 In2O3/CdS heterostructures 

DFT calculations were executed using the Quantum Espresso software package with 

BURAI software as a graphical user interface (GUI)[16]. An ultrasoft pseudopotential 

describes the interaction between electrons and ions[16]. The Perdew-Burke-Ernzerhof (PBE) 

generalized gradient approximation (GGA) considered exchange-correlation interactions[17].  

However, the PBE functional’s bandgap estimation was lower than the experimental values. 
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To improve the accuracy, GGA+U was applied in the DFT calculation, introducing the 

Hubbard-U parameter to Cd-d and S-p orbitals for CdS and In-d for In2O3 [18,19].  The CdS 

lattice parameters are 5.88 Å (JCPDF database:00-001-0783), while those for In2O3 are 10.17 

Å (JCPDF database: 00-001-0929). To minimize lattice mismatch between  CdS and In2O3  

surfaces, a 1.73 ×1 supercell for CdS with lattice parameters of 10.17 Å, matching with  In2O3 

surface lattice, was utilized by using VESTA software[20]. In both CdS and In2O2 structures, 

slabs with two thicknesses are separated by a 12 Å vacuum. The generated crystal structure of 

the heterostructures XYZ file was exported to BURAI for geometric optimization, band 

structure, and density of state (DOS) calculation. The Brillouin zone utilized a 420 Ry plane 

wave cut-off energy and a 12×12×1 k-point grid with an energy threshold of 1×10-6 eV. The 

structures were relaxed until the maximum force on each atom was below 0.001 eV/Å. 

 

2.8.2 CDs/CdS QDs composite 

All DFT calculations were performed using the Vienna ab initio simulation package 

(VASP) [21–23]. The Perdew-Burke-Ernzerhof (PBE) exchange-correlation functional within 

the generalized gradient approximation and the projected augmented wave (PAW) was applied 

using a plane wave basis set throughout the calculations [24]. To model the CdS QDs (111)-

zero-dimensional CDs surface, first, we have built the 2×2×2 supercell with 15 Å of vacuum 

space along the C-axis. After generations of CdS QDs (111) surface, non-periodic CDs 

terminated by hydrogen atoms were deposited along the C-axis to make the final composite 

catalyst structures. We used a 3×3×1 Monkhorst-Pack mesh to perform the computational 

calculations with k-point sampling of the Brillouin zone. The energy cutoff, maximum force, 

and convergence criteria for energy are set to 500 eV, -0.02 eV Å-1, and 10-5 eV, respectively. 

The Van der Waals (vdW) interaction was included using the DFT-D3 approach [25]. The free 

energy changes of reaction intermediates were calculated according to the computational 

hydrogen electrode (CHE)[26] model using the following Eq 2.1: 

            ΔG [A* + (e- + H+)          AH*] = µ(AH*) – µ(A*) + µ(H+) + µ(e-)                (2.1) 

In the CHE model, it is considered that the chemical potential of the (electron (e-

)/proton (H+)) couple is half of the chemical potential of the hydrogen molecule in the gas 

phase. The total chemical potential of the e-/H+couple can thus be computed as a function of 

the applied potential U, as seen in Eq. 2.2:  

     µ(e-) + µ(H+) = 1/2µ(H2(g)) – eU                                                (2.2) 

In our calculations, we are considering U=0 and pH=0, respectively.  
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2.8.3 SnO2/CdS QDs heterostructures 

DFT calculations were performed using Quantum Espresso, with BURAI software 

serving as the GUI [9,14]. The electron-ion interaction was modeled using an ultrasoft 

pseudopotential [15], and exchange-correlation interactions were treated with the PBE GGA 

[16]. However, the bandgap estimation using the PBE functional was lower than the 

experimental values. To enhance accuracy, GGA+U was employed in the DFT calculation, 

incorporating the Hubbard-U parameter to Cd-d and S-p orbitals in CdS and Sn-d and O-p 

orbitals in SnO2 [12,27]. The lattice parameters of SnO2 are 4.72 Å and 4.72 Å (JCPDF: 00-

001-0657), while those for CdS QDs are 5.88 Å and 5.88 Å (JCPDF: 00-002-0454). To reduce 

the lattice mismatch between the SnO2 and CdS QDs, a 1.25×1 supercell of SnO2 with lattice 

parameters of 5.9 Å and 5.9 Å was designed to align with the CdS QDs lattice using VESTA 

software. For both the SnO2 and CdS QDs models, the slabs with two thicknesses were 

separated by a 15 Å vacuum layer. The generated crystal structure of the heterostructure was 

exported in XYZ format to BURAI for geometric optimization, band structure analysis, and 

DOS calculations. The Brillouin zone was sampled using a 6×6×6 Monkhorst-pack k-point 

grid, with a plane wave cut-off energy of 575 Ry and an energy convergence threshold of 1×10-

6 eV. Structural relaxation was performed until the maximum force on each atom was reduced 

to below 0.001 eV/Å. 

 

2.8.4 CuO/CdS QDs heterostructures 

DFT calculations were performed using the Quantum Espresso with BURAI software 

as a GUI [12,16]. Electron-ion interaction was described by an ultrasoft pseudopotential [28], 

and the PBE GGA was applied for exchange-correlation interactions [29]. However, the 

bandgap estimation using the PBE functional was lower than the experimental values. To 

enhance accuracy, GGA+U was employed in the DFT calculation, incorporating the Hubbard-

U parameter to Cd-d and S-p orbitals in CdS and Cu-d in CuO [12,18].  First, the CdS QDs(111) 

and CuO QDs (111) surfaces were created using VESTA software [20]. The lattice parameters 

of CdS QDs (111) are 7.20 Å and 4.16 Å, while those of CuO QDs (111) are 6.01 Å and 2.93 

Å. To minimize the lattice mismatch between CdS QDs (111) and CuO QDs (111), a 2.1×2.1 

supercell for the CdS QDs (111) surface with lattice parameters of 15.13 Å and 8.74 Å was 

constructed. Similarly, a 2.5×2.5 supercell for the CuO QDs (111) surface with lattice 

parameters of 15.04 Å and 8.81 Å was generated, which matched well with the CdS QDs (111) 

surface. For both the CdS QDs (111) and CuO QDs (111) models, the slabs with two 

thicknesses were separated by a 15 Å vacuum layer. The generated crystal structure of the 
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heterostructure was exported in XYZ format to BURAI for geometric optimization, band 

structure analysis, and DOS calculations. The Brillouin zone was sampled using a 8×8×1  

Monkhorst-pack k-point grid, with a plane wave cut-off energy of 638 Ry and an energy 

convergence threshold of 1×10-6 eV. Structural relaxation was performed until the maximum 

force on each atom was reduced to below 0.001 eV/Å. 
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 CdS(bio) nanorods synthesized using phytochemicals present in Aegle Marmelos 

 Bio-based CQDs synthesized using orange peels 

 Tuneable CQDs/CdS(bio) composites fabricated by a simple deposition method  

 Photostability of CdS(bio) improved notably with CQDs incorporation 

 High methanol production of 1060.52 μmol/g·h using CQDs/CdS(bio) photocatalyst 
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3.1 Introduction 

The world is dependent on the burning of non-renewable fossil fuels to meet the bulk of 

its energy demand (~80%) even in the 21st century[1]. Consequently, excessive carbon dioxide 

(CO2) emission causes the grievous greenhouse gas effect [2,3]. Currently, CO2 emission 

stands at over 40 gigatons per year with an atmospheric concentration of 421 ppm 

(International Energy Agency). In fact, global energy consumption has been estimated to rise 

by 28% in the next 17 years [4,5] because of the industrial boom and improved living standards 

of humans. Factually, the world needs sustainable technologies to fulfill the mammoth energy 

demand alongside CO2 mitigation to control the greenhouse gas effect.  

The photoreduction of CO2 has been considered one of the most efficient techniques for 

CO2 utilization because abundant solar energy and H2O are used in this process to convert CO2 

into valuable chemicals such as ethanol (C2H5OH), methanol (CH3OH),  formic acid 

(HCOOH), methane (CH4), carbon monoxide (CO), etc. [2,3,6–9]. This process could mimic 

natural photosynthesis in the plant [10,11]. Therefore, photocatalytic reduction of CO2  could 

meet the energy demand with a plausible solution to CO2 emission [5,12]. 

CO2 is a very stable linearly symmetric molecule with excellent thermodynamic stability. 

The double bond (C=O) energy of CO2 is 750 kJ/mol compared to the single bond energy of 

336 (C-C), 327 (C-O), and 411 kJ/mol (C-H) [13,14]. Due to the large negative potential of 

CO2  (-1.9 V vs. NHE, pH 7), the direct one-electron reduction of CO2 is challenging [15]. To 

date, no photocatalyst has been invented for a single electron for CO2 reduction. In contrast, 

the multi-electron/proton-assisted reduction is an alternative and more beneficial approach 

because of the lower CO2 reduction potential [16,17]. Therefore, designing an active, robust, 

and cost-effective multifunctional photocatalyst is essential to achieve efficient CO2 reduction 

to useful chemicals for practical applications. 

For photocatalytic CO2 reduction reaction, several nanocatalysts have been tested, 

namely, TiO2 [18], ZnO[19], ZnS [20], SiC [21], g-C3N4 [22], CdS [13], In2O3 [23], WO3 [24], 

Bi2S3 [25], Cu2O [26], and MOFs[27]. Among these, CdS has been intensively studied for CO2 

reduction owing to a suitable bandgap (2.4 eV) and conduction band potential (-0.95 V vs. 

NHE, pH 7) and high solar energy conversion [12,13]. However, CdS suffers from oxidative 

corrosion and quick recombination of electron (e-)/hole (h+) pairs [13]. As a remedial action, 

various modification techniques have been developed, namely, doping with metal and non-

metal [28], morphological control [12], co-catalysis [6], and formation of heterojunction [29] 

and Z-scheme heterojunction [30].   
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The chemical synthesis methods of photocatalysts involve costly and environmentally 

aggressive chemicals. However, the bio-based approach for synthesizing semiconductor 

nanoparticles (NPs) has advantages over chemical-based methods, such as its eco-friendly 

nature, cost-effectiveness, one-pot synthesis process, and abundant sources of biomaterials 

[31,32]. Developing green pathways for NPS synthesis and their application in CO2 

photoreduction to value-added chemicals could be a potential technique for controlling 

industrial CO2 emissions. The Northeastern states of India are the hub of several tropical and 

subtropical plants. These plants could be employed as potential capping and reducing analytes 

for the quick and effective synthesis of semiconductor nanomaterials [33]. A short exposure of 

microwave irradiation in concurrence with the bio-based process could also accelerate the rate 

of NPs formation by several folds. 

The carbon quantum dots (CQDs) have gained tremendous research interest owing to 

diverse applications in the last two decades. CQDs own unique characteristics, such as low 

toxicity, luminescence, and high thermal stability with zero-dimensionality (<10 nm size) 

[34,35]. In addition, due to their superior charge transfer and electron donor/acceptor 

properties, CQDs have been considered promising candidates for developing effective and 

stable composite photocatalysts [36,37]. Different techniques have been used to synthesize 

CQDs using several carbon sources such as urea, thiourea, citric acid, ethylene glycol, etc. The 

renewable and abundant biomass reserves are also potential carbon precursors for CQDS 

synthesis. The biomass sources, such as leaves, flowers, or roots of the plant [38,39], fruits and 

their peels [35], human derivatives [40], and animal derivatives [41], are carbonized for the 

low-cost and environmentally friendly synthesis of CQDs. 

The first study of this doctoral work focused on the synthesis of microwave-assisted bio-

based CdS(bio) nanorods using plant-based phytochemicals present in Aegle marmelos. It 

contains a variety of strong reducing and capping analytes, including alkaloids, flavonoids, 

phenols, tannins, and saponins, which could control the nucleation, growth, morphology, and 

surface stabilization of CdS(bio) nanorods [33,42,43]. CdS(bio) nanorods were modified to 

minimize their oxidative corrosion and high e-/h+ recombination during photocatalytic CO2 

reduction reaction (PCO2RR).  Further, bio-based CQDs were synthesized from waste orange 

peels and incorporated into CdS(bio) by a simple deposition method. Orange peels provide a 

carbon-rich source for CQDs, whose excellent electron donor/acceptor properties could 

enhance charge transfer, suppress recombination, and improve CO2 reduction in 

CQDs/CdS(bio) composites [44,45]. The modified catalysts (CQDs/CdS(bio) composites) 
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were tested for PCO2RR to methanol formation in batch mode under visible-light irradiation. 

The maximum methanol production rate of 1062.68 μmol/g·h was achieved using 

CQDs/CdS(bio) composites with a CQDs loading of 0.50% (w/w). The reusability of 

CQDs/CdS(bio) composites has also been examined. Factually, this is the first study on the 

bio-based synthesis of composite nano-structures for PCO2RR to methanol formation.  

 

3.2 Results and discussion 

3.2.1 Photocatalyst characterizations 

3.2.1.1 Structural and composition analyses 

X-ray diffraction: Figure 3.1 depicts the XRD patterns of CdS(bio) and 

CQDs/CdS(bio) composites.  For CdS(bio), the diffraction peaks observed at 2θ values of 

26.31, 43.64, and 51.68° correspond to the crystal plane with Miller indices of (111), (220), 

and (311), respectively. It confirms the cubic CdS phase (JCPDF database, 01-083-5247). The 

peak intensity and its position agreed well with the earlier study [46]. The peak position of 

CQDs/CdS(bio) composites is in accordance with CdS(bio). It implies that the incorporation 

of CQDs(bio) during the formation of CQDs/CdS(bio) composites didn’t change its crystal 

structure or phase. The XRD peak of CQDs was absent in the composite structure because of 

its tiny mass loading (<1% w/w), well dispersity, and amorphous nature [36]. The crystallinity 

index of catalysts was computed using the equation (Eq. 3.1) shown below [47]. 

Crystallinity index (%) =
Ac

At
× 100                                        (3.1) 

Where Ac is the area of prominent crystalline peaks [(111), (220), (311)], and At is the total 

area under the peaks. The crystallinity index of CdS(bio) and 0.50% (w/w) CQDs/CdS(bio) 

was found to be 70.20 % and 69.9%, respectively. 

 

Figure 3.1. XRD patterns of CdS(bio) and CQDs/CdS(bio) composites. 
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XPS analysis:  Figure 3.2a depicts the survey and high-resolution (HR) spectra of 

CdS(bio) and CQDs/CdS(bio) composites. Figure 3.2b shows  HR Cd 3d spectra of CdS(bio) 

with two distinct peaks at 409.26 and 402.5 eV, ascribing to the Cd 3d3/2 and Cd 3d5/2 spin-

orbits, respectively, owing to Cd2+ in CdS(bio) nanorods [10]. The S 2p spectra (Figure 3.2c)  

of CdS(bio) showed two peaks at 160.1 and 158.88 eV. It is attributed to the  S 2p1/2 and S 2p3/2 

with a splitting energy of 1.2 eV, which indicates the S2-  valence state in CdS(bio) nanorods 

[48].  The HR S 2p and Cd 3d  spectra of 0.50% (w/w) CQDs/CdS(bio) composites also showed 

a similar trend. The S 2p  and Cd 3d  peak positions were shifted towards higher binding energy.  

A reduction in the electron density of CdS(bio) is suggested by the positive shift in the binding 

energy peak of S 2p  and Cd 3d. It implies that CdS and CQDs have a strong chemical 

interaction that facilitates the transport of electrons from  CdS to CQDs [36]. The HR of C 1s 

spectra (Figure 3.2d) of 0.50% (w/w) CQDs/CdS(bio) composites (binding energy peak at 

284.8 eV) corresponds to the  C­C/C=C of the graphitic or aliphatic structure of CQDs on the 

surface of CdS. The 288.07 and  286.3 eV peaks correspond to C=O and C-O, respectively 

[49]. The HR O 1s spectra of 0.50% (w/w) CQDs/CdS(bio) composites exhibited three major 

deconvoluted peaks at 533.3,  532.7, and 531.4 eV (Figure 3.2e) corresponding to the C-OH/C-

O-Cs, C=O/Cd(OH)2/Cd-O, and C-O/OH- respectively [36,37].  Due to the hydroxide group’s 

structural compatibility with sulfur, it may easily interact with the CdS lattice, forming CdO or 

Cd(OH)2 [28,37]. 

 

Figure 3.2. (a) XPS survey spectra; High-resolution spectra of (b) Cd 3d and (c) S 2p of 

CdS(bio) and 0.50% (w/w) CQDs/CdS(bio) composite, and (d) C 1s and (e) O 1s of 0.50% 

(w/w) CQDs/CdS(bio) composite. 
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3.2.1.2 Spectroscopic analyses 

UV-vis spectra: The UV-Vis spectra of CdS(bio), CQDs(bio), and CQDs/CdS(bio) 

composites are shown in Figure 3.3a. CdS(bio) showed a significant absorption threshold at 

520 nm. The absorption edge of CQDs/CdS(bio) composites shifted towards longer 

wavelengths, resulting in a redshift. The absorption spectra of CQDs (Figure 3.4) revealed two 

peaks at 280 nm and 220 nm corresponding to n-π* (C=O) and π-π* (C=C) transitions, 

respectively. The delocalized large π  bonds were present, which could improve the light 

absorption intensity [50,51].  The bandgap was computed by using Tauc’s relation (Eq. 3.2) 

[52].  

                   𝛼 =
(ℎ𝑣−𝐸𝑔)𝑛

ℎ𝑣
                                                                      (3.2) 

Where α=F(R) denotes the absorption coefficient, hν is the photon energy, Eg is the 

optical bandgap energy, n is a constant, and its value of ½ represents the direct allowed 

transition [51]. Figure 3.3b displays the plot of (αhν)1/2 vs. hν.  CdS(bio) and 0.50% (w/w) 

CQDs/CdS(bio) bandgap were determined to be 2.42 and 2.32 eV, respectively. The results 

agree with the values reported earlier [36].   The bandgap of 0.50% (w/w) CQDs/CdS(bio) 

composites is slightly reduced compared to CdS(bio) due to the quantum confinement effect 

of CQDs [53]. A similar reduction of bandgap was observed with g-C3N4 (2.7 to 2.62 eV) [54]  

and Cu2O (2.0 to 1.91 eV) [55] with the incorporation of CQDs. 

 

Figure 3.3 (a) Transient photocurrent and (b) EIS Nyquist plots in the dark and with 

illumination. 
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Figure 3.4. UV-Vis absorption spectra of CQDs(bio). 

 

Ultraviolet photoelectron spectroscopy (UPS) spectra: The conduction band position 

of photocatalyst specimens is a significant aspect in determining the ability of CO2 reduction. 

The valence band maximum (VBM) of the synthesized catalyst was characterized using UPS, 

and the outcomes are shown in Figure 3.5a. The linear extrapolation approach is used to 

calculate the VBM of each sample, which is determined to be 1.57 and 1.40 eV for CdS(bio) 

and 0.50% (w/w) CQDs/CdS(bio) composites, respectively. Based on the results of  UPS 

spectra and UV- vis DRS spectra (bandgap), the conduction band maximum (CBM) was 

calculated using the relation ECB =EVB-Eg [3]. CBM of CdS(bio) and 0.50% (w/w) 

CQDs/CdS(bio) are found to be -0.85 and -0.92 eV, respectively [3,28,36]. Figure 3.5b depicts 

the band diagram of CdS(bio) and 0.50%(w/w) CQDs/CdS(bio) composites. It is clear that the 

CQDs/CdS(bio) composites exhibit a favorable CBM potential for an increased methanol 

production rate. 

 

 Figure 3.5. (a) UPS spectra and (b) Band position of CdS(bio) and 0.50% (w/w) 

CQDs/CdS(bio) composite. 
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Photoluminescence (PL) spectra:  The PL spectra were collected at a wavelength of 

excitation to understand the charge carrier dynamics and its trapping efficiency of synthesized 

materials (Figure 3.6). The prominent peak observed at 450 nm suggests fast recombination 

of e-/h+ pairs. CQDs/CdS(bio) composites exhibited substantially lower PL intensities than that 

of CdS(bio) (Figure 3.6a) due to the presence of a delocalized π-conjugated structure in CQDs, 

which has an excellent electron-conducting characteristic [56]. It indicates a better separation 

of photoexcited charge carriers and reduced recombination of e-/h+ pairs, allowing a rapid 

transfer of electrons from the conduction band (CB) of CdS to CQDs [28,36,57]. Hence, more 

electrons could be available for the  CO2 reduction reactions. A similar observation was 

reported for CQDs/g-C3N4 [51] and CQDs/Cu2O composites. Furthermore, CQDs exhibited a 

prominent peak at 443 nm with 360  nm excitation wavelength with a blue emission spectrum 

(Figure 3.6b), suggesting a typical fluorescent nature of CQDs [34]. The strong electron 

binding is due to the combined effect of the quantum (blue fluorescent) phenomenon and the 

conjugation effect arising from CQDs' delocalized π bond [50]. The CQDs(bio) showed a dark 

yellow and blue fluorescent when exposed to visible light and ultraviolet (UV) light, 

respectively (inset of Figure 3.6b).  

 

Figure 3.6. PL spectra of (a) CdS(bio) and CQDs/CdS(bio) composite, and (b) CQDs(bio). 

 

Time-resolved photoluminescence (TRPL): TRPL spectra (Figure 3.7) of CdS(bio) 

and CQDs/CdS(bio) composites were recorded with 1000 counts at 405 nm and 450 nm of 

excitation and emission wavelengths, respectively, to understand the charge transfer behavior. 

The fitted parameter is shown in Table 3.1. A bi-exponential decay function was used to fit the 

TRPL decay curves. The average lifetime (τavg) was estimated using (Eq. 3.3) [54]. 

𝜏𝑎𝑣𝑒𝑟𝑎𝑔𝑒 =
𝐴1×𝜏1

2+𝐴2×𝜏2
2

𝐴1×𝜏1+𝐴2×𝜏2
                                                                         (3.3) 
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Where A1, A2 represents amplitudes, and τ1, τ2 represents the lifetime. The average 

lifetime of CdS(bio) and 0.50% (w/w) CQDs/CdS(bio) composites were determined to be 1.59 

ns and 3.74 ns, respectively. This indicates that the 0.50% (w/w) CQDs/CdS(bio) exhibited 

better e-/h+ pairs separation efficiency compared to the CdS(bio). Incorporating CQDs onto 

CdS serves as a reservoir for capturing excited electrons, facilitated by the surface junction 

formed between CdS and CQDs.  Consequently,  this enhanced the separation of e-/h+ pairs and 

reduced their recombination [58,59]. 

 

Figure 3.7. TRPL spectra of (a) CdS(bio) and (b) 0.50% (w/w) CQDs/CdS(bio) composite. 

 

Table 3.1. TRPL data of CdS(bio) and 0.50%(w/w) CQDs/CdS(bio) composite. 

Catalyst A1 (%) τ1 (ns) A2 (%) τ2 (ns) 
τave(ns) 

 

CdS(bio) 42.5 0.412 57.5 1.797 1.59 

0.50% (w/w) 

CQDs/CdS(bio) 

composites 

62.75 0.639 37.24 4.48 3.74 

 

Electrochemical attributes of CQDs/CdS(bio) composites: The charge separation 

efficiency of CdS(bio) and 0.50% (w/w) CQDs/CdS(bio) composites was examined using the 

transient photocurrent measurement and electrochemical impedance spectra (EIS). The 

chronoamperometry test (Figure 3.8a) was carried out with an interval of 25 s of the light 

on/off cycle. The average photocurrent density of 0.50% (w/w) CQDs/CdS(bio) composites is 

0.38 μA/cm2, which is nearly four times greater than CdS(bio) (0.095 μA/cm2). It indicates that 
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photogenerated e-/h+ pairs are separated efficiently with CQDs incorporation onto CdS(bio) 

nanorods [6]. 

EIS spectra of CdS(bio) nanorods and 0.50% (w/w) CQDs/CdS(bio) composites 

nanorods under both dark conditions and light irradiation are presented in Figure 3.8b. Under 

visible light, the arc radius of 0.5 (w/w) CQDs/CdS(bio) composites was reduced, indicating a 

higher charge separation and transfer efficiency. It implies that CQDs incorporation could 

change the distribution of charges and facilitate charge transfer of CdS(bio) nanorods [36]. 

Furthermore, increased capacitance indicates improved CQDs storing characteristics on the 

photoanode/electrolyte [28,60]. A similar observation was reported for CQDs/Cu2O 

composites and CQDs/g-C3N4 [54,61]. 

 

Figure 3.8. (a) Transient photocurrent and (b) EIS Nyquist plots in the dark and with 

illumination. 

 

Fourier transformed infrared (FTIR) spectra: FTIR spectra of CdS(bio), CQDs(bio), 

and CQDs/CdS(bio) composites are shown in Figure 3.9. The strong broadband peak at around 

3290 cm-1 corresponds to the stretching vibration of O-H bonds in water molecules[62]. The 

peak at 1572 cm-1 is attributed to the stretching vibration of   C=C cyclic alkene, and at 1405 

cm-1 to the bending vibration C-C in aromatic compounds. The weak absorption band at 1030 

cm-1 is ascribed to the stretching vibration of C-O bonds, and 616 cm-1 corresponds to the Cd-

S stretch vibration. An additional peak corresponds to the CdS in CQDs/CdS(bio)  composites 

due to the induction of CQDs into CdS [28]. A weak absorption band at about 2930 cm-1 in 

both CdS(bio) and CQDs/CdS(bio) composites, corresponding to the Cd-O stretching vibration 

[37], was also confirmed by XPS analysis. A broad absorption band at 3441 cm-1 indicates the 

stretching vibration of O-H bonds. The peak at 1640 cm-1 corresponds to the stretching 

vibration of the C=O bond. The 1405 and 1070 cm-1 peaks correspond to the bending vibration 
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of COO-  and C-O/C-O-C bonds, respectively [63]. The presence of the –OH group on CQDs 

indicates that it can donate electrons in PCO2RR [64]. 

 

Figure 3.9. FTIR spectra of (a) CdS(bio) and CQDs/CdS(bio) composites, and (b) CQDs(bio). 

 

Zeta potential: The zeta potential of a sample (catalyst + DI water) was measured at 

different pH (2-12) using the dynamic light scattering method. The variation of zeta potential 

(mV) against pH is shown in Figure 3.10 of the Supplementary Information.  The pH at the 

zero-point charge (pHzpc) is found to be 5.61, which is close to the CO2 saturation point in the 

aqueous media. 

 

Figure 3.10. Variation of zeta-potential with pH in 0.50% (w/w) CQDs/CdS(bio) 

composite/water system. 

 

3.2.1.3 Morphology 

FESEM and FETEM analyses: Figure 3.11 shows the FESEM images of CdS(bio), 

CdS(con), and 0.50% (w/w) CQDs/CdS(bio) composites. CdS(bio) nanorods with a defined 

shape were successfully formed in the proposed bio-based route (Figure 3.11a). Whereas no 
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defined structural formation of CdS nanoparticles was noted for CdS(con) (Figure 3.11b). It 

is evident that CQDs incorporation (CQDs/CdS(bio)) didn’t cause any morphological 

alteration (Figure 3.11c). The average length and diameter of both CdS(bio) and 0.50% (w/w) 

CQDs/CdS(bio) nanorods were 822 and 73 nm [65,66].  

 

Figure 3.11. (a) FESEM images of CdS(bio), (b) CdS(con), and 0.50% (w/w) CQDs/CdS(bio) 

composite. 

Figure 3.12 shows the FETEM of CdS(bio), CQDs(bio), and CQDs/CdS(bio) 

composites. The average diameter of nanorods was 822 nm, which is consistent with FESEM 

analyses (Figures 3.12a and 3.12b).  The average CQDs size was 7 nm (Figure 3.12c). Figure 

12d shows the HRTEM images of 0.50% (w/w) CQDs/CdS(bio) composites. The interplanar 

spacing of CdS(bio) lattice fringes is 0.34 nm, corresponding to the (111) plane [67]. It was 

0.32 nm for (002) graphitic lattice planes of CQDs [38]. The SAED patterns of 0.50% (w/w) 

CQDs/CdS(bio) composites (Figure 3.12d(insect)) exhibited the amorphous nature of CQDs 

compared to CdS(bio), which has a monocrystalline structure with one-dimensional 

morphology. The well-crystalline phase of CdS nanorods was indicated by SAED patterns of 

CdS(bio) nanorods (Figure 3.13)  [68], but the amorphous nature of CQDs resulted in a fuzzy 

ring structure in the  SAED patterns of CQDs [39]. The SAED pattern of 0.50% (w/w) 

CQDs/CdS(bio) composites showed a slight SAED pattern deviation. It could be attributed to 

the CQDs incorporation onto CdS(bio) nanorods. EDX analysis of 0.50% (w/w) 

CQDs/CdS(bio) composites (Figure 3.12e) showed C, S, and Cd contents of 20.14, 16.29, and 

63.57%, respectively. Figure 3.12f shows the elemental mapping of the elements present in 

the composites.  
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Figure 3.12. FETEM image of (a) CdS(bio), (b) 0.50% (w/w) CQDs/CdS(bio) composite, and 

(c) CQDs(bio), (d) HRTEM image (insect SAED patterns), (e) EDX spectra, and (f) Elemental 

mapping of Cd, S, and C of 0.50% (w/w) CQDs/CdS(bio) composite.  

 

Figure 3.13. SAED patterns of (a) CdS(bio) and (b) CQDs(bio). 

 

BET surface area analysis: The surface area and pore structure of CdS(bio) and 0.50% 

(w/w) CQDs/CdS(bio) were determined using N2 adsorption-desorption, and the results are 

summarized in Table 3.2. Figure 3.14 illustrates the N2 adsorption-desorption isotherms and 

the corresponding pore size distribution curve (inset of Figure 3.14). Both CdS(bio) and 0.50% 

(w/w) CQDs/CdS(bio) composites exhibited type IV isotherms with mesoporous nature, with 

an average pore size was 7.58 and 6.48 nm, respectively. Hence, CQDs/CdS(bio) composites 

could provide effective transport pathways for reactant and product molecules [69,70]. Almost 
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no variation was noted in surface area and adsorption isotherm with CQDs incorporation onto 

CdS(bio). As seen from Table 3.2, 0.50% (w/w) CQDs/CdS(bio) composites exhibit a higher 

CO2 adsorption capacity (0.292 mmol/g) than that of CdS(bio) (0.075 mmol/g) tested at 1 bar. 

The π–π-conjugate structure of CQDs enhances CO2 adsorption. CO2 molecules have 

delocalized π-conjugate binding π3 and π-π combination interaction between CO2 and CQDs 

for enhanced  CO2 adsorption onto CQDs/CdS(bio) composites [6,60]. 

Table 3.2. Physical characteristic parameters of synthesized catalysts.  

Photocatalysts Bandgap 

(eV) 

Surface 

area, m2/g 

Average 

pore 

diameter, 

nm 

Total pore 

volume, 

cm3/g 

CO2 

adsorption 

(mmol/g)  

CdS(bio) 2.42 88.88 7.58 0.14 0.075 

0.50% (w/w) 

CQDs/CdS(bio) 

composite 

2.32 82.25 6.41 0.085 0.292 

 

 

Figure 3.14. N2 adsorption-desorption isotherm and (inset) Barrett-Joyner-Halenda (BJH) pore 

size distribution plot of (a) CdS(bio) and (b) 0.50% (w/w) CQDs/CdS(bio) composites. 

 

3.2.2 Testing of catalytic activity for PCO2RR 

The production of methanol using synthesized catalysts was tested under visible light 

illumination. The methanol standard calibration graph is given in Figure 3.15.  There was no 

noticeable methanol production in the absence of either catalyst or light irradiation. The control 

experiment was performed using composite and water without CO2 purging under visible light 
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irradiation. The NMR spectra, depicted in Figure 3.16, confirm that methanol is produced from 

the CO2 feedstock in the system.  

Figure 3.17a shows the methanol production rate using CdS(bio) and CQDs/CdS(bio) 

composites (0.25, 0.50, 0.75, and 1% w/w). In fact, methanol production was negligible using 

CdS(bio) due to its photo-corrosion (Figures 3.19c & 3.20a) and quick recombination of e-/h+ 

pairs. It implies that bare CdS is not a suitable catalyst for reducing CO2 to methanol [6,71]. 

For CQDs, there is no product formation (Figure 3.18) due to a lack of effective catalytic sites 

[36]. In the case of CQDs/CdS(bio) composites, the rate of methanol formation exhibited an 

increasing trend with a loading percentage of CQDs and reached its maximum at 0.50% (w/w) 

loading of CQDs with a rate of 773.38 μmol/g·h. The rate of methanol formation was then 

decreased drastically with an increase in the percentage (w/w) of CQDs. An excess CQDs 

loading results in excessive surface coverage of CdS(bio), promoting CQDs-CQDs 

interactions, screening surface charges, and reducing electrostatic stabilization [44,45]. This 

causes particle aggregation, blocks the active sites of CdS(bio), decreases the effective surface 

area, and hinders both charge transfer and light absorption [28,36,37]. The hydrodynamic 

diameter of the catalysts was determined by DLS, and the corresponding result can be found 

in Table 3.3. The particle size was increased significantly with the increase in CQDs loading 

onto CdS(bio) beyond 0.50% (w/w). It indicates that an excess CQDs loading would lead to 

particle agglomeration. Therefore, 0.50% (w/w) CQDs loading was considered the optimal 

CQDs loading. 

The methanol production rate with different photocatalyst concentrations (0, 0.25, 0.50, 

0.75, 1 g/L) of 0.50% (w/w) CQDs/CdS(bio) composites is presented in Figure 3.17b. A 

concentration of 0.50 g/L photocatalyst exhibited the highest methanol production, yielding 

1062.68 μmol/g·h and an apparent quantum yield (AQY) of 7% (calculation of AQY provided 

in Table A1). The solution becomes turbid, preventing light irradiation at increasing 

concentrations of photocatalysts [37]. The methanol production rate achieved in this study was 

compared with values reported in the literature (Table 3.4), implying a clear superiority of bio-

based CQDs/CdS(bio) composites.  

The time-dependent PCO2RR to methanol production over 0.50% (w/w) CQDs/CdS(bio) 

composites was tested with five repeated cycles to investigate the functional stability of the 

synthesized catalyst (Figure 3.17c). After a 25 h reaction, the composites maintained a 

consistent photocatalytic activity with a 1.28% decline in their performance in the 5th cycle 

due to the inevitable loss of photocatalyst during the multistep recovery processes. The 
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excellent stability of the composites suggests that the incorporation of CQDs on the surface of 

CdS(bio) reduced its photocorrosion and suppressed e-/h+ pairs recombination [28,36,37].  

The impact of common inorganic ions on the photocatalytic CO2 reduction to methanol 

in an aqueous media under visible light was investigated by mimicking the real environmental 

conditions. We selected the average ion concentration as reported in the literature[72]. The 

results are summarized in Table 3.5.  Ca2+ and Mg2+ cations exhibited a slight increase in CO2 

reduction due to improved CO2 adsorption. While the influence of Na+ and K+ was minimal. 

For anions, Cl− addition showed a negligible impact, but SO4
2− hindered CO2 reduction. 

However, CO3
2- could facilitate the CO2 conversion reaction by serving as a carbon source for 

methanol formation. 

 

Figure 3.15. Calibration curve of methanol standard. 

 

 

Figure 3.16. NMR spectra of 300 s of CO2 reduction (a) 0.50% (w/w) CQDs/CdS(bio) 

composite + DI water + light irradiation, (b) 0.50% (w/w) CQDs/CdS(bio) composite + DI 

water + CO2 purge, and (c) DI water + CO2 purge + light irradiation. 
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Figure 3.17. (a) Effect of CQDs(bio) loading onto CdS(bio) for methanol formation, (b) Effect 

of loading (g/L) of 0.50% (w/w) CQDs/CdS(bio) composites on methanol formation, and (c) 

Stability of CQDs/CdS(bio) composite under visible light irradiation (μmol/g·h) on methanol 

production rate.  

 

Figure 3.18. NMR spectrum captured after 120 s of CO2 reduction using CQDs under visible 

light irradiation.  

 

Table 3.3. Hydrodynamic diameter of CdS(bio) and CQDs/CdS(bio) composites. 

Catalysts Hydrodynamic diameter (nm) 

CdS(bio) 613.4 

0.25% (w/w) CQDs/CdS(bio) 514.1 

0.50% (w/w) CQDs/CdS(bio) 648.6 

0.75% (w/w) CQDs/CdS(bio) 1630.7 

1.00% (w/w) CQDs/CdS(bio) 1835.9 
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Table 3.4.  Comparison of the methanol production rate with earlier reports. 

Photocatalyst Synthesis method Reaction solvent Light source 
Products 

(μmol/g·h) 
Sources 

CQDs/CdS(bio) composite Simple deposition method Water 250 W Mercury vapor 

lamp, λ> 420 nm 

1062.66 Present 

Work 

CdS/TiO2 Direct precipitation 

reaction 

0.1 NaOH/ 0.1 M Na2SO3 

/H2O 

500 W Xenon lamp, 

λ>400 nm 

31.9 [73] 

CdS/A-GO Ultrasonication TEOA/H2O 350W Xenon lamp, 

λ>420 nm 

662.5 [6] 

CdS/PAA SILAR Water vapour 10 W LED lamp 114.5 [74] 

CdS/TiO2/SBA-15   0.4 M NaOH Uv-vis 300W Xe lamp 1022 [71] 

Bi2S3/CdS Hydrothermal 0.1M NaOH, 0.1M Na2SO3, 

H2O 

500 W Xenon lamp, 

λ=400-700 nm 

122.6 [75] 

CdS@CeO2 core/shell 

composite 

Two-step chemical Milli-Q water 300W Xenon lamp, 

λ>420 nm 

138 [76] 

RGO/CdS/PAA SILAR Water vapour Sunlight 157.3 [77] 

CdS@CeO2 heterojunction Electrostatic interaction DMF/H2O/TEA (2:2:1) 300 W Xenon lamp, 

λ>420 nm 

153.4 [78] 

TEOA: Triethanolamine; PAA: Porous anodic alumina; SBA: Santa barbara amorphous; TEA: trimethylamine; DMF: N, N-dimethylformamide; SILAR: Successive ionic 

layer adsorption and reaction
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Table 3.5. Influence of common inorganic ions on photocatalytic CO2 reduction to methanol 

formation using CQDs/CdS(bio). 

Sr. No 
Salt 

Ions 
Ion concentration 

(mg/L) 

Changes in 

CH3OH formation 

1 CaCl2 Ca2+ 98.8 ↑ 

2 MgCl2 Mg2+ 28.0 ↑ 

3 NaClO4 Na+ 13.7 ̶ 

4 KCl K+ 30.2 ̶ 

5 Na2SO4 SO4
2- 134.0 ↓ 

6 NaCl Cl- 92.5 ̶ 

7 NaHCO3 HCO3
- 164.7 ↑ 

 

Figure 3.19 illustrates the XPS analysis of CdS(bio/used) and 0.50% (w/w) of 

CQDs/CdS(bio/used) composites. The survey spectrum (Figure 3.19a) validates the existence 

of Cd, S, In, and O in the heterostructure. Only Cd is present in the CdS(bio/used) specimen as 

expected.  The high-resolution spectra of 0.50% (w/w) CQDs/CdS(bio) (Figures 3.19b-3.19e) 

confirm consistent peak intensities before and after PCO2RR. However, in the case of 

CdS(bio/used) (Figures 3.19b-3.19c), the S 2p peak intensity is shifted to 168.64 eV, 

indicating sulfur oxidation (photocorrosion) and formation of SO4
2- [79]. 

Figure 3.20 shows the FESEM images of CdS(bio/used) and 0.50% (w/w) of 

CQDs/CdS(bio/used) composites after PCO2RR. CdS(bio) nanorods underwent significant 

morphological changes due to potential photocorrosion. However, no changes were noted for 

the composites [80].  The XRD spectra after PCO2RR of CdS(bio/used) and 0.50% (w/w) 

CQDs/CdS(bio/used) composites are shown in Figure 3.21.  The morphological and structural 

characteristic parameters of CdS(bio/used) and 0.50%(w/w) CQDs/CdS(bio/used) before and 

after the PCO2RR are mentioned in Table 3.6. A reduction in the crystallinity index of 15% 

was observed for CdS(bio) against 47.74% and 39.83 % reductions in its length and diameter.  

In comparison, it was only 0.057% and 0.80% for CQDs/CdS(bio/used) composites, 

respectively.    
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Figure 3.19. (a) XPS survey spectra and high-resolution spectra of (b) Cd 3d and (c) S 2p of 

CdS(bio/used) and 0.50% (w/w) CQDs/CdS(bio/used) composite, and (d) C 1s and (e) O 1s of 

0.50% (w/w) CQDs/CdS(bio/used) composite. 

 

 

Figure 3.20. FESEM images of used (a) CdS(bio) and (b) CdS/CQDs(bio) composite after 

PCO2RR. 
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Figure 3.21. XRD diffraction pattern after the PCO2RR of CdS(bio) and 0.50% (w/w) 

CQDs/CdS(bio) composite. 

 

Table 3.6. Morphological and structural characteristic parameters of CdS(bio) and 

0.50%(w/w) CQDs/CdS(bio) composite before and after the PCO2RR. 

Catalyst 

Before the reaction After the reaction 

Diamete

r (nm) 

Lengt

h (nm) 

Crystallinit

y (%) 

Diamete

r (nm) 

Lengt

h (nm) 

Crystallinit

y (%) 

CdS(bio) 73 822 70.20 43.92 429.5 59.61 

0.50% (w/w) 

CQDs/CdS(bio

) 

73 822 69.93 72.41 821.53 66.93 

 

3.3 Major findings 

This study was successful in synthesizing CQDs/CdS nanorods composites in a bio-based 

route (diameter 73 nm, length 822 nm, surface area 82.25 m2/g, bandgap 2.32 eV) by using 

natural precursors, namely, orange peels and phytochemicals present in Aegle marmelos 

vegetal extract. The photocatalytic activity of CQDs/CdS(bio) composites was evaluated for 

CO2 reduction to methanol under 250 W visible light ( λ> 420 nm, 4.2719×1018 photons/m2.s). 

The bandgap of CdS(bio) was reduced from 2.42 to 2.32 eV with the incorporation of CQDs 

(0.50 % w/w) onto CdS(bio). The decay lifetime (3.74 ns) of CQDs/CdS(bio) composites was 

2.35-fold higher than CdS(bio). CQDs/CdS(bio) composites showed a strong affinity for CO2 

adsorption (0.292 mmol/g at 1 bar) over CdS(bio) (0.075 mmol/g). The photocurrent density 

of 0.50% (w/w) CQDs/CdS(bio) was 4 times higher than CdS(bio) nanorods. A remarkable 
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methanol production rate of 1060.52 μmol/g·h (AQY 7%) was achieved using 0.50 % (w/w) 

CQDs/CdS(bio) composites without using any sacrificial agent over 5 h of irradiation.  

CQDs/CdS(bio) composites exhibited robust stability (tested for 25 h), with minimal 

morphological (0.11% size variation) and structural (4.2% crystallinity index variation) 

changes and resistant to photo and oxidative corrosion, whereas CdS(bio) underwent quick 

morphological and structural changes. In a nutshell, the present work would provide new 

insights for developing bio-based CdS-based composites for efficient PCO2RR to useful 

chemicals. However, CQDs/CdS nanorods exhibited low surface area and limited product 

selectivity. Therefore, the second objective focused on the formation of Z-scheme In2O3/CdS 

heterostructures, which could improve surface area, band alignment, and product selectivity. 

DFT study further could reveal the mechanism of improved charge transfer and its impact on 

photocatalytic performance. 
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CHAPTER 4 

 Phytochemicals-based Synthesis of Z-Scheme In2O3/CdS 

Heterostructures: DFT Analysis and Photocatalytic CO2 

Reduction to HCOOH and CO 

 

 

 

Chapter highlights 

 CdS(bio) and In2O3(bio) NPs synthesized using plant-based phytochemicals  

 Photocorrosion of CdS(bio) forming SO4
2- inhibited in In2O3/CdS(bio) heterostructures 

 Band overlapping of In2O3/CdS heterostructure near Fermi level reducing its bandgap  

 In2O3(bio) incorporation in heterostructure is conducive to CO2 adsorption by fivefold  

 HCOOH/CO production of 514.4/162 μmol/g·h (AQY 4.44/2.45%)  over In2O3/CdS(bio)  
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4.1 Introduction 

The growing energy demands have a significant impact on the health of the 

environment due to greenhouse gas emissions. Therefore, there is a need for technologies that 

could alleviate the consequences arising from greenhouse gas emissions [1,2]. Photocatalytic 

CO2 reduction reaction (PCO2RR) has emerged as an attractive technique for utilizing CO2 by 

harnessing abundant solar energy and water to produce valuable fuels such as ethanol, 

methanol, formic acid, carbon dioxide, and methane [3,4]. This approach meets energy 

requirements while mitigating greenhouse gas impact. Semiconductor materials with tuneable 

bandgaps and broad wavelength responses are ideal for PCO2RR, and research in this field has 

gained significant interest since the pioneering work on p-type gallium phosphide in 1982 [5]. 

Subsequently, various semiconductors have been developed for effective CO2 conversion into 

fuels [4,6–11]. 

CdS has gained significant attention for PCO2RR owing to its favorable properties such 

as high solar energy conversion, favorable bandgap (2.42 eV), strong conduction band position 

(-0.92 eV),  strong chemical and thermal stability, excellent transport characteristics, tunable 

size and shape [12–15]. However, CdS faces challenges such as photocorrosion and rapid 

charge carrier recombination, limiting its further development and application [16,17]. 

Therefore, various modification techniques have been explored to address these limitations and 

enhance CdS catalytic performance in PCO2RR. Modifications such as morphology control, 

heterostructures, Z-scheme systems,  and co-catalyst integration have been explored to boost 

the catalytic efficiency of CdS for PCO2RR by improving charge separation by reducing its 

recombination [18–20]. 

Constructing heterojunctions is crucial in facilitating charge separation and mitigating 

photocorrosion issues in CdS-based semiconductors. Two common heterostructures used in 

CdS-based catalysts are Type-II and Z-scheme. The type II and Z scheme heterostructures 

exhibit an identical structure except for the difference in the charge migration pathways.  In the 

Z-scheme heterostructure, the conduction band (CB) of one semiconductor is higher than the 

CB of the other, while the valence band (VB) of the second semiconductor is higher than the 

VB of the first, enabling an efficient electron transfer and minimizing interlayer recombination. 

In the Z-scheme, the electron and the holes with a small redox potential in either semiconductor 

combine, retaining the electron and holes with superior redox potentials [21–23]. In Type-II 

heterostructure, the photogenerated electron and holes accumulate in the CB and VB of the 

semiconductor with a lesser reduction and oxidation efficiency, respectively. Hence, 
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significant band offsets between the CB and VB levels of the two semiconductors are essential 

for efficient charge separation and photocatalytic activity, often facilitated by built-in electric 

field gradients at the interface [24–26]. In comparison to a Type II heterostructure, Z-scheme 

has a better charge separation efficiency and a stronger negative reduction potential, effectively 

addressing the issue of photocorrosion of CdS [4].  

In2O3 is gaining prominence as a photocatalyst due to its notable properties, such as 

multiple oxidation states, higher electron production, trapping, mobility, and relatively cheap 

[27]. In2O3 has a 2.8 eV bandgap, with CB and VB positions of -0.6  and 2.2 eV, respectively 

[28]. CdS and In2O3 are both n-type semiconductors with well-aligned Fermi energy levels, 

enabling band bending and facilitating the creation of an efficient Z-scheme heterostructure 

[4,8]. In this configuration, the photogenerated electrons (e-) in the CdS CB and holes (h+) in 

the In2O3 VB with strong redox abilities are retained. While the photogenerated e- in the In2O3  

CB and h+ in the CdS VB with lower redox power are recombined. As a result, the Z-scheme 

structure exhibits high redox capabilities while efficiently preventing photocorrosion triggered 

by holes of CdS at VB [4,29]. To achieve this, it is essential to ensure that semiconductor 

materials’ band structure and Fermi levels are well-matched with CdS.  

Bio-based synthesis methods of nanoparticles (NPs)  offer benefits over chemical 

approaches, including eco-friendliness, economic efficiency, simplicity, and availability of 

plentiful bio-sources [1,30]. The Northeastern parts of India are well known for their resource 

reservation and the indigenous bio-analytes that exist in various plants that could efficiently 

serve as capping and reducing agents for the green synthesis of semiconductor NPs [31]. The 

rate of formation of NPs in a bio-based process can be further accelerated by several folds with 

short microwave irradiation. 

In this Chapter, bio-based In2O3/CdS(bio)(oxide/sulfide) heterostructures are 

synthesized with vegetal phytochemicals found in Aegle marmelos in combination with 

microwave irradiation. The local name of Aegle Marmelos is ‘Bael,’ and it is abundantly 

present in India, Pakistan, Bangladesh, Sri Lanka, Nepal, Malaysia, Myanmar, Thailand, and 

most of the East Asian countries. The Aegle marmelos constituents, including flavonoids, 

alkaloids, tannins, phenols, and saponins, served as effective reducing and capping agents [1]. 

DFT was used for geometry optimization, band structure, and DOS analysis of synthesized 

catalysts. The synthesized catalyst was evaluated for PCO2RR under visible light, producing 

HCOOH and CO. Moreover, the stability and reusability of these heterostructures were tested. 

This study introduces a novel bio-based synthesis of heterostructures for efficient PCO2RR, 

specifically targeting HCOOH and CO production. 
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4.2 Results and discussion 

4.2.1 Characterizations of photocatalyst 

UV-Spectra: Figure 4.1a displays the absorption spectra of synthesized catalysts. The 

absorption threshold of CdS(bio) and In2O3(bio) nanoparticles was observed at 530 nm and 

440 nm, respectively, which is consistent with earlier reports [14,32]. In2O3(bio) has a limited 

visible light range than CdS(bio). The absorption edge of In2O3/CdS(bio) heterostructures 

displayed a redshift, enhancing its light absorption in the visible range. Hence, the broadening 

light absorption ranges could enhance the generation of e-/h+ pairs [1]. The bandgap was 

calculated by the Tauc equation (Eq. 4.1)[1]. 

𝛼 =
(ℎ𝑣−𝐸𝑔)𝑛

ℎ𝑣
                                                                        (4.1) 

Where hν, α, and Eg represent the incident photon energy, absorption coefficient, and 

bandgap energy, respectively, while n denotes a constant (½ the direct allowed transition). 

Figure 4.1b illustrates the plot of (αhν)1/2 vs. photon energy. The calculated bandgap for  

CdS(bio), In2O3(bio), and 0.4In2O3/CdS(bio) heterostructures is 2.32, 2.39, and 2.22 eV, 

respectively, aligning with earlier reported values [14,32].  The reduced heterostructures 

bandgap compared to the CdS(bio) and In2O3(bio) is attributed to decreased nanoparticle size, 

confining electrons to a smaller space and leading to a decreased bandgap [33]. 

 

Figure 4.1. (a) UV-Vis absorption spectra and (b) Tauc plot of CdS(bio), In2O3(bio), and 

In2O3/CdS(bio) heterostructures. 

 

Ultraviolet photoelectron spectroscopy (UPS) valence band (VB) spectra: The 

position of the CB of photocatalyst samples is vital for evaluating PCO2RR potential. Using 

UPS, the minimal VB of the photocatalysts was determined and is illustrated in Figure 4.2a.  
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The minimal VB of each sample is calculated using linear extrapolation, resulting in values of 

1.53 eV for CdS(bio), 2.1eV for In2O3(bio), and 1.37 eV for 0.4In2O3/CdS(bio) 

heterostructures. Using UPS and bandgap, the maximal of CB was determined via the equation 

Eg=EVB- ECB [1]. The maximal CB values of -0.79 eV for CdS(bio), -0.29 eV for In2O3(bio), 

and -0.85 eV for 0.4In2O3/CdS(bio) were determined [8,15].  Figure 4.2b shows the energy 

level diagram of In2O3(bio), CdS(bio), and 0.4In2O3/CdS(bio) heterostructures, indicating a 

promising maximal CB position for enhanced formic acid and carbon monoxide production 

rates. 

The work function (φ) is calculated using Eq. 4.2[16]. The Fermi level (EF) is obtained 

from the work function using Eq. 4.3. 

                    Φ= hv - Ecutoff                                                             (4.2) 

                                  EF = -φ                                                                     (4.3) 

Here, hν = 21.22 eV represents the energy of the monochromatic ionizing light, while 

Ecutoff is determined by the intersection of the secondary electron cut-off at a high binding 

energy.  The UPS VB spectra for secondary electron onset are presented in Figure 4.3. For 

CdS(bio), the measured value of secondary electron cut-off energy is 16.46 eV, with a 

calculated work function of 4.76 eV. In the case of In2O3(bio), Ecutoff energy is 15.58 eV, 

corresponding to a work function value of 5.64 eV. Similarly, for 0.4In2O3/CdS(bio) 

heterostructure, the cut-off energy is 16.40 eV, giving the work function value of 4.82 eV. The 

Fermi level of CdS(bio), In2O3(bio), and 0.4In2O3/CdS(bio) heterostructure is calculated as -

4.76, -5.64, and -4.82 eV, respectively [34,35]. 

 

Figure 4.2. (a) UPS VB spectra and (b) Energy level diagram of CdS(bio), In2O3(bio), and 

In2O3/CdS(bio) heterostructures. 
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Figure 4.3. UPS VB spectra for secondary electron onset. 

 

XRD analysis: Figure 4.4 displays the XRD diffraction pattern of synthesized 

catalysts. For CdS(bio), the peaks position at 2θ= 25.06(100), 26.67(002), 28.40(101), 

36.96(102),, 43.92(110), 48.10(103),  and 52.23°(112) cubic structure of CdS (JCPDF 

database: 00-001-0783). For In2O3(bio) specimen, the peaks position at 2θ= 30.70(222), 

35.60(400), 51.28(440), and 60.90°(622) correspond to its cubic crystal structure (JCPDF 

database: 00-001-0929). The peak position perfectly matches the reported literature [36,37]. In 

In2O3/CdS(bio) heterostructures, In2O3 peaks are absent due to its low content (<1% molar 

ratio), its uniform distribution, and small particle size, falling below the XRD detection limit, 

while CdS(bio) peak positions remain consistent across all heterostructures. The crystal size 

was determined using Debye-Scherrer’s equation (Eq. 4.4) [38]. 

        𝐷 =
𝐾 𝜆

𝛽 𝐶𝑜𝑠𝜃
                                        (4.4) 

Where λ represents the X-ray radiation wavelength (Cu Kα=0.1540 nm), D represents 

the average crystal size, K denotes a dimensionless factor (0.89), β stands for FWHM, and θ 
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denotes the diffraction angle. The crystal size of CdS(bio), In2O3(bio), and In2O3/CdS(bio) 

heterostructures was determined to be 7.76, 8.73, and 17.76 nm, respectively. 

 

Figure 4.4. X-ray diffraction patterns of CdS(bio), In2O3(bio), and In2O3/CdS(bio) 

heterostructures. 

 

XPS analysis: XPS survey spectra in Figure 4.5a confirm the presence of In, Cd, O, 

and S in In2O3/CdS(bio) heterostructures. The high resolution of Cd 3d  of CdS(bio) (Figure 

4.5b) shows peaks at 405.3 and 412.2 eV, corresponding to the Cd 3d5/2 and Cd 3d3/2 peaks of 

Cd2+, respectively [32]. The S 2p spectrum of CdS(bio) (Figure 4.5c) displays peaks at 161.87 

and 163.16 eV, attributed to the S 2p3/2 and S 2p1/2 peaks of S2- [39]. In 3d of In2O3(bio) (Figure 

4.5d) exhibited two peaks 444.2 and 451.8 eV, corresponding to the In3d5/2 and In3d3/2  of In3+, 

respectively [40]. The O1s spectrum of In2O3(bio) (Figure 4.5e) exhibits two characteristic 

peaks at 529.6 eV and 531.4 eV, indicating lattice oxygen and surface hydroxyl oxygen, 

respectively [41]. The In 3d, O 1s, Cd 3d, and S 2p spectra of In2O3/CdS(bio) heterostructures 

showed a similar trend. The negative shift in the binding energy peak of In 3d and Cd 3d and 

the positive shift of  S 2p suggest a strong interaction at the interfacial zone between CdS and 

In2O3, indicative of the formation of heterostructures. The In, O, Cd, and S binding energies 

closely match with earlier reported studies, confirming the formation of the In2O3/CdS(bio) 

heterostructures [32,39].  
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Figure 4.5. (a) XPS survey spectra, (b & c) high-resolution spectra for Cd 3d and S 2p of 

CdS(bio) and 0.4In2O3/CdS(bio) heterostructure, and (d & e) In 3d and O 1s of In2O3(bio) and 

0.4In2O3/CdS(bio) heterostructure. 

 

FESEM and FETEM analysis: FESEM images of synthesized catalysts are shown in 

Figures 4.6a-4.6c. CdS(bio), In2O3(bio), and In2O3/CdS(bio) NPs with defined shapes were 

successfully synthesized using the proposed bio-based approach. No specific structural 

development of In2O3 and CdS NPs was observed for In2O3(con), CdS(con), and 

In2O3/CdS(bio) heterostructures (con) (Figures 4.6d-4.6f). The average size of In2O3(bio), 

CdS(bio),  and In2O3/CdS(bio) heterostructures were 75, 250,  and 25 nm, respectively[42,43].  

The positive charge of CdS(bio) nanoparticles, as confirmed by zeta potential (Table 4.1), 

allows them to electrostatically adsorb negatively charged In3+ ions. Subsequently, these ions 

react with oxygen sources to form In2O3.  After In2O3 growth, the resulting  In2O3/CdS(bio) 

heterostructures undergo noticeable morphological changes [32].  
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Figure 4.6.  FESEM images of (a) CdS(bio), (b) In2O3(bio), (c) 0.4In2O3/CdS(bio) 

heterostructure, (d) CdS(con), (e) In2O3(con), and (f) 0.4In2O3/CdS(con) heterostructure. 

 

Table 4.1. Hydrodynamic diameter of CdS(bio), In2O3(bio), and In2O3/CdS(bio) 

heterostructures. 

Catalysts Hydrodynamic diameter (nm) Zeta potential (mV) 

CdS(bio) 312.3 20.6 

In2O3(bio) 289.2 -42.23 

0.2In2O3/CdS(bio) 189.3 -12.6 

0.4In2O3/CdS(bio) 219.2 -13.9 

0.6In2O3/CdS(bio) 245.6 -22.23 

0.8In2O3/CdS(bio) 286.3 -25.67 

1.0In2O3/CdS(bio) 314.5 -30.32 

 

Figures 4.7a-4.7c show the FETEM of CdS(bio), In2O3(bio), and In2O3/CdS(bio) 

heterostructures, with average sizes of 250.2, 74.8, and 25.1 nm, respectively, are consistent 

with FESEM studies. In the heterostructures, the In2O3(bio) NPs seem to be more uniformly 

distributed. This suggests that CdS(bio) NPs could provide excellent support for the uniform 

growth of In2O3(bio) NPs, which occur without the surfactants. This could be beneficial for 

enhancing surface area and exposing more active sites compared with CdS(bio) and In2O3(bio) 

nanoparticles. To confirm the combination of CdS(bio) and In2O3(bio), HRTEM micrograph 

of 0.4In2O3/CdS(bio) heterostructures was recorded (Figure 4.7d). The d-spacings of 
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In2O3(bio) and  CdS(bio) are 0.28 and 0.35 nm, corresponding to the(222) and  (100) planes, 

respectively, indicating the formation of  In2O3/CdS(bio) heterostructures [44,45]. 

Additionally, the SAED patterns of 0.4In2O3/CdS(bio) heterostructures (Figure 4.7d(inset)) 

exhibited a polycrystalline nature, supporting the formation of In2O3/CdS(bio) 

heterostructures. The polycrystalline nature of In2O3(bio) and CdS(bio) nanoparticles was 

indicated by SAED patterns (Figure 4.8). Furthermore, EDX analysis of 0.4In2O3/CdS(bio) 

heterostructures (Figure 4.7e & Figure 4.9) shows the contents of Cd, S, In, and O to be 48.05, 

21.7, 15.6, and 14.3%, respectively. The mapping of the elements found in the heterostructures 

is displayed in Figure 4.7f.  

 

Figure 4.7. FETEM images (a) CdS(bio), (b) In2O3(bio), and (c) 0.4In2O3/CdS(bio) 

heterostructure, (d) HRTEM image (inset SAED pattern), (e) EDX spectrum, and (f) Mapping 

of In, O, Cd, S of 0.4In2O3/CdS(bio) heterostructure. 

 

 

Figure 4.8. HRTEM images and (inset) SAED patterns of (a) CdS(bio) and (b) In2O3 (bio). 
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Figure 4.9. Elemental composition from EDX analysis of 0.4In2O3/CdS(bio) heterostructure. 

 

PL and TRPL spectra: To investigate the dynamics of e-/h+ pairs and its trapping 

efficiency in the catalysts, PL spectra of   CdS(bio) and heterostructures were obtained at the 

excitation wavelength of 360 nm, while In2O3(bio) was obtained at 325nm (Figure 4.10a). The 

In2O3(bio), CdS(bio), and In2O3/CdS(bio) heterostructures exhibited prominent emission peaks 

at approximately 450, 460, and 465 nm, respectively. When In2O3(bio) is combined with 

CdS(bio), there is a noticeable reduction in PL intensity, indicating a lower charge carriers 

recombination rate. In other words, the heterojunction formation accelerates the separation of 

e-/h+ pairs [39]. A comparable finding was documented for CdS/BiVO4  and CdS/WO3 [21,46]. 

TRPL spectra (Figure 4.10b) of synthesized catalysts were acquired at 450 nm emission 

and 405 nm excitation wavelengths with 1000 counts to understand the nature of charge carrier 

lifetime. The TRPL data were fitted using a bi-exponential decay function, and the fitted 

parameters are presented in Table 4.2. The average charge carrier lifetime(τavg) was determined 

by Eq. 4.5 [1]. 

𝜏𝑎𝑣𝑒𝑟𝑎𝑔𝑒 =
𝐴1×𝜏1

2+𝐴2×𝜏2
2

𝐴1×𝜏1+𝐴2×𝜏2
                                                    (4.5) 

Where, τ1, τ2 denotes the charge carriers' lifetime and A1, A2 represents amplitudes. The 

average charge carriers lifetime in In2O3(bio), CdS(bio), and 0.4In2O3/CdS(bio) 

heterostructures were found to be 2.02, 2.76, and 4.38 ns, respectively.  The heterostructures 

have a higher lifetime of charge carriers than the CdS(bio) and In2O3(bio) NPs, indicating that 

0.4In2O3/CdS(bio) exhibits better separation efficiency of e-/h+ pairs than In2O3(bio) and 

CdS(bio). The incorporation of   In2O3(bio) into CdS(bio) acts as a reservoir for trapping 
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excited e- at the In2O3 and CdS interface, leading to improved separation of e-/h+ pairs and 

decreased recombination[32,39]. 

 

Figure 4.10. (a) Photoluminescence (PL) and (b) Time-resolved photoluminescence (TRPL) 

spectra of In2O3(bio), CdS(bio), and In2O3/CdS(bio) heterostructures. 

 

Table 4.2. TRPL data of In2O3(bio), CdS(bio), and 0.4In2O3/CdS(bio) heterostructure. 

Photocatalysts A1 (%) A2 (%) τ1 (ns) τ2 (ns) τave (ns) 

In2O3(bio) 95.96 4.04 0.7 5.816 2.02 

CdS(bio) 6.82 93.18 6.07 0.717 2.76 

0.4In2O3/CdS(bio) 17.18 82.82 6.4 0.73 4.38 

 

Surface area analysis: Table 4.3 summarizes the results of the N2 sorption analysis of 

In2O3(bio), CdS(bio), and 0.4In2O3/CdS(bio). Figure 4.11 shows the N2 sorption isotherms 

along with the pore size distribution (inset of Figure 4.11).  The In2O3 (bio), CdS(bio), and 

In2O3/CdS(bio) heterostructures exhibited type-II, type-IV, and type-I isotherms, along with 

type H3, H1, and H2 hysteresis loops. These properties indicate a mesoporous nature with 

average pore sizes of 11.60, 14.18, and 2.71 nm, respectively. The BET surface area of the 

In2O3/CdS(bio) heterostructures is 217.0 m2/g, larger than that of CdS(bio) (108.36 m2/g) and 

In2O3(bio) (37.1 m2/g).  Heterostructures have a substantial surface area and porous properties, 

offering numerous catalytically active sites for redox reactions [32,47]. Additionally, the CO2 

adsorption ability of 0.4In2O3/CdS(bio) heterostructures (0.431 mmol/g) surpasses that of 

In2O3(bio) (0.060 mmol/g) and CdS(bio) (0.087 mmol/g) under 1 bar, as indicated in Table 

4.3. The residual carbon content (Table 4.4) is calculated from the thermogravimetric 
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calculation between the temperature range of 300-600 °C [42,48]. It was only 1.11 % (w/w) 

for 0.4In2O3/CdS(bio). No carbon presence was observed in In2O3(con) (Figure 4.12). 

 

Figure 4.11. N2 sorption isotherm and (inset) pore size distribution plots of (a) CdS(bio), (b) 

In2O3 (bio), and (b) 0.4In2O3/CdS(bio) heterostructure. 

 

 

Figure 4.12. (a) TGA, and (b) DTG analysis of CdS(bio), In2O3 (bio), In2O3(con) and 

0.4In2O3/CdS(bio) heterostructure. 
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Table 4.3. Physical properties of photocatalysts. 

Photocatalysts 

Surface 

area 

(m2/g) 

Average 

pore 

diameter 

(nm) 

Total pore 

volume  

(cm3/g) 

CO2 

adsorption 

(mmol/g) 

Bandgap 

(eV) 

In2O3(bio) 37.1 11.60 0.073 0.060 2.39 

CdS(bio)  108.4 14.18 0.091 0.087 2.32 

0.4In2O3/CdS(bio) 217 2.71 0.11 0.43 2.22 

 

Table 4.4. Carbon content calculation in catalysts from TGA plot. 

Catalysts Temperature range of 

carbon % calculation (°C) 

Carbon (%) 

CdS(bio) 380 to 600 5.9 

In2O3(bio) 380 to 600 4.8 

0.4In2O3/CdS(bio) 300 to 580 1.11 

 

4.2.2 Theoretical calculation 

DFT calculations were performed to comprehend the band structure, geometry 

optimization, and DOS of synthesized catalysts. The optimized structures of CdS, In2O3, and 

In2O3/CdS heterostructures are shown in Figures 4.13a-4.13c, with lattice parameters detailed 

in Table 4.5. The band structure with Hubbard parameter Ud=4.4, Up=4.1 for CdS, and Ud=6.2 

for In2O3, applying GGA+U in DFT (Figures 4.13d-4.13f) reveals bandgaps of 2.35, 2.38, and 

2.20 eV for CdS, In2O3, and In2O3/CdS heterostructure, respectively, which are close to the 

experimental values of 2.32, 2.39, and 2.22 eV. Notably, the band structure of In2O3/CdS 

heterostructure displays overlapping electronic bands near the Fermi level (FL) due to the 

introduction of In2O3, inducing additional electronic states in CdS bandgap, effectively 

reducing its bandgap, as observed in UV-DRS analysis [49].  DOS for CdS, In2O3, and 

In2O3/CdS is depicted in Figures 4.13g-4.13i. The DOS of the In2O3/CdS heterostructure in 

the CB is moved closer to the FL compared to CdS and In2O3, indicating a larger density of 

electronic states near the FL [50]. This characteristic favors quicker electron transport than CdS 

and In2O3, suggesting superior photocatalytic performance of In2O3/CdS heterostructure over 

CdS and In2O3. 

TH-3902_206107104



CHAPTER 4 Phytochemicals-based Synthesis of Z‑Scheme In2O3/CdS Heterostructures: DFT Analysis and 

Photocatalytic CO2 Reduction to HCOOH and CO 

117 | P a g e  
 

 

Figure 4.13. DFT calculated (a-c) geometric structure, (d-e) Band structure, and (g-i) Density 

of state (DOS) of CdS, In2O3, and In2O3/CdS heterostructure. 

 

Table 4.5. Optimized crystal structure parameters of CdS(bio), In2O3(bio), and In2O3/CdS(bio) 

heterostructures considered for DFT calculation. 

Catalyst a (Å) b (Å) c (Å) 

CdS(bio) 5.88 5.88 5.88 

In2O3(bio) 10.17 10.17 10.17 

In2O3/CdS(bio) 10.17 10.17 50.00 

 

4.2.3 Photoelectrochemical (PEC) measurements  

Photocurrent measurement and EIS studies were used to examine the charge separation 

efficiency of In2O3(bio), CdS(bio), and 0.4In2O3/CdS(bio) heterostructures. The 

chronoamperometry test was performed at 25 s intervals during the light on/off cycle (Figure 

4.14a). The photocurrent density of 0.4In2O3/CdS(bio) heterostructures reached 0.82 μA/cm2, 

surpassing CdS(bio) (0.10 μA/cm2) and In2O3(bio) (0.082 μA/cm2) by approximately 8 and 10 

times, respectively. This demonstrates the efficient separation of e-/h+ pairs by incorporating 

In2O3(bio) into CdS(bio) NPs [12]. 
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Figure 4.14b displays the EIS spectra of synthesized catalysts in both dark and light 

irradiation circumstances. The EIS data were analyzed and fitted using NOVA software, and 

the resulting parameters are summarized in Table 4.6. Additionally, the equivalent circuit is 

depicted in Figure 4.15. In visible light, the 0.4In2O3/CdS(bio) heterostructures exhibited 

decreased arc radius, indicating enhanced charge separation and transfer efficiency. Hence,  

incorporating In2O3(bio) could alter the charge and enhance charge transfer in CdS(bio) NPs 

[51]. Moreover, the increased capacitance signifies an improved charge storage characteristic 

of heterostructures at the photoanode/electrolyte interfaces [17]. A comparable finding was 

documented for the CdS/BiVO4 heterostructures and the CdS/WO3 heterostructures [21,46]. 

 

Figure 4.14. (a) Photocurrent response, and (b) EIS Nyquist plots with and without the light 

of In2O3(bio), CdS(bio), and 0.4In2O3/CdS(bio) heterostructure. 

 

Figure 4.15. Equivalent circuit used for fitting of EIS data [Rs: Electrolytes resistance; Rp: 

Polarization resistance; CPE: Constant phase element]. 

 

Table 4.6. Parameters of the circuit used for fitting of EIS data. 

Catalyst Rs (KΩ) Rp (MΩ) CPE 

CdS(bio) (Dark) 6.23 14.0 Y0=188nMho×SN 

N=0.566 

CdS(bio) (Light) 4.83 13.2 Y0=221nMho×SN 
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N=0.574 

In2O3(bio) (Dark) 4.39 15.3 Y0=220nMho×SN 

N=0.569 

In2O3(bio) (Light) 2.20 6.93 Y0=273nMho×SN 

N=0.579 

0.4In2O3/CdS(bio) (Dark) 7.94 14.8 Y0=178nMho×SN 

N=0.557 

0.4In2O3/CdS(bio) (Light) 5.23 12.5 Y0=202nMho×SN 

N=0.557 

 

4.2.4 Photocatalytic testing for CO2 reduction 

The synthesized catalysts were evaluated for HCOOH and CO production under visible 

light illumination. Figure 4.16 shows the calibration graphs for HCOOH and CO standards. 

The chromatograms of both the standards and the resulting products can be found in Figure 

4.17. It’s worth noting that no significant production of HCOOH or CO was found in the 

absence of catalyst or light illumination. We conducted three separate control experiments to 

identify the carbon source responsible for the formation of HCOOH and CO. In the first test, 

the reaction system included CO2, TEOA, DI water, and photocatalysts with the lamp off. The 

second test involved CO2, TEOA, light, and DI water, but no photocatalyst. The third test 

involved the use of DI water, photocatalysts, light, and TEOA in the reaction, but CO2 was 

excluded. Notably, no HCOOH or CO were formed in any of these control tests (Figure 4.18). 

Therefore, it can be concluded that the HCOOH and CO are generated from the CO2 feedstock 

in the system, and photoreduction occurs on the photocatalyst. No trace of any CO2 reduction 

product was identified in the control experiment, which confirms that the reaction products 

originated from the photoreduction of CO2 (Figure 4.19). 

 

Figure 4.16. Calibration curve of (a) formic acid and (b) carbon monoxide. 
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Figure 4.17. (a) HPLC chromatograms of standard 1 g/L HCOOH and (inset) solution after 5h 

of CO2 reduction, and (b) GC chromatograms of standard 1 mL CO and (inset) solution after 

5h of CO2 reduction. 

 

Figure 4.18. HPLC (left side) and GC (right side) chromatograms of 300 s of CO2 reduction: 

(a) CO2+H2O+TEOA+catalyst, (b) CO2+H2O+TEOA+illumination, and (c) 

H2O+TEOA+catalyst+illumination. 
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Figure 4.19. (a) HPLC, (b) GC chromatograms after 5 h of the control experiments, (c) HPLC, 

and (d) GC chromatograms after 10 h of the control experiments using N2 instead of CO2. 

 

4.2.4.1 Effect of different photocatalysts 

Figure 4.20a shows the rates of HCOOH and CO production for In2O3(bio), CdS(bio),  

and In2O3/CdS(bio) heterostructures (0.2, 0.4, 0.6,0.8, and 1 molar ratio).  Significantly, 

CdS(bio) and In2O3(bio) nanoparticles didn’t produce any products because of the quick 

recombination of e-/h+ pairs (confirmed by PL spectra, Figure 4.10a). In addition, CdS suffers 

from photocorrosion (SO4
2- ) (Figure 4.21c), while In2O3(bio) exhibits weak light absorption 

(λmax= 440 nm, Figure 4.1a), which acts as a limiting factor [4,8]. This indicates that 

unmodified CdS is not an efficient catalyst for the PCO2RR to HCOOH and CO. In the case of 

heterostructures, HCOOH and CO products are formed.  

 

4.2.4.2 Effect of In2O3 onto CdS 

For In2O3/CdS(bio) heterostructures, the HCOOH and CO formation rate displayed an 

upward trend with increasing In2O3 loading percentage, peaking at 0.4 molar In2O3 loading, 

yielding 455.2 and 146.7 μmol/g·h, respectively (Figure 4.20a). Subsequently, the rate of 

product formation exhibited a sharp decline as the In2O3 loading percentage increased.  This 
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excessive In2O3 loading led to particle aggregation and obstructing active CdS(bio) sites, 

impeding light absorption [32]. DLS measurements (Table 4.1) of the catalysts’ hydrodynamic 

diameter confirmed that particle size notably increased from 219.2 to 314.5 nm when In2O3 

loading on CdS(bio) exceeded 0.4, indicating potential particle agglomeration.  Therefore, 

0.4In2O3 loading was determined to be the optimal level. 

 

4.2.4.3 Effect of 0.4In2O3/CdS(bio) concentration 

Figure 4.20b illustrates the HCOOH and CO production rate using various 

concentrations (0, 0.25, 0.50, 0.75, 1, 1.25 g/L) of 0.4In2O3/CdS(bio) heterostructures.  The 

optimal rates for HCOOH and CO production were achieved at a 0.75 g/L photocatalyst 

concentration, yielding 483.29 and 158.35 μmol/g·h, respectively.  However, at higher 

photocatalyst concentrations, solution turbidity hindered light irradiation [52]. The turbidity 

was increased by 45.2% upon surpassing the photocatalyst concentration of 0.75g/L (Table 

4.7). 

 

4.2.4.4 Effect of sacrificial agent (TEOA) on PCO2RR 

The effect of TEOA (5, 10, 15 % v/v) was carried out on the production rate of HCOOH 

and CO (Figure 4.20c). The production rate of HCOOH and CO was increased by increasing 

the percentage of TEOA and reached the maximum yield of 514.44 μmol/g·h (AQY 4.44%) 

and 162 μmol/g·h (AQY 2.45%) of HCOOH and CO, respectively, at 10% (v/v) of TEOA 

(calculation of AQY provided in Table A2). Subsequently, the production rate declined as a 

high TEOA concentration could restrict electron migration due to increased solution viscosity 

[53].  Therefore, 10% (v/v) of TEOA was considered optimum for further study. The addition 

of TEOA in the reaction resulted in a 6.44% rise in HCOOH and a 2.30% increase in CO 

production rates. TEOA acts as an efficient hole scavenger, rapidly consuming photogenerated 

holes [3] and thereby suppressing charge recombination in the In2O3/CdS(bio) heterostructure. 

This enhances electron availability at the catalyst surface, facilitating multi-electron CO2 

reduction pathways and increasing the formation rates of HCOOH and CO. Further, we studied 

the bare CdS(bio) and In2O3(bio) with 10% (v/v) of TEOA and water as a reaction mixture 

(Figure 4.20d). The results reveal the formation of 59.49 μmol/g·h HCOOH using CdS(bio) 

and 25.05 μmol/g·h CO using In2O3(bio). A comparison of HCOOH and CO production rates 

reported in the literature (Table 4.8) underlines the superior performance of bio-based 

In2O3/CdS(bio) heterostructures. 
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4.2.4.5 Reusability and stability of 0.4In2O3/CdS(bio) heterostructures 

The reusability and stability of the 0.4In2O3/CdS(bio)heterostructures photocatalyst 

were examined by filtering out the catalyst after PCO2RR and reusing it for several cycles. The 

performance in producing HCOOH and CO was assessed over five cycles to evaluate the 

catalyst’s functional stability (depicted in Figure 4.20e). Even after 25 h of reaction, the 

heterostructures exhibited a steady photocatalytic efficiency. A 2.5% decrease in performance 

was noted in 5 cycles due to the loss of photocatalyst particles in the recovery process. This 

remarkable stability suggests that the incorporation of In2O3 onto CdS(bio) curtailed its photo-

corrosion while inhibiting the recombination of e-/h+ pairs [32,39]. 

 

 

Figure 4.20. (a) Photocatalytic reduction of CO2 using different bio-based catalysts, (b) Effect 

of photocatalyst concentration, (c) Effect of sacrificial agent (TEOA), (d) Catalyst with 10% 

TEOA, and (e) Stability study of 0.4In2O3/CdS(bio) heterostructure under visible light 

irradiation. 

 

Table 4.7. Turbidity of In2O3/CdS(bio) heterostructure. 

Catalyst concentration (g/L) Turbidity (NTU) 

0.25 147 

0.50 183 

0.75 208 

1.0 247 

1.25 302 
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Table 4.8. Comparison of the formic acid and carbon monoxide rates with the earlier report. 

Photocatalysts 
Synthesis 

method 

Reaction 

solvent 
Light source 

Products (μmol/g·h) 

 
Source 

HCOOH 
 

CO 

In2O3/CdS(bio) 

heterostructure 

Microwave 

irradiation 
H2O/TEOA 

250W, Metal halide lamp( 

λ>420 nm) 
514.44 162 Present work 

CdS/TiO2 Photodeposition H2O (vapor) 
300 W Xe arc lamp (λ = 

300–800 nm) 
 3.62 [54] 

CdS/ZnO 
Solvothermal 

method 
H2O 

500 W Hg lamp (λ > 400 

nm) 
 35.2 [33] 

CdS/CdWO4 
Chemical 

deposition 
H2O/TEOA 

300 W xenon lamp (λ > 

420nm) 
 1.39 [55] 

CdS/Ni9S8/Al2O3  H2O/TEOA 
300 W Xe lamp (λ > 420 

nm) 
 121 [56] 

CdS/MIL-101 
Double solvent 

method 
H2O (vapor) 

300 W Xe lamp (λ > 420 

nm) 
 16.35 [57] 

CdS/FeTCPP Hydrothermal 
MeCN/H2O/ 

TEOA 

300 W Xe lamp, λ = 

420–780 nm 
 7.46 [58] 

CdS/ethylenediamine 
Solvothermal 

route 

MeCN/H2O/ 

TEOA 

300 W Xe lamp (λ > 420 

nm) 
 115.6 [14] 

CUGAS2/CdS 
Ultrasonic 

dispersion 

H2O/K2SO3/K

HCO3 
300 W Xe lamp  0.75 [59] 

CdS/NH2-UiO-

66/Chitosan 

Solvent 

evaporation 

technique 

MeCN/ H2O/ 

TEOA 

300 W Xe lamp, λ = 

400–760 nm 
 86.98 [53] 

(Mo-bi)sx/CdS Hydrothermal 
MeCN/[Bmim] 

BF4/TEOA 

Visible light (λ = 420–780 

nm 
208  [60] 

TEOA: Triethanolamine; MeCN: Acetonitrile; FeTCPP: 4-carboxyphenyl) porphyrin iron(III) chloride 

TH-3902_206107104



CHAPTER 4 Phytochemicals-based Synthesis of Z‑Scheme In2O3/CdS Heterostructures: DFT Analysis and 

Photocatalytic CO2 Reduction to HCOOH and CO 

125 | P a g e  
 

Figure 4.21 depicts the XPS spectra of CdS(bio)/used and 0.4In2O3/CdS(bio)/used 

heterostructures and the corresponding before reaction sample (inset of Figure 4.21). The 

survey spectra (Figure 4.21a) confirm the existence of In, O, Cd, and S in the heterostructures. 

However, a single Cd is found in CdS(bio)/used.  The high-resolution spectrums of 

0.4In2O3/CdS(bio)/used exhibit consistent peak intensities (Figures 4.21b-4.21e) before and 

after PCO2RR are evident. The S 2p peak intensity in CdS(bio)/used (Figure 4.21c) is shifted 

from 163.16 to  168.64 eV, suggesting sulfur oxidation, i.e., photocorrosion,  and the generation 

of SO4
2- [1,61]. 

 

Figure 4.21. (a) XPS survey spectra and high resolution of (b) Cd 3d, (c) S 2p, (d) In 3d, and 

(e) O 1s of CdS(bio)/used and 0.4In2O3/CdS(bio)/used heterostructure. The insets show the 

XPS spectra of CdS(bio) and 0.4In2O3/CdS(bio). 

 

XRD and FETEM analyses were carried out of In2O3/CdS(bio) heterostructures, both 

before and after PCO2RR, to evaluate its structural and morphological attributes. The XRD 

spectra of 0.4In2O3/CdS(bio) and 0.4In2O3/CdS(bio/used) (Figure 4.22a) show no significant 

changes in the lattice structure of 0.4In2O3/CdS(bio/used). The crystallite size remained 

consistent at 17.5 nm in comparison to 17.76 nm for 0.4In2O3/CdS(bio). FETEM image of 

In2O3/CdS(bio/used) (Figure 4.22b), revealing no noticeable changes in morphology 

compared to the initial In2O3/CdS(bio) (Figure 4.7c).  

TH-3902_206107104



Development of Bioinspired Nanostructured Materials for Photocatalytic CO2 Reduction to  

Value-added Chemicals 

126 | P a g e  
 

 

Figure 4.22. (a) XRD patterns of 0.4In2O3/CdS(bio) before and after PCO2RR, and (b) FETEM 

of 0.4In2O3/CdS(bio/used). 

 

4.2.5 Mechanism of PCO2RR catalysed by In2O3/CdS(bio) heterostructure 

It is evident from the UPS VB and band position of the catalyst that In2O3(bio) has a 

larger work function and a lower Fermi level, while CdS(bio) has the opposite characteristics. 

When CdS(bio) and In2O3(bio) come in interfacial contact, the electron of CdS(bio) would flow 

to In2O3(bio) spontaneously until the Fermi level reaches equilibrium. Consequently, CdS(bio) 

experiences an upward energy band bending and positive charge at the interface, while 

In2O3(bio) undergoes a downward band bending and becomes negatively charged at the 

interface, establishing an internal electric field (IEF) [62–64]. Upon the light illumination, 

under the influence of the IEF and Coulomb effect, photogenerated electrons of In2O3(bio) 

follow the Z-scheme transfer path to recombine with the photoinduced holes in the VB of CdS 

(Figure 4.23). Meanwhile, the photogenerated holes in the VB of In2O3 remain and oxidize the 

TEOA, and the photoexcited electron in the CB of CdS reacts with CO2 to produce CO and 

HCOOH. Thus, a full redox cycle of the photocatalytic system is completed. 
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Figure 4.23. Possible reaction mechanism of photocatalytic CO2 reduction over Z-scheme 

In2O3/CdS(bio) heterostructure. 

 

4.3 Major findings 

This study successfully synthesized In2O3/CdS heterostructures through bio-based 

methods with phytochemicals found in Aegle marmelos plant extract with microwave 

irradiation. The DFT yielded bandgaps for CdS, In2O3, and In2O3/CdS heterostructure, well 

matched with the experimental values, and the bandgap was reduced from 2.32 to 2.22 eV with 

In2O3 (0.4 molar ratio) incorporation onto CdS(bio). In2O3 altered the DOS of CdS due to the 

introduction of an additional electronic state in the bandgap region, enhancing charge 

separation at local junctions. In2O3/CdS also exhibited longer charge carrier lifetimes (4.38 ns) 

compared to In2O3 and CdS alone. The photocatalytic study of In2O3/CdS(bio) was evaluated 

for PCO2RR under visible light. CO2 adsorption capacity and photocurrent density of 

0.4In2O3/CdS(bio) heterostructures were several folds higher that of CdS(bio) and In2O3(bio) 

nanoparticles. Notably, In2O3/CdS(bio) achieved a remarkable HCOOH and CO production 

rate of 514.44 (AQY 4.44%) and 162 μmol/g·h (AQY 2.54%), outperforming CdS(bio) and 

In2O3(bio) by 9 and 6.5 times. The heterostructures were stable with no noticeable changes in 

morphology and crystallite size owing to the incorporation of In2O3 onto CdS(bio), preventing 

its photo-corrosion and inhibiting e-/h+ pair recombination. However, the relatively larger 

particle size limits the quantum confinement effect and restricts precise bandgap tuning. 

Hence, the third objective aimed in developing CDs/CdS quantum dot (QD) nanocomposites 
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to exploit high surface-to-volume ratios and quantum confinement, targeting improved 

bandgap tuning. The integration of theoretical and experimental studies further optimized 

charge dynamics and active site engineering. 
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CHAPTER 5 

Experimental and Theoretical Studies on Photocatalytic 

CO2 Reduction to HCOOH using Plant-based CDs/CdS 

Quantum Dots Composites  

 

 

 

Chapter highlights 

 Fabricated bioinspired 0D CDs/CdS QDs(bio) composites with rich sulfur vacancies  

 Inhibits sulphur photocorrosion of CdS QDs(bio) with CDs composites formation 

 Surface vacancies of CDs/CdS QDs(bio) increase CO2 adsorption by 3.35 folds  

 Formic acid production of 439.51 μmol/g·h using CDs/CdS QDs(bio) photocatalyst 

 DFT calculations confirm thermodynamic favourability of HCOOH over CO formation 

 HCOO* as a key reaction intermediate for HCOOH formation 
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5.1 Introduction 

Overconsumption of fossil fuels primarily drives the rise in atmospheric CO2 levels,  

contributing to global warming and climate change [1,2]. Converting CO2 into valuable 

chemicals (e.g., CH3OH, C2H6O, HCOOH, CH4, and CO) is crucial to address climate change 

and meet energy needs [3,4].  Among various technologies developed for CO2 utilization, the 

photocatalytic CO2 reduction reaction (PCO2RR) stands out as an effective method.  PCO2RR 

harnesses abundant solar energy, uses cost-effective water as a reactant, and operates under 

ambient conditions, making it sustainable, economical, and environmentally friendly [5,6]. 

However, the stability of linear CO2 molecule (∆fG298
0 = -394.36 kJ/mol) makes its activation 

a critical step [7]. Additionally, the fast recombination of photogenerated electrons (e-) and 

holes (h+) pairs in semiconductors during the photocatalytic process significantly hampers 

PCO2RR efficiency [8,9]. 

Various semiconductor nanoparticles (NPs)/quantum dots (QDs) materials have been 

studied for PCO2RR, with CdS QDs attracting interest due to their narrow bandgap (2.42 eV), 

large surface area, efficient solar energy conversion, exceptional charge carrier transport 

properties, multiexciton generation, and favorable conduction band position (-0.95 eV)[10,11]. 

However, CdS QDs face challenges such as photocorrosion of sulfur forming SO4
2- and rapid 

recombination of e-/h+ pairs,  hindering their advancement and application [12,13]. To address 

these limitations and enhance CdS QDs efficiency in PCO2RR, strategies such as morphology 

control, co-catalyst construction, and heterostructure construction have been explored. These 

methods aim to enhance charge separation, reduce recombination, and boost the efficacy of  

CdS QDs in PCO2RR [6,14]. 

Bio-based methods for synthesizing NPs/QDs are eco-friendly, cost-effective, and 

direct, utilizing plentiful biomaterial sources [15,16]. A green approach for synthesizing 

NPs/QDs and their application in PCO2RR could help control industrial CO2 emissions 

[2,17][18]. Northeastern states of India, abundant in diverse tropical plants, offer potential as 

sources for capping and reducing agents in efficient NP/QDs synthesis. Additionally, 

combining microwave irradiation with bioinspired processes can significantly increase 

NP/QDs formation rates [17]. 

Carbon dots (CDs) are a novel class of carbon nanostructures known for their uniform 

dispersion and small size (<10 nm) [19]. They offer several advantages, including high surface 

area, charge transfer properties, an electron reservoir, and functional surface moieties, making 

them widely employed in photocatalysis [20]. Additionally, CDs are actively involved in the 
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development of effective and stable composite photocatalysts [21].  Various methods have been 

employed to synthesize CDs utilizing carbon sources such as citric acid, urea, ethylene glycol, 

and thiourea [22]. Moreover, renewable biomass resources such as plant leaves, flowers, roots, 

fruits, and peels, as well as human and animal derivatives, provide eco-friendly and economical 

carbon sources for synthesizing CDs [23–26]. 

Chapter 5 reports on the synthesis of biomass-derived CDs(bio) using waste orange 

peels and CdS QDs(bio) phytochemicals found in Aegle marmelos. Orange peel is a rich carbon 

source that serves as a natural precursor [27,28]. Aegle marmelos plant-derived compounds, 

including flavonoids, alkaloids, tannins, phenols, and saponins, acted as powerful reducing and 

capping agents [2,17]. Further, CDs(bio) were impregnated onto CdS QDs(bio) via a facile 

deposition method. The synthesized catalysts were tested for PCO2RR under visible light, 

producing HCOOH. The optimal 0.4% (w/w) CDs/CdS QDs(bio) composites achieved the 

highest HCOOH production rates of 439.51 μmol/g·h (apparent quantum yield (AQY) 3.79%) 

among various CDs(bio) compositions. Additionally, the reusability of the composites was 

examined. Density functional theory (DFT) analysis was performed to understand the binding 

energy profile and electronic structures of catalysts, leading to favourable HCOOH formation 

over CO. This study represents a significant advancement in the bioinspired synthesis of 

composites for efficient PCO2RR to produce HCOOH.  

 

5.2 Results and discussion 

5.2.1 Photocatalyst characterizations 

Morphological analyses: Figures 5.1a-5.1c display TEM images of CdS QDs(bio), 

CDs(bio), and 0.4CDs/CdS QDs(bio) composites, revealing an average particle size of 4.85, 5, 

and 5.33 nm, respectively (Figure 5.2). HRTEM image of 0.4CDs/CdS QDs(bio) composites 

(Figure 5.1d) displayed CdS QDs(bio) lattice fringes with a d-spacing of 0.33 nm for the (111) 

plane and 0.22 nm for the (002) graphitic lattice planes of CDs. SAED pattern of 0.4CDs/CdS 

QDs(bio) composites (Figure 5.1d(inset)) is indicative of an amorphous nature of CDs, while 

CdS QDs exhibit a polycrystalline nature. Additionally, the SAED pattern (Figure 5.3) 

confirmed the polycrystalline nature of CdS QDs(bio) and the amorphous nature of CDs(bio). 

EDS analysis of 0.4CDs/CdS QDs(bio) composites (Figure 5.1e) gave C, S, and Cd contents 

of 40.4, 12.8, and 46.8%, respectively. The elemental mapping of the composites is displayed 

in Figure 5.1f. 
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Figure 5.1. TEM images (a) CdS QDs(bio), (b) CDs(bio), and (c) 0.4CDs/CdS QDs(bio) 

composite, (d) HR-TEM image and (inset) SAED pattern, (e) EDS spectrum, and (f) Elemental 

mapping with 10 μm scale of 0.4CDs/CdS QDs(bio) composite. 
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Figure 5.2. TEM particle size distribution of (a) CdS QDs(bio), (b) CDs(bio), and (c) 

0.4CDs/CdS QDs(bio) composite. 

 

 
Figure 5.3. HRTEM images and (inset) SAED patterns of (a) CdS QDs(bio) and (b) CDs(bio). 

 

Determination of energy levels: Figure 5.4a depicts the absorption spectra of the 

synthesized catalysts. CdS QDs(bio) exhibited a notable absorption threshold at 520 nm [17], 

while CDs exhibited peaks (Figure 5.4a(inset)) at 280 nm (n-π* (C=O)) and 220 nm( π-π* 

(C=C)) [27]. The absorption edge of CDs/CdS QDs(bio) composites displayed a redshift, 

which is attributed to the existence of delocalized large π bonds, enhancing light absorption 

intensity [29]. Bandgap energies were determined using Tauc's relation [17], depicted in 

Figure 5.4b and Figure 5.4b(inset). The bandgap of CdS QDs(bio), CDs(bio), and 

0.4CDs/CdS QDs(bio) composites were determined to be 2.4, 3, and 2.13 eV, respectively, 

consistent with reported values [30–32]. The reduction in the bandgap of 0.4CDs/CdS 
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QDs(bio) composites relative to CdS QDs(bio) is caused by the quantum confinement effect 

of CDs [26]. 

Figure 5.4c shows the minimum valence band (VB) energies of CdS QDs(bio) and 

0.4CDs/CdS QDs(bio) composites as 1.58 and 1.18 eV, respectively. In Figure 5.4d, the 

energy level diagram of the catalysts gives the calculated maximum conduction band (CB) 

energies of -0.82 and -0.95 eV for CdS QDs(bio) and 0.4CDs/CdS QDs(bio) composites, 

respectively. This indicates that the CDs/CdS QDs(bio) composites possess favorable 

maximum CB energies, suggesting an enhanced rate of HCOOH production [17]. The work 

function (φ)  is determined by the relation φ= hv-Ecutoff  [2], where hv is the energy of the 

monochromatic ionizing light (21.22 eV), and  Ecut-off  denotes the threshold energy for the 

secondary electron obtained from the linear extrapolation of the UPS VB spectrum. The Fermi 

level (EF) is determined by the relation EF= ̶ φ  [2].  The UPS VB spectra for secondary 

electrons are presented in Figure 5.5. The measured secondary electron cut-off energies for 

CDs(bio), CdS QDs(bio), and 0.4CDs/CdS QDs(bio) composites are 15.3, 17.41, and 17.0 eV, 

respectively, with corresponding work function values of 5.92, 3.83, and 4.22 eV. The Fermi 

level of CDs(bio), CdS QDs(bio), and 0.4CDs/CdS QDs(bio) composites are calculated as -

5.92, -3.83, and -4.22 eV, respectively [33,34].  

 

Figure 5.4. (a) Absorption spectra with CDs inset, (b) Bandgap calculation with CDs inset, (c) 

UPS VB spectra, and (d) Energy band diagram of CdS QDs(bio), CDs(bio), and 0.4CDs/CdS 

QDs(bio) composites. 
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Figure 5.5. UPS VB spectra for secondary electron onset. 

 

XRD analysis: Figure 5.6a displays the XRD patterns of synthesized catalysts. The 

peaks at 2θ of 51.91°, 43.92°, and 26.51° for CdS QDs (bio) correspond to crystal planes (311), 

(220), and (111), confirming its cubic structure (JCPDF: 00-001-0647). CDs (Figure 5.7) show 

a peak at a 2θ of 21°, indicating the (002) crystal plane with hexagonal structure (JCPDF: 00-

026-1076) of graphitic carbon, consistent with the literature [17,35].  The crystal structure or 

phase of CdS QDs(bio) remains unchanged with the addition of CDs(bio) in the formation of 

CDs/CdS QDs(bio) composites. CDs peak is not observed in the composite structure due to its 

low mass loading (<1% w/w), excellent dispersity, and amorphous characteristics [17]. The 

crystallite size was calculated using Debey Scherer’s equation [36]. The crystallite size of CdS 

QDs(bio) and CDs/CdS QDs(bio) composites was calculated to be 3.6 and 2.9 nm, respectively. 

XPS analysis: XPS spectra (Figure 5.6b) of CdS QDs(bio) and CDs/CdS QDs(bio) 

composites revealed distinct peaks corresponding to Cd, S, and C elements.  Cd 3d spectra 

(Figure 5.6c) of CdS QDs(bio) showed peaks at 405.3 eV (3d5/2) and 412.1 eV(3d3/2), 

representing Cd2+ in CdS QDs(bio). S 2p spectra (Figure 5.6d) exhibited peaks at 

163.1eV(2p1/2) and 161.88 eV(2p3/2), indicating the S2- valence state in CdS QDs(bio) [17]. 

Similar trends were observed in the composites, with S 2p and Cd 3d  peak positions shifting 

to lower binding energies, suggesting a strong chemical interaction between CDs and CdS QDs, 

facilitating electron transport from CdS QDs to CDs [30]. C 1s spectrum (Figure 5.6e) of the 

composites displayed peaks at 286.1 eV(C-O )and 284.8 eV(C=O) of the graphitic nature of 

CDs [37]. High-resolution O 1s spectrum (Figure 5.6f) shows peaks at 533.2 eV (O-C=O) and 

532.7 eV (C=O), suggesting interactions between the carbonyl group and the CdS lattice [38]. 
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Figure 5.6. (a) XRD diffractograms, (b) XPS survey spectra, (c) Cd 3d and (d) S 2p of CdS 

QDs(bio) and 0.4CDs/CdS QDs(bio) composites, and (e) C 1s and (f) O 1s of 0.4CDs/CdS 

QDs(bio) composites. 

 
Figure 5.7. XRD pattern of CDs(bio). 

 

Charge trapping and recombination: To examine the charge carrier dynamics and 

trapping efficiency of the catalysts, PL spectra (Figure 5.8a) were obtained with an excitation 

wavelength of 360 nm. PL intensities of CDs/CdS QDs(bio) composites were notably lower 

than CdS QDs(bio) because of a delocalized π-conjugated structure of CDs, enhancing electron 

conduction characteristics. This suggests better separation of photoexcited e-/h+ pairs and 

suppresses recombination [17,26]. 
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TRPL spectra (Figure 5.8b) of the synthesized catalyst were recorded with excitation 

and emission wavelengths of 405 and 450 nm, respectively, to examine charge transfer 

behavior. The TRPL decay curves were analyzed by fitting them with a bi-exponential decay 

function. The average lifetimes of charge carriers were determined as 2.7 ns for CdS QDs(bio) 

and 3.95 ns for 0.4CDs/CdS QDs(bio) composites. The composites exhibit a longer lifetime of 

charge carriers than the CdS QDs(bio), indicating that 0.4CDs/CdS(bio) demonstrates better 

efficiency in the separation of e-/h+ pairs than CdS(bio). The incorporation of  CDs(bio) into 

CdS(bio) acts as a reservoir for trapping excited e- at the CDs and CdS interface, resulting in 

enhanced separation of e-/h+ pairs and decreased its recombination [17,26]. 

 

Figure 5.8. (a) PL and (b) TRPL spectra of CdS QDs(bio) and CDs/CdS QDs(bio) composite. 

 

Electron paramagnetic resonance (EPR): The EPR spectra depicted in Figure 5.9 

validate the existence of sulfur vacancies (SVs) in the synthesized catalyst. A faint signal was 

detected in CdS QDs(bio), while no signal was observed for CDs.The prominent signal at a g 

value of 2.47 in the 0.4CDs/CdS QDs(bio) composites indicates an abundance of sulfur 

vacancies, while the faint signal with a g-value of 2.02 may be attributed to the existence of 

Cd2+ [39].  The SVs and Cd2+ on the composite surface can effectively trap more 

photogenerated electrons, thereby extending carrier lifetime. The SVs generate under 

coordinated metal sites, inducing a bent CO₂ configuration that strengthens adsorption and 

promotes electron transfer. Additionally, they localize electrons near defect sites, reducing the 

energy barrier for CO2 reduction, resulting in enhancing the photocatalytic CO2 reduction 

performance [40–42]. 
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Figure 5.9. EPR spectra of CdS QDs(bio), CDs(bio), and 0.4CD/CdS QDs(bio) composite. 

 

BET surface area analysis: N2 sorption analysis was conducted to measure the surface 

area and pore properties of the synthesized catalyst, with results presented in Table 5.1. Figure 

5.10a illustrates the N2 sorption isotherms, indicating both CdS QDs(bio) and 0.4CDs/CdS 

QDs(bio) composites display type IV isotherms with an H1 hysteresis loop, indicating a 

mesoporous characteristic. The surface area and average pore size of CdS QDs(bio) and 

0.4CDs/CdS QDs(bio) composites were measured to be 69.52 and 88.8 m2/g and 6.28 and 7.12 

nm, respectively, indicating efficient pathways for molecular transport within the catalysts 

[18,36]. A minimal variation in surface area was observed with the incorporation of CDs onto 

CdS QDs(bio). Additionally, the CO2 adsorption ability of 0.4CDs/CdS QDs(bio) composites 

(0.342 mmol/g) surpasses that of CdS QDs(bio) (0.102 mmol/g) under 1 bar pressure. The 

enhancement in  CO2 adsorption is attributed to the π-conjugate structure of CDs, enabling 

effective binding and interactions between CO2 and CDs, thereby enhancing adsorption onto 

CDs/CdS QDs(bio) composites [17].  The TGA analysis is shown in Figure 5.10b. The residual 

carbon content (Table 5.2) is determined within the temperature range of 300-500°C [26]. The 

composite contained 7% (w/w) carbon. 

 

Table 5.1. Physical characteristics of synthesized catalysts. 

Catalyst Bandgap 

(eV) 

Crystallit

e size 

(nm) 

BET 

surface 

area (m2/g) 

Pore 

volume

(cm3/g) 

Average 

pore 

(nm) 

CO2 

Adsorptio

n 

(mmol/g) 

CdS QDs(bio) 

 

2.4 3.6 69.52 0.11 6.28 0.102 
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0.4CDs/CdS 

QDs(bio) 

composites 

2.13 2.9 88.8 0.16 7.12 0.342 

 

 
Figure 5.10. (a) N2 sorption isotherms, and (b) TGA & DTG analysis of CdS QDs(bio) and 

0.4CDs/CdS QDs(bio) composite. 

 

Table 5.2. Residual carbon content calculation in catalysts from TGA plot. 

Catalysts Temperature range of carbon 

% calculation (°C) 

Carbon (%) 

CdS QDs(bio) 300 to 500 2.37 

0.4CDs/CdS QDs(bio) 300 to 500 7.00 

 

5.2.2 Photoelectrochemical response 

The electrochemical characteristics of the synthesized catalyst were investigated 

through photocurrent measurements and EIS studies. In chronoamperometry (Figure 5.11a), 

the average photocurrent density of 0.4CDs/CdS QDs(bio) composites reached 0.60 μA/cm2, 

approximately six-fold higher than that of CdS QDs(bio). This suggests the effective separation 

of photogenerated e-/h+ pairs with the incorporation of CDs(bio) onto CdS QDs(bio) [17]. 

In the EIS spectra (Figure 5.11b) under visible light, a reduced arc radius was observed 

for 0.4CDs/CdS QDs(bio) composites, indicating enhanced charge separation and transfer 

efficacy. The EIS-fitted parameters are listed in Table 5.3, and the equivalent circuit is depicted 

in Figure 5.11b(inset). Charge transfer resistance (Rp) values for CdS QDs (bio) and 

0.4CDs/CdS QDs (bio) under light conditions were 13.2 and 6.93 MΩ, respectively, and under 

dark conditions, they were 14.8 and 8.17 MΩ, respectively. The smaller arc radius and lower 

resistance signify enhanced conductivity, faster charge carrier migration, and decreased charge 

recombination rate [43,44]. This finding indicates improved separation and transfer of charge 
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carriers in the CDs/CdS QDs(bio) composite, which aligned well with photocurrent and PL 

analysis results.  

 

Figure 5.11. (a) Chronamperometry study and (b) Nyquist plots (EIS) under light and dark 

conditions, and (inset) equivalent circuit used for EIS studies.  

 

Table 5.3. Parameters of circuit used for fitting of EIS data. 

Catalyst Rs (KΩ) Rp (MΩ) CPE 

CdS QDs(bio) (Dark) 6.23 14.8 
Y0=188nMho×SN 

N=0.566 

CdS QDs(bio) (Light) 4.83 13.2 
Y0=221nMho×SN 

N=0.574 

0.4CDs/CdS QDs(bio) 

(Dark) 
2.60 8.17 

Y0=259nMho×SN 

N=0.574 

0.4CDs/CdS QDs(bio) 

(Light) 
2.20 6.93 

Y0=273nMho×SN 

N=0.579 
 Rs: Electrolytes resistance; Rp: Charge transfer resistance; CPE: Constant phase element 

 

5.2.3 Photocatalytic CO2 reduction evaluation 

The synthesized catalysts were evaluated for HCOOH production under visible light 

illumination. In this study, HCOOH is the only product formed. The HPLC and GC 

chromatograms are provided in Figure 5.12. Figure 5.13a presents the calibration curve of the 

formic acid standard, and chromatograms of standards and resulting products are shown in 

Figure 5.13b. Negligible HCOOH production was observed without the presence of a catalyst 

or light illumination. To identify the carbon source involved in HCOOH formation, three 

control experiments were conducted under optimal conditions, each with one component 

absent: (i) CO2, (ii) lamp, and (iii) catalyst. Notably, no HCOOH was generated in any of these 
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control tests (Figure 5.14), indicating that HCOOH originates from the CO2 feedstock in the 

system. To verify the PCO2RR activity and exclude the possibility of organic contaminants 

photo-degradation, a control experiment using N2 instead of CO2 showed no detectable CO2 

reduction products (Figure 5.15), confirming the exclusive origin from PCO2RR. 

 
Figure 5.12. Chromatograms of (a) HPLC and (b) GC solution after 5 h of CO2 reduction. 

 

 
Figure 5.13. (a) Calibration graph of formic acid standard, (b) HPLC chromatograms of 

standard 1 g/L HCOOH, and (inset) solution after 5 h of CO2 reduction. 

TH-3902_206107104



Development of Bioinspired Nanostructured Materials for Photocatalytic CO2 Reduction to  

Value-added Chemicals 

148 | P a g e  
 

 
Figure 5.14. HPLC chromatograms of 300 s of CO2 reduction (a) 0.4CDs/CdS QDs(bio) 

composite + DI water + light irradiation, (b) 0.4CDs/CdS QDs(bio) composite + DI water + 

CO2 purge, and (c) DI water + CO2 purge + light irradiation. 

 

 

Figure 5.15. HPLC chromatogram of control experiments (a) after 5 h, and (b) after 10 h of 

the control experiments using N2 instead of CO2. 

 

Figure 5.16a shows the rate of HCOOH formation using CdS QDs(bio) and CDs/CdS 

QDs(bio) composites at varying loading percentages (0.2, 0.40, 0.6, 0.8, and 1% w/w). CdS 

QDs(bio) exhibited negligible HCOOH production attributed to photo-corrosion and rapid e-
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/h+ pairs recombination, as evidenced by XPS and PL studies (Figure 5.17c & Figure 5.8a), 

inferring its inefficiency as a catalyst for PCO2RR to HCOOH [38]. Conversely, CDs(bio) did 

not generate any product due to the absence of active catalytic sites [17]. HCOOH formation 

was observed in CDs/CdS QDs(bio) composites, showing an increasing trend in rate up to 0.4% 

(w/w) CDs loading, peaking at 428.39 μmol/g·h. However, further increases in CDs loading 

significantly decreased the HCOOH formation rate. This reduction is caused by particle 

aggregation and blockage of active sites on CdS QDs(bio), which hinder light absorption [26]. 

Dynamic light scattering (DLS) analysis (Table 5.4) indicated particle size increased from 

164.5 to 200.2 nm when CDs(bio) loading exceeded 0.4% (w/w), indicating particles 

agglomeration. Thus, optimal CDs loading for the CDs/CdS QDs(bio) composite catalyst was 

determined to be 0.4% (w/w). 

Figure 5.16b illustrates the HCOOH formation rate using different concentrations of 

0.4CDs/CdS QDs(bio) composites (0, 0.25, 0.40, 0.75, 1.0, 1.25 g/L). The highest HCOOH 

production rate was attained at a 0.75 g/L photocatalyst concentration, yielding 439.51 

μmol/g·h with an AQY of 3.79% (AQY calculation provided in Table A3).  The selectivity is 

100% as a single product was formed. However, increased photocatalyst concentrations 

resulted in turbidity in the solution, impeding efficient light irradiation [17]. Turbidity 

assessments for various photocatalyst concentrations are outlined in Table 5.5, indicating a 

23.07% increase in turbidity beyond 0.75 g/L. A comparison of the achieved HCOOH 

formation rate in this study with reported literature values (Table 5.6), the bio-based CDs/CdS 

QDs(bio) composites demonstrated a clear superiority. 

Figure 5.16c illustrates the evaluation of the functional stability of the 0.4CDs/CdS 

QDs(bio) composites through repeated cycles of time-dependent PCO2RR to HCOOH 

production. Over five consecutive cycles, the composites demonstrated consistent 

photocatalytic activity with only a marginal 2.21% decline in their performance. This minor 

decrease is attributed to the unavoidable loss of catalysts during the recovery process. This 

exceptional stability indicates that the integration of CDs(bio) onto CdS QDs(bio) mitigated 

photocorrosion and inhibited the e-/h+ pairs recombination, leading to the improved overall 

stability of the composites [45,46]. 

The high HCOOH formation observed in this study is attributed to the synergistic 

material design of the bio-based CDs/CdS QDs composite. The more negative conduction band 

position, abundant sulfur vacancies, and enhanced CO2 adsorption preferentially stabilize the 

HCOO* intermediate, favoring the two-electron reduction pathway  [47,48]. Time-resolved PL 

and photoelectrochemical studies confirm efficient charge separation and suppressed 
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recombination, while DFT calculations show HCOO* to be thermodynamically more favorable 

(ΔG = −0.71 eV) than the COOH* pathway. In addition, improved catalyst stability and 

reduced photocorrosion enable sustained activity, resulting in higher cumulative HCOOH 

yields compared to previous reports. 

 

Figure 5.16. (a) Photocatalytic CO2 reduction using various bio-based photocatalysts, (b) 

Effect of photocatalyst loading, and (c) Functional stability study of 0.4CDs/CdS QDs(bio) 

composite under visible light. 

 

Table 5.4. Hydrodynamic diameter of CdS QDs(bio) and CDs/CdS QDs(bio) composites. 

Catalysts Hydrodynamic diameter (nm) 

CdS QDs(bio) 180.2 

0.2CDs/CdS QDs(bio) 152.6 

0.4CDs/CdS QDs(bio) 164.4 

0.6CDs/CdS QDs(bio) 178.2 

0.8CDs/CdS QDs(bio) 186.4 

1.0CDs/CdS QDs(bio) 200.2 
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Table 5.5. Turbidity of CDs/CdS QDs(bio) composite. 

Catalyst concentration (g/L) Turbidity (NTU) 

0.25 132 

0.50 168 

0.75 195 

1.0 215 

1.25 240 

 

Table 5.6. Formic acid formation in the present and earlier studies. 

Photocatalysts 
Synthesis 

method 

Reaction 

solvent 

Light 

source 

Performance

(μmol/g·h) 
Source 

0.4CDs/CdS 

QDs(bio) 

composite 

Facile 

deposition 

method 

H2O 

250W, 

Metal 

halide lamp, 

λ>420 nm 

439.51 
Present 

work 

(Mo-bi)sx/CdS Hydrothermal 

MeCN/[Bmi

m] 

BF4/TEOA 

Visible light 

(λ = 420–

780 

nm 

208 [47] 

MPA&MUA 

CdS QDs 
- H2O/TEOA 

LED, λ=400 

nm 
280 [48] 

CdS/Mn2O3 
Electrochemic

al deposition 
 Sunlight 139.2 [49] 

CdS(commerci

al) 
- 

H2O Medium-

pressure 

mercury 

lamp 

0.265 

[50] 
H2O/TMACI 1.079 

CdS(commerci

al) 
- 

H2O Medium-

pressure Hg 

arc lamps 

9.87×10-7 
[51] 

H2O/TMACI 2.39×10-7 

CdS(commerci

al) 
- 

H2O/propano

l 

500 W 

high-

pressure 

mercury arc 

lamp 

5.65 [52] 

TEOA: Triethanolamine; MeCN: Acetonitrile; TMACI: tetramethylammonium chloride; MPA: 3-mercaptopronic 

acid; MUA:11-mercaptoalkanoic acid; BMIM-BF4:1-Butyl-3-methylimidazolium tetrafluoroborate; QDs: 

Quantum dots 

 

5.2.4 Stability of CDs/CdS QDs(bio) composites 

The XPS survey spectra (Figure 5.17a) validate the existence of C, S, and Cd elements 

in the 0.4CDs/CdS QDs (bio)/used composite, whereas only Cd was identified in CdS 

TH-3902_206107104



Development of Bioinspired Nanostructured Materials for Photocatalytic CO2 Reduction to  

Value-added Chemicals 

152 | P a g e  
 

QDs(bio)/used. The HR spectra of 0.4CDs/CdS QDs (bio)/used (Figures 5.17b-5.17e) exhibit 

similar binding energies before and after PCO2RR.  In contrast, for CdS QDs (bio)/used) 

(Figures 5.17b-5.17c), The S 2p peak binding energy exhibits an additional peak at 168.6 eV 

(S⁶⁺), indicating sulfur oxidation (photocorrosion) and the formation of SO₄²⁻ [53,54]. 

XRD and FETEM analyses were carried out of 0.4CDs/CdS QDs(bio) composites 

before and after PCO2RR to evaluate their structural and morphological characteristics. The 

XRD pattern of CDs/CdS QDs(bio) and 0.4CDs/CdS QDs(bio/used) (Figure 5.18a) exhibited 

no significant alterations in the lattice structure of CDs/CdS QDs(bio/used), with the crystallite 

size remaining consistent at 2.9-2.95 nm. Furthermore, the FETEM image of CDs/CdS 

QDs(bio/used) (Figure 5.18b) indicated no discernible changes in morphology compared to 

the initial CDs/CdS QDs(bio) (Figure 5.1c). 

 

Figure 5.17. (a) XPS survey spectra and HR spectra of (b) Cd 3d, (c) S 2p for CdS 

QDs(bio)/used and 0.4CDs/CdS QDs(bio)/used, and (d) C 1s, (e) O 1s of 0.4CDs/CdS 

QDs(bio)/used. 
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Figure 5.18. (a) XRD patterns of 0.4CDs/CdS QDs(bio) before and after PCO2RR, and (b) 

FETEM of 0.4CDs/CdS QDs(bio)/used. 

 

5.2.5 Band bending and charge transfer over CDs/CdS QDs(bio) composites 

UPS VB and band position analysis indicate that CDs(bio) possess a higher work 

function and lower Fermi level, whereas CdS QDs(bio) exhibit the opposite traits. Upon 

interfacial contact, electrons from CdS QDs(bio) spontaneously transfer to CDs(bio) until 

Fermi level equilibrium is achieved. As a result, CdS QDs(bio) exhibit downward band bending 

with positive charge accumulation at the interface, while CDs(bio) undergo upward band 

bending, acquiring a negative charge, thereby forming an internal electric field (IEF) [2,32,55]. 

Under light illumination, the IEF and Coulomb effect drive photogenerated electrons from the 

CB of CDs(bio) to CdS QDs(bio), while holes migrate from the VB of CdS QDs(bio) to the 

VB of CDs(bio). As a result, electrons in the CB of CdS QDs(bio) drive CO2 reduction to 

formic acid, while holes in the VB of CDs(bio) oxidize H2O, generating protons (H⁺) and 

hydroxyl radicals (•OH), completing the photocatalytic redox cycle (Figure 5.19). 

 

Figure 5.19. Proposed band bending and charge transfer mechanism in CDs/CdS QDs(bio) 

composite for photocatalytic CO2 reduction. 
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5.2.6 DFT calculations for PCO2RR Mechanism 

To gain insights into the reactivity of CDs/CdS QDs composites for CO2 reduction 

reactions, we performed periodic DFT calculations. Prior to exploring direct CO2 activation, 

the CDs/CdS QDs composite was optimized, comprising zero-dimensional CDs and the CdS 

QDs (111) surface, with an interlayer distance of 3.36 Å (Figure 5.20a (i)). Subsequently, 

linear CO2 molecules were adsorbed onto the CDs/CdS QDs composite, yielding a binding 

energy of -0.67 eV. As expected, CO2 typically exhibits weak binding to catalytic surfaces due 

to its high-lying lowest unoccupied molecular orbital (LUMO) [56]. The calculated distance 

between CO2 and CDs is 3.48 Å (Figure 5.20a (ii)), indicative of physisorption. To activate 

the CO2 molecule on the composite catalyst, an electron (e-)-coupled proton (H+) transfer (H+ 

+ e–) was introduced following the computational hydrogen electrode (CHE) model. According 

to previous studies, hydrogen can be added at either the carbon center, leading to HCOOH 

formation, or at the oxygen center, resulting in CO production. Our calculations revealed that 

the free energy changes (ΔG) for the formation of the intermediates HCOO* and COOH* were 

1.99 eV and 1.94 eV, respectively, as seen in Figure 5.20b. These comparable energies suggest 

that both intermediates could form after the initial proton-coupled electron transfer. As depicted 

in Figures 5.20a(iii-vi), the HCOO* intermediate adopts a V-shaped configuration, with both 

oxygen atoms of CO2 oriented toward the CDs surface, while the COOH* intermediate aligns 

nearly parallel to the CDs layer. Further proton-coupled electron transfer results in the final 

products, HCOOH and CO, with ΔG values of -1.79 and -1.08 eV, respectively. The reaction 

profile indicates that the formation of HCOOH is energetically favored over CO by -0.71 eV, 

which is consistent with experimental observations. 

 

Figure 5.20. CO2 reduction reactions over the CDs/CdS QDs composite systems (a) Optimized 

structures, and (b) Computed Gibbs free energy reaction profile for the formation of HCOOH 

and CO. 
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Density of states (DOS) analysis, shown in Figures 5.21a-5.21d, reveals that sulfur 

atoms in the CDs/CdS QDs composite predominantly contribute to the valence band near the 

Fermi level. Upon examining the projected density of states (PDOS) for CO2 adsorption, we 

found that the valence band is primarily occupied by sulfur, while the conduction band 

contributions from carbon and oxygen are significantly distant from the Fermi level, indicating 

that CO2 is physisorbed rather than chemisorbed on the composite. After proton-coupled 

electron transfer to CO2, distinct PDOS profiles arise for the HCOO* and COOH* 

intermediates. A comparison of these intermediates shows a greater contribution of carbon and 

oxygen orbitals near the Fermi level in HCOO* than in COOH*, suggesting stronger electronic 

interactions for HCOO*. Based on the reaction profile and electronic structure analysis, it is 

evident that the formation of formic acid is thermodynamically more favorable than carbon 

monoxide production.  

 

Figure 5.21. Projected density of states for (a) CDs/CdS QDs composite, (b) CO2 adsorbed on 

CDs/CdS QDs composites, (c) HCOO* intermediate, and (d) COOH* intermediate. 
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5.3 Major findings 

In this study, 0D CDs/CdS QDs composites with abundant SVs vacancies were 

successfully synthesized using natural precursors, including orange peels and phytochemicals 

from Aegle marmelos. The CDs/CdS QDs(bio) composites exhibited a significantly longer 

decay lifetime, superior CO2 adsorption affinity, and higher photocurrent response than CdS 

QDs(bio). Notably, 0.4CDs/CdS QDs(bio) composites achieved a remarkable HCOOH rate of 

439.51 μmol/g·h (AQY 3.81%) without sacrificial agent. The composites were stable with no 

noticeable changes in morphology and crystallite size owing to CDs incorporation onto CdS 

QDs(bio), preventing its photo-corrosion and inhibiting charge recombination. DFT analysis 

validated the preferential HCOOH formation over CO with a free energy difference of -0.71 

eV. DOS revealed strong carbon-oxygen orbital interactions near the Fermi level, enhancing 

HCOO* intermediate stabilization and promoting HCOOH production. However, CDs/CdS 

QDs exhibited narrow product selectivity towards HCOOH. To overcome this, the fourth 

objective introduced Z-scheme SnO2/CdS QDs heterostructures, which combined spatial 

charge separation, strong redox potential alignment, and high product selectivity. DFT study 

was used to reveal the underlying mechanism of improved charge transfer and its role in 

improving photocatalytic performance. 
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CHAPTER 6 

Green Synthesis of Z-Scheme SnO2/CdS heterostructure: 

DFT Calculation and Photocatalytic CO2 Reduction to 

Methanol and Hydrogen 

 

 

Chapter highlights 

 CdS QDs(bio) and SnO2(bio) NPs synthesized using plant-based phytochemicals  

 SnO2/CdS QDs(bio) heterostructures inhibits CdS QDs(bio) photocorrosion  

 Z-scheme heterojunction enhances charge separation and suppresses recombination 

 MeOH/H2 production of 675.9/139.5 μmol/g·h over SnO2/CdS QDs(bio)  

 DFT confirms DOS modifications in CdS, enhancing charge transport at interfaces 

 Internal electric field aids charge transfer, boosting photocatalytic performance 
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6.1 Introduction 

The rapid industrialization and extensive use of fossil fuels have significantly increased 

CO2 emissions, contributing to global warming and environmental degradation. As a major 

greenhouse gas, CO2 not only intensifies climate change, but its emission is also related to the 

accelerated depletion of petroleum resources [1,2]. To address such challenges, the conversion 

of CO2 into valuable carbon-based fuels such as CO, CH4, HCOOH, and CH3OH has gained 

significant research attention. Among various CO2 utilization technologies, photocatalytic CO2 

reduction (PCO2R) takes place in a sustainable and environmentally friendly approach by 

harnessing abundant solar energy to drive chemical transformations [3,4]. However, the 

process faces critical challenges, including slow CO2 reduction kinetics, limited light-

harvesting capabilities, rapid charge recombination, and competing side reactions [5,6]. 

Developing efficient semiconductor-based photocatalysts with enhanced light harvesting, 

improved charge separation, and high selectivity is crucial for industrial applications targeting 

carbon neutrality and renewable fuel production [7,8].   

Various semiconductor nanoparticles (NPs), including quantum dots (QDs), have been 

studied for PCO2R. However, CdS QDs attract interest due to their narrow band gap (2.42 eV), 

efficient solar energy conversion, exceptional charge carrier transport properties, multiexciton 

generation, large surface area (~100 m2/g), and favorable conduction band(CB) position (-0.95 

eV)[9,10]. However, CdS QDs face challenges such as photocorrosion of sulfur forming SO4
2- 

and rapid recombination of electron (e-)/hole(h+) pairs,  hindering their applications [11,12]. 

Various strategies have been explored to address these limitations of CdS QDs for PCO2R, 

including morphology control, co-catalyst formation, and heterostructure construction. Notable 

examples such as  In2O3/CdS [4], CQDs/CdS [12], ZnO/CdS [13], and  CdS/A-GO [14] have 

demonstrated enhanced charge separation, reduced recombination, and suppression of the 

photocorrosion, enhancing overall photocatalytic performance. 

SnO2 is an n-type semiconductor with a ~3.6 eV band gap, featuring excellent electronic 

properties, chemical stability, and nontoxicity. Therefore, it has attracted significant attention 

for PCO2R [15,16]. However, its relatively fast recombination rate of photogenerated charge 

carriers limits its performance. SnO2 is commonly used as a co-catalyst in photocatalysts to 

improve electron transfer efficiency through heterostructure formation. Various hybrid SnO2-

based photocatalysts have been explored for PCO2R, including such as CsPbBr3/CdS [17], 

SnO2/BiOI [18], SnO2/Cs3Bi2Br9 [19], exhibiting enhanced charge carrier separation and 

superior photocatalytic performance compared to single photocatalyst.  Considering these 
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advantages, coupling SnO2 with CdS presents a promising approach for better charge 

separation, minimization of recombination, and photocorrosion suppression, resulting in 

improved photocatalytic activity compared to individual CdS and SnO2 catalysts. 

Bio-based methods utilizing bio-precursors for synthesizing NPs/QDs are eco-friendly 

and cost-effective [20,21]. Such catalysts could be applied in PCO2R to control industrial CO2 

emissions [4,22]. The diverse tropical plants found in Northeastern states of India, are rich in 

bio-precursors, which can be applied as capping and reducing agents for efficient NP/QDs 

synthesis. Additionally, combining microwave irradiation with bio-based processes can 

significantly increase NP/QDs formation rates [12]. 

Chapter 6 investigates on biomass-based SnO2/CdS heterostructure formation using 

plant-derived phytochemicals from Aegle marmelos along with short microwave irradiation. 

The Aegle marmelos contains phytochemicals, such as flavonoids, alkaloids, tannins, phenols, 

and saponins, which could act as reducing and capping agents [4,12]. The synthesized catalysts 

were comprehensively characterized using spectroscopy, microscopy, diffraction, and 

electrochemical techniques. The bandgap and charge separation of catalysts were examined 

using density functional theory (DFT) by analyzing the band structure and density of state 

(DOS). The synthesized catalysts were evaluated for PCO2R under visible light irradiation, 

producing MeOH and H2. Furthermore, the stability and reusability of the heterostructure were 

evaluated. This study introduces a novel bio-based synthesis strategy for heterostructures to 

enhance the efficiency of PCO2R, with a focus on producing MeOH and H2.  

 

6.2 Results and discussion 

6.2.1. Photocatalyst characterizations 

Morphological analyses: The positively charged surface of CdS QDs(bio), as 

confirmed by the zeta potential value at pH 7.5 (Table 6.1), enables the electrostatic adsorption 

of negatively charged Sn4+ ions. These ions react with an oxygen source to form SnO2 on the 

surface of CdS QDs, resulting in the formation of the SnO2/CdS QDs(bio) heterostructure. 

Microwave irradiation is then employed to enhance the interaction between the SnO2(bio) and 

CdS QDs(bio). 

 

Table 6.1. Hydrodynamic diameter and Zeta potential of CdS QDs(bio), CuO QDs(bio), and 

SnO2/CdS QDs(bio) heterostructures. 

Catalysts Hydrodynamic diameter (nm) Zeta potential (mV) 
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CdS QDs(bio) 212.2 15.9 

SnO2(bio) 238.7 -13.5 

0.25SnO2/CdS (bio) 247.3 -16.2 

0.50SnO2/CdS(bio) 276.2 -20.8 

0.75SnO2/CdS(bio) 298.1 -24.4 

1.00SnO2/CdS(bio) 312.3 -26.9 

 

Figures 6.1a-6.1c shows the TEM images of CdS QDs(bio), SnO2(bio), and 

0.50SnO2/CdS QDs(bio) heterostructure with their average particle size of 4.85, 8.06, and 5.70 

nm, respectively. The HRTEM image (Figure 6.1d) of the 0.50SnO2/CdS QDs(bio) 

heterostructure reveals lattice fringes with a d-spacing of 0.338 nm, corresponding to the (111) 

plane of CdS QDs(bio) and 0.334 nm, associated with the (110) plane of SnO2(bio), confirming 

the coexistence of CdS and SnO2 in the heterostructure. The same d-spacing values are 

observed in the individual CdS QDs(bio) and SnO2(bio) (Figure 6.2). The SAED pattern 

(Figure 6.1d(inset)) of 0.50SnO2/CdS QDs(bio) heterostructure exhibits a polycrystalline 

nature. EDX analysis (Figure 6.1e) of heterostructure confirms the presence of Cd, Sn, S, and 

O with their respective percentage of 31.1, 38.7, 9.0, and 21.1%. Elemental mapping (Figure 

6.1f) further confirms the uniform dispersion of these elements in the heterostructure. 

 

Figure 6.1. TEM images of (a) CdS QDs(bio), (b) SnO2(bio), and 0.50SnO2/CdS QDs(bio) 

heterostructure, (d) HR-TEM image and (inset) SAED pattern, (e) EDX spectrum, and (f) 

Elemental mapping of 0.50SnO2/CdS QDs(bio) heterostructure. 
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Figure 6.2. HRTEM images and (inset) SAED patterns of (a) CdS QDs(bio) and (b)SnO2(bio). 

 

Determination of energy levels: The absorption spectra of the synthesized catalyst are 

presented in Figure 6.3a. CdS QDs(bio) exhibit an absorption edge at 520 nm [4], while 

SnO2(bio) is at 370 nm [23]. SnO2(bio) has a limited visible light range than the CdS QDs(bio). 

The absorption edge of the 0.50SnO2/CdS QDs(bio) heterostructure exhibited a red shift, 

thereby improving their light absorption in the visible spectrum [4,23]. The bandgap of the 

catalysts was determined using Tauc’s relation, as illustrated in Figure 6.3b. The calculated 

bandgap values for CdS QDs(bio), SnO2(bio), and the 0.50SnO2/CdS QDs(bio) heterostructure 

were 2.38, 2.83, and 2.16 eV, respectively. The bandgap values for SnO2(bio) and CdS 

QDs(bio) align with those reported in the literature [12,24]. 

Figure 6.3c presents the minimum valence band (VB) energies of CdS QDs(bio), 

SnO2(bio), and the 0.50SnO2/CdS QDs(bio) heterostructure, measured as 1.51, 2.73, and 1.20 

eV, respectively. Figure 6.3d illustrates the energy level diagram of the catalysts, showing the 

calculated maximum conduction band energies of -0.87, -0.1, and -0.96 eV for CdS QDs(bio), 

SnO2(bio), and the 0.50SnO2/CdS QDs(bio) heterostructure, respectively. These results 

indicate that the heterostructure exhibits favourable maximum conduction band (CB) energies, 

which suggests an enhanced rate of MeOH and H2 production. The work function (φ) is 

determined using the equation φ= hv-Ecutoff  [25], where hv represents the energy of the 

monochromatic ionizing light (21.22 eV), and Ecut-off is the threshold energy for secondary 

electrons obtained through linear extrapolation of the ultraviolet photoelectron spectroscopy 

(UPS) VB spectrum. The EF is calculated using the relation EF = ̶  φ [4]. The UPS VB spectra 

for secondary electrons are shown in Figure 6.4. The measured secondary electron cut-off 

energies for CdS QDs(bio), SnO2(bio), and the 0.50SnO2/CdS QDs(bio) heterostructure are 
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16.71, 15.7, and 16.13 eV, respectively, corresponding to work function values of 4.51, 5.52, 

and 5.09 eV. The EF for CdS QDs(bio), SnO2(bio), and the 0.50SnO2/CdS QDs(bio) 

heterostructure are calculated as -4.51, -5.52, and -5.09 eV, respectively, aligning with 

previously reported literature values  [26,27]. 

 

Figure 6.3. (a) UV-Vis absorption spectra, (b) Bandgap calculation, (c) UPS VB spectra, and 

(d) Energy level diagram of CdS QDs(bio), SnO2(bio), and 0.50SnO2/CdS QDs(bio) 

heterostructure. 

 

Figure 6.4. UPS VB spectra for secondary electron onset. 
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XRD analysis: The XRD pattern of synthesized catalysts is illustrated in Figure 6.5. 

For CdS QDs(bio), the peak positions at 2θ= 26.5° (111), 43.9° (220), and 51.9° (311) 

correspond to a cubic structure (JCPDF: 00-002-0454) [12]. For SnO2(bio), the peak position 

at 2θ=26.67° (110), 33.93° (101), 38.10° (200), 52.23° (211),54.94° (220), 58.36° (002), 62.26° 

(310), 64.68° (112), 66.23° (301), 71.40° (202), 79.08° (321) attributed to the tetragonal phase 

(JCPDF: 00-001-0657) [28]. The diffraction pattern of the SnO2/CdS(bio) heterostructure 

closely resembles that of CdS, while the characteristic peaks of SnO2 corresponding to the 

(110), (101), and (211) planes are also observed. Notably, the SnO2 peaks at 2θ = 26.67° and 

52.23° overlap with the CdS peaks at 26.5° and 51.9°, respectively. This overlap arises from 

the nearly identical 2θ positions of the diffraction peaks for both semiconductors [29,30]. This 

confirms the successful coupling between SnO2 NPs and CdS QDs. The average crystallite size 

was determined using Debye Scherrer’s equation [4]. The average crystallite size of CdS 

QDs(bio), SnO2(bio), and 0.50SnO2/CdS QDs(bio) heterostructure was calculated to be 4.26, 

8.4, and 5.39 nm, respectively. 

 

Figure 6.5. XRD patterns of CdS QDs(bio), CdS(con), SnO2(bio), SnO2(con), and SnO2/CdS 

QDs(bio) heterostructures at different molar ratios (0.25-1.0) of SnO2 and CdS QDs. 

 

XPS analysis: The survey spectra of synthesized catalysts confirm the Cd, S, Sn, and 

O elements (Figure 6.6a). Cd 3d spectra (Figure 6.6b) of CdS QDs(bio) showed peaks at 412.1 

eV(3d3/2) and 405.3 eV (3d5/2), representing Cd2+ in CdS QDs(bio) [4]. Sn 3d spectra (Figure 
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6.6c) of SnO2(bio) show the peaks at 496.35 eV(3d3/2) and 487.88 eV(3d5/2), respectively, 

indicating Sn4+ in SnO2(bio) NPs [28]. S 2p spectra (Figure 6.6d) exhibited peaks at 

163.1eV(2p1/2) and 161.86 eV(2p3/2), indicating the S2- valence state in CdS QDs(bio) [12]. O 

1s spectra of SnO2(bio) (Figure 6.6e) exhibit the two peaks at 531.7 and 530.32 eV 

corresponding to the adsorbed oxygen (OH) and lattice oxygen (OL) [31]. The Sn 3d, Cd 3d, O 

1s, and S 2p spectra of the 0.50SnO2/CdS QDs(bio) heterostructure showed a similar trend. A 

blue shift in the binding energy of Sn 3d, Cd 3d, O 1s,  and S 2p was observed, revealing the 

strong interaction between  CdS and SnO2, confirming the formation of heterostructure [23,32]. 

 

Figure 6.6. (a) XPS survey spectra, and high-resolution spectra of (b) Cd 3d, (c) Sn 3d, (d) S 

2p, and O 1s of CdS QDs(bio), SnO2(bio), and 0.50SnO2/CdS QDs(bio) heterostructure. 

 

Charge trapping and recombination: The PL spectra (Figure 6.7a) were obtained at 

the excitation wavelength of 360 nm for CdS QDs(bio) and SnO2/CdS(bio) heterostructure and 

at 350 nm for SnO2(bio).  The prominent emission was observed at 493 nm for CdS QDs(bio) 

and the SnO2/CdS QDs(bio) heterostructure, while SnO2(bio) exhibited a peak at 466 nm. The 

PL intensity of heterostructure was decreased compared to the CdS QDs(bio) and SnO2(bio), 

indicating reduced charge carrier recombination. This implies that heterojunction formation 

improves the separation of e⁻/h⁺ pairs [4,23].  

The TRPL spectra were performed to understand the charge carrier dynamics (Figure 

6.7b and Table 6.2). The excitation and emission wavelengths were 375 nm and 528 nm for 

CdS QDs(bio) and the SnO2/CdS QDs(bio) heterostructure, whereas for SnO2(bio), they were 
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375 nm and 450 nm with 1000 counts. The TRPL decay curves were analyzed by fitting them 

with a bi-exponential decay function. The average lifetimes of SnO2(bio), CdS QDs(bio), and 

0.50SnO2/CdS QDs(bio) heterostructure were calculated as 2.18, 2.74, and 5.37 ns, 

respectively. The longer average lifetime of the SnO2/CdS QDs(bio) heterostructure compared 

to CdS QDs(bio) and SnO2(bio) indicates enhanced charge separation efficiency within the 

heterostructure [4,31]. 

 

Figure 6.7. (a) PL and (b) TRPL spectra of synthesized catalysts. 

 

Table 6.2. TRPL data of synthesized catalysts. 

Photocatalyst A1 (%) A2 (%) τ1 (ns) τ2 (ns) τave (ns) 

SnO2(bio) 0.08596 1.0132 4.9092 0.8373 2.18 

CdS QDs(bio) 0.0536 0.9862 6.8714 0.7886 2.74 

0.50SnO2/CdS 

QDs(bio) 
0.3827 0.6029 6.6316 1.3 5.37 

 

BET surface area analysis: The surface area and pore size of the synthesized catalyst 

were calculated using N2 sorption analysis (Table 6.3). The N2 sorption (Figure 6.8a) 

indicating CdS QDs(bio), SnO2(bio), and 0.50SnO2/CdS QDs(bio) heterostructure exhibit type 

IV isotherms with an H2, H2, H3 hysteresis loop, respectively, because of it mesoporous 

characteristics. The surface area and average pore diameter of SnO2(bio), CdS QDs(bio), and 

SnO2/CdS QDs(bio) heterostructure were 62.42, 69.52, and 120.66 m2/g and 4.12, 6.28, and 

9.45 nm, respectively. The heterostructure has a high surface area and porous properties, 

offering more catalytic active sites for redox reactions [28,33]. Additionally, the CO2 

adsorption ability of 0.50SnO2/CdS QDs(bio) heterostructure (0.40 mmol/g) surpasses that of 
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CdS QDs(bio) (0.102 mmol/g) and SnO2(bio) (0.09 mmol/g) (Table 6.3). The TGA analysis is 

presented in Figure 6.8b. The residual carbon content, as shown in Table 6.4, was measured 

within the temperature range of 300–500°C [7], revealing that the heterostructure contains 

2.28% (w/w) carbon. 

 

 

Figure 6.8. (a) N2 sorption isotherms, and (b) TGA & DTG analysis of CdS QDs(bio), SnO2 

QDs(bio), and 0.50SnO2/CdS QDs(bio) heterostructure. 

 

Table 6.3. Physical characteristics of synthesized catalysts. 

Catalyst Bandgap 

(eV) 

Crystalli

te size 

(nm) 

BET 

surface 

area (m2/g) 

Average 

pore (nm) 

Pore 

volume 

(cm3/g) 

CO2 

Adsorption 

(mmol/g) 

CdS QDs(bio) 2.38 3.5 69.52 6.28 0.11 0.102 

SnO2(bio) 2.83 8.4 62.42 4.12 0.193 0.08 

SnO2/CdS(bio) 

heterostructure 
2.16 5.39 120.6 9.45 0.22 0.40 

 

Table 6.4. Residual carbon content calculation in catalyst samples from TGA. 

Catalysts 
Temperature range of 

carbon % calculation (°C) 
Carbon (%) 

CdS QDs(bio) 300 to 500 11 

SnO2(bio) 300 to 500 1.14 

0.50SnO2/CdS QDs(bio) 300 to 500 2.28 
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6.2.2 Photoelectrochemical response 

  The chronoamperometry study (i-t) was performed under visible light irradiation with 

alternating light on/off cycles at 25 s intervals (Figure 6.9a). The average photocurrent density 

of SnO2/CdS QDs(bio) reaches 0.74 μA/cm2, surpassing that of SnO2(bio) by 9 times and CdS 

QDs(bio) by 7 times. This highlights the enhanced charge separation efficiency of the 

SnO2/CdS QDs(bio) heterostructure [4,34].  

  The charge transfer resistance (Rp) at the photoelectrode-electrolyte interface was 

evaluated using EIS under both dark and light conditions (Figure 6.9b). The heterostructure 

exhibits a smaller arc radius compared to SnO2(bio) and CdS QDs(bio), suggesting enhanced 

charge separation and lower Rp. The EIS-fitted parameters are summarized in Table 6.5, with 

the equivalent circuit illustrated in Figure 6.9b(inset). Under light conditions, the Rp values 

for SnO2(bio), CdS QDs(bio), and SnO2/CdS(bio) were 11.28, 13.2, and 9.45 MΩ, respectively. 

In dark conditions, the values were 15.55, 14.8, and 11.12 MΩ, respectively. The smaller arc 

radius and reduced resistance indicate improved conductivity, faster charge carrier migration, 

and a lower charge recombination rate [21,35]. This finding suggests enhanced charge carrier 

separation and transfer in the 0.50SnO2/CdS QDs(bio) heterostructure, constituent with the 

results from photocurrent and PL study. 

 

Figure 6.9. (a) Chronoamperometry study (i-t) and (b) Nyquist plots (EIS) under light and dark 

conditions (equivalent circuit is in inset) used for fitting of EIS data. 

 

Table 6.5. Parameters of equivalent circuit used for fitting of EIS data. 

Catalyst 

 

Rs (KΩ) Rp (MΩ) CPE 

CdS QDs(bio) (Dark) 6.23 14.8 Y0=188nMho×SN 
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N=0.566 

CdS QDs(bio) (Light) 4.83 13.2 
Y0=221nMho×SN 

N=0.574 

SnO2(bio) (Dark) 7.25 15.55 
Y0=241nMho×SN 

N=0.574 

SnO2(bio) (Light) 5.04 11.28 
Y0=253nMho×SN 

N=0.589 

SnO2/CdS QDs(bio) 

(Dark) 
5.75 11.12 

Y0=272nMho×SN 

N=0.592 

SnO2/CdS QDs(bio) 

(Light) 
3.5 9.45 

Y0=281nMho×SN 

N=0.596 

 

6.2.3 DFT calculation 

DFT calculations were conducted to analyze the band structure and DOS of the 

synthesized catalysts. The optimized models for the CdS QDs, SnO2, and the SnO2/CdS 

heterostructure are presented in Figures 6.10a–6.10c, with the corresponding lattice 

parameters summarized in Table 6.6. Using the GGA+U approach in DFT with Hubbard 

parameters Ud=4.4 and Up=4.1 for CdS QDs, and Up=7.0 and Ud=9 for SnO2, the calculated 

band structure (Figures 6.11a–6.11c) reveals bandgaps of 2.38, 2.8, and 2.15 eV for CdS QDs, 

SnO2, and the SnO2/CdS QDs heterostructure, respectively. These values are in close 

agreement with the experimental bandgaps of 2.38, 2.83, and 2.15 eV, respectively. The band 

structure of the 0.50SnO2/CdS QDs heterostructure notably reveals overlapping electronic 

bands near the EF due to the incorporation of SnO2. This overlap introduces additional 

electronic states within the CdS bandgap, thereby effectively reducing the bandgap [36], as 

further supported by UV-DRS analysis. The DOS for CdS QDs, SnO2, and SnO2/CdS is 

illustrated in Figures 6.11d–6.11f. Notably, the DOS of the SnO2/CdS heterostructure in the 

CB is shifted closer to the EF compared to CdS QDs, indicating a higher density of electronic 

states near the EF [37]. A similar phenomenon was reported for the Bi2S3/Ti3C2Tₓ MXene 

composite and the In2O3/CdS heterostructure [7,28]. This feature enhances electron transport 

in the SnO2/CdS QDs heterostructure compared to CdS QDs, indicating improved 

photocatalytic performance. 
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Figure 6.10. DFT model optimization of (a) CdS QDs, (b) SnO2, and (c) SnO2/CdS QDs 

heterostructure. 

 

 

Figure 6.11. DFT calculation of (a-c) Band structure and (d-f) Density of state of CdS QDs, 

SnO2, and SnO2/CdS QDs heterostructure. 
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Table 6.6. Optimized crystal structure parameters of CdS(bio), SnO2 QDs(bio), and CuO/CdS 

QDs (bio) heterostructures considered for DFT calculation. 

Catalyst a (Å) b (Å) c (Å) 

CdS QDs(bio) 5.88 5.88 5.88 

SnO2(bio) 4.72 4.72 3.17 

SnO2/CdS QDs(bio) 20.6 24.2 42 

 

6.2.4 Photocatalytic CO2 reduction evaluation 

The synthesized catalysts were evaluated for PCO2R to MeOH/H2 under visible light 

illumination. In this study, only two products were formed, namely, MeOH and H2. The 

calibration curve for MeOH and H2 standards are presented in Figure 6.12, while 

chromatograms of both standard and resulting product are shown in Figure 6.13. Neither 

MeOH nor H2 was detected in the absence of the catalyst or light illumination. To determine 

the carbon source contributing to MeOH and H2 formation, three control experiments were 

conducted under optimal conditions, each with one component absent as: (i) CO2, (ii) lamp, 

and (iii) catalyst. In all cases, no MeOH or H2 was detected (Figure 6.14), confirming that these 

products originate from the CO2 feedstock in the system. Additionally, a control experiment 

using N2 instead of CO2 yielded no detectable reduction products (Figure 6.15), ruling out the 

influence of organic contaminant photodegradation and verifying that the observed activity is 

solely due to PCO2R. 

 

Figure 6.12. Calibration curves of (a) MeOH and (b) H2. 
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Figure 6.13. (a) HPLC chromatograms of standard 1 g/L MeOH and (inset) solution after 5 h 

of CO2 reduction, and (b) GC chromatograms of standard 1 mL H2 and (inset) solution after 5 

h of CO2 reduction. 

 

Figure 6.14. HPLC (left side) and GC (right side) chromatograms following 300 s of CO2 

reduction (a) CO2 purge + DI water + light irradiation, (b) 0.50CuO/CdS QDs(bio) 

heterostructure + DI water + CO2 purge, and (c) 0.50CuO/CdS QDs(bio) heterostructure + DI 

water + light irradiation.  
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Figure 6.15. (a) HPLC, (b) GC chromatograms after 5 h of the control experiments, (c) HPLC, 

and (d) GC chromatograms after 10 h of the control experiments using N2 instead of CO2.  

 

Figure 6.16a illustrates the formation rates of MeOH/H2 using SnO2(bio), CdS 

QDs(bio), and SnO2/CdS QDs(bio) heterostructure at different loading ratios (0.25, 0.50, 0.75, 

and 1.00 molar). CdS QDs(bio) and SnO2(bio) failed to produce any detectable products, 

attributed to rapid e-/h+ pairs recombination and photocorrosion of CdS, as confirmed by PL 

and XPS and PL studies (Figure 6.7a and Figure 6.17). This indicates their inefficiency as 

catalysts for PCO2R to MeOH/H2 [12,32]. MeOH and H2 formation was detected by SnO2/CdS 

QDs(bio) heterostructure, with yield increasing as the SnO2 loading ratio increased. The 

highest production rates were observed at a 0.50 molar SnO2 loading, reaching 634.6 μmol/g·h 

for MeOH and 122 μmol/g·h for H2. However, a further increase in SnO2 loading led to a 

significant decline in the formation rates of MeOH and H2. This decline is attributed to particle 

aggregation and the blockage of active sites on CdS QDs(bio), which hinder light absorption 

[12]. Dynamic light scattering (DLS) analysis (Table 6.1) showed that when SnO2(bio) loading 

exceeded 0.50, the particle size increased from 276.2 to 312.3 nm because of agglomeration. 
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Therefore, the optimal SnO2 loading for the SnO2/CdS QDs(bio) heterostructure catalyst was 

identified as 0.50. 

Figure 6.16b depicts the formation rates of MeOH and H2 at varying concentrations of 

the 0.50SnO2/CdS QDs(bio) heterostructure (0.25, 0.40, 0.75, 1.0, 1.25 g/L). The maximum 

MeOH and H2 production rates were achieved at a photocatalyst concentration of 0.75 g/L, 

yielding 675.9 and 13.5 μmol/g·h, respectively, with apparent quantum yield (AQY) of 3.51 

and 0.24 % (AQY calculation provided in Table A4). The selectivity of MeOH and H2 is found 

to be 46.44 and 53.55 %, respectively. However, higher photocatalyst concentrations led to 

increased turbidity in the solution, reducing the efficiency of light irradiation [12,38]. Table 

6.7 presents turbidity assessments for different photocatalyst concentrations, showing a 

24.21% increase in turbidity when exceeding 0.75 g/L. A comparison of the MeOH and H2 

formation rates obtained in this study with reported literature values (Table 6.8) highlights the 

superior performance of the bio-based SnO2/CdS QDs(bio) heterostructure.  

Figure 6.16c illustrates the evaluation of the functional stability of the 0.50SnO2/CdS 

QDs(bio) heterostructure through repeated cycles of time-dependent PCO2R to MeOH and H2 

production. Over five consecutive cycles, the heterostructure demonstrated consistent 

photocatalytic activity with only a marginal 1.97% for MeOH and a 10 % for H2 decline in 

their performance. This slight decline is attributed to the unavoidable loss of catalysts during 

the recovery process. This remarkable stability indicates that incorporating SnO2(bio) onto CdS 

QDs(bio) effectively mitigates photocorrosion and suppresses the recombination of e-/h+ pairs, 

enhancing the overall stability of the heterostructure [4,39]. 

 

Table 6.7. Turbidity of 0.50SnO2/CdS QDs(bio) heterostructure. 

Catalyst concentration (g/L) Turbidity (NTU) 

0.25 140 

0.50 155 

0.75 190 

1.0 236 

1.25 289 
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Figure 6.16. (a) Photocatalytic CO2 reduction using bio-based catalysts, (b) Effect of 

photocatalyst loading, and (c) Functional stability study of 0.50SnO2/CdS QDs(bio) 

heterostructure. 

 

 

Figure 6.17. XPS HR spectra of S 2p of CdS QDs(bio/used).
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Table 6.8. Comparison of the MeOH and H2 rate with the earlier report. 

Photocatalyst Synthesis method Reaction solvent Light source 

Products 

(μmol/g·h) Sources 

MeOH H2 

SnO2/CdS(bio) 

heterostructure 
Microwave irradiation Water 

250 W Metal halide lamp, λ> 

420 nm 
675.9 139.5 

Present 

Work 

CdS/PAA SILAR Water vapour 10 W LED lamp 114.5  [40] 

CdS/TiO2 Direct precipitation reaction 
0.1 NaOH/ 0.1 M 

Na2SO3 /H2O 

500 W Xenon lamp, λ>400 

nm 
31.9 

 
[41] 

Bi2S3/CdS Hydrothermal 
0.1M NaOH, 0.1M 

Na2SO3, H2O 

500 W Xenon lamp, λ=400-

700 nm 
122.6 

 
[42] 

CdS/A-GO Ultrasonication TEOA/H2O 
350W Xenon lamp, λ>420 

nm 
662.5 

 
[14] 

RGO/CdS/PAA SILAR Water vapour Sunlight 157.3  [43] 

CdS@CeO2 core/shell 

composite 
Two-step chemical Milli-Q water 

300W Xenon lamp, λ>420 

nm 
138 

 
[44] 

CdS@CeO2 

heterojunction 
Electrostatic interaction 

DMF/H2O/TEA 

(2:2:1) 

300 W Xenon lamp, λ>420 

nm 
153.4 

 
[45] 

TEOA: Triethanolamine; PAA: Porous anodic alumina; SBA: Santa barbara amorphous; TEA: trimethylamine; DMF: N, N-dimethylformamide; SILAR: Successive ionic 

layer adsorption and reaction
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6.2.5 Stability of SnO2/CdS QDs(bio) heterostructures 

Figure 6.18 displays the XPS spectra of 0.50SnO2/CdS QDs(bio) heterostructure 

before and after PCO2R. The survey spectra (Figure 6.18a) verify the existence of Sn, Cd, O, 

and S in the heterostructure. High-resolution spectra of 0.50SnO2/CdS QDs(bio) (Figures 

6.18b-18e) reveal consistent peak intensities before and after PCO2R, demonstrating the 

structural stability of the heterostructure. In contrast, for CdS QDs (bio/used) (Figure 6.17), 

the S 2p peak binding energy shows an additional peak at 168.6 eV (S⁶⁺), suggesting sulfur 

oxidation (photocorrosion) and the formation of SO4
2- [22,46]. 

XRD and TEM analyses were performed on SnO2/CdS QDs(bio) heterostructure before 

and after PCO₂R to evaluate its structural and morphological properties. The XRD spectra of 

0.50SnO2/CdS QDs(bio) and 0.50SnO2/CdS QDs(bio/used) (Figure 6.19a) reveal no 

significant changes in the lattice structure after the reaction, indicating structural stability. The 

crystallite size showed minimal variation, measuring 4.38 nm for 0.50SnO2/CdS 

QDs(bio/used) compared to 4.40 nm for 0.50SnO2/CdS QDs(bio). Likewise, the TEM image 

of 0.50SnO2/CdS(bio/used) (Figure 6.19b) reveals an average particle size of 5.65 nm, exhibits 

no significant morphological changes compared to the initial 5.70 nm of 0.50SnO2/CdS 

QDs(bio) with a size of 5.70 nm (Figure 6.1c).  

 

Figure 6.18. (a) XPS survey spectra, (b) Cd 3d, (c) Sn 3d, (d) S 2p, (e) O 1s of 0.50SnO2/CdS 

QDs(bio) heterostructure before and after PCO2R. 
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Figure 6.19. (a) XRD patterns of SnO2/CdS QDs(bio) heterostructure before and after PCO2R, 

and (b) FETEM of SnO2/CdS QDs(bio)/used. 

 

6.2.6 Mechanism of PCO2R catalysed by SnO2/CdS QDs(bio) heterostructure  

  The CdS QDs(bio), with a smaller φ value and higher EF, function as the reduction 

catalyst, whereas SnO2(bio), possessing a larger φ value and lower EF, acts as the oxidation 

catalyst. When these two semiconductors interact, the e- of CdS QDs(bio) spontaneously 

transfer to SnO2(bio) until their EF level reaches equilibrium. As a result, SnO2(bio) undergoes 

the downward band bending, accumulating negative charge at the interface, while CdS 

QDs(bio) experience upward band bending, developing positive charges. This charge 

redistribution leads to the development of an internal electric field (IEF)[4,17]. Under light 

illumination, the catalysts generate e-/h+ pairs (Eq. 6.1).   Driven by band edge bending, the IEF 

and Coulomb interactions, e- in the CB of SnO2(bio) migrate across the interface and recombine 

with the h+ in the VB of CdS QDs(bio). This process enables the e- in the CB of CdS QDs(bio) 

with strong reduction capability, while the h+ in the VB of SnO2(bio) possesses strong oxidation 

capability. The h+ in the VB of SnO2(bio) oxidizes H2O to produce a proton (H+) and hydroxyl 

radical (OH) (Eq. 6.2), while high potential e-  in CB of CdS QDs(bio) drives the CO2 reduction 

reaction to MeOH and H2. For H2 production, the photogenerated e- reduces H+ to form H2 (Eq. 

6.3) [47]. The detailed reaction mechanism for MeOH formation is illustrated in Scheme I. 

Thus, the full redox cycle of the photocatalytic system is completed (Figure 6.20). 

SnO2/CdS QDs(bio) + hv → h+ + e-     (6.1) 

H2O + h+ → H++ OH       (6.2) 

2H+ +2e-→ H2        (6.3) 
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The photocatalytic reduction of CO₂ to MeOH proceeds through a multi-step process, 

each involving H⁺ and e-. Initially, CO₂ is reduced to formate (HCOO⁻) (Eq. 6.4), which then 

gains another H⁺/e⁻ pair to form formic acid (HCOOH) (Eq. 6.5), a key intermediate in CO2 

conversion. HCOOH is further reduced to the hydroxycarbene (HCO)  with the release of H2O 

(Eq. 6.6). Subsequent reduction of HCO yields formaldehyde (CH2O) (Eq. 6.7), which is finally 

converted to methanol (CH₃OH) (Eq. 6.8). Overall, the reduction of 1 mole of CO2 requires 6 

e- and 6 moles of H⁺, producing one mole each of CH3OH and H2O (Eq. 6.9) [42]. 

Scheme I 

CO2 + H+ + e- → HCOO-      (6.4) 

HCOO-  + H+ + e-  → HCOOH     (6.5) 

HCOOH + H+ + e- → HCO + H2O     (6.6) 

HCO + H+ + e- → CH2O      (6.7) 

HCHO + H+ + e-  → CH3OH       (6.8) 

CO2 + 6H+ + 6e-  → CH3OH + H2O     (6.9) 

 

 

Figure 6.20. Possible reaction mechanism of PCO2R over Z-scheme SnO2/CdS QDs(bio) 

heterostructure. 
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6.3 Major findings 

 A bio-based Z-scheme SnO2/CdS QDs heterostructure (average particle size 5.7 nm 

and surface area 120.6 m2/g) is successfully synthesized using bio-analytes present in Aegle 

marmelos plant extract assisted by microwave irradiation. Its photocatalytic activity was 

evaluated for PCO2R to MeOH and H2 under visible light. The bandgap of CdS QDs, SnO2, 

and SnO2/CdS QDs heterostructure calculated using DFT closely agrees with the experimental 

determinations. The incorporation of SnO2 (0.5 molar ratio) could reduce the CdS QDs(bio) 

bandgap from 2.38 to 2.16 eV. DOS analysis reveals that SnO2 introduces an additional 

electronic state within the CdS QDs bandgap, enhancing charge separation and transport at the 

heterojunction. The SnO2/CdS QDs(bio) heterostructure exhibits a prolonged decay lifetime of 

5.37 ns, which is 1.95 and 2.45 times longer than that of CdS QDs(bio) and SnO2(bio), 

respectively. It also shows a 4-5-fold increase in CO2 adsorption (0.40 mmol/g). About 7- and 

9-times enhancement in photocurrent response was achieved compared to CdS QDs(bio) and 

SnO2(bio). Notably, SnO2/CdS QDs(bio) achieves a remarkable MeOH and H2 formation rate 

of 675.9/139.5 μmol/g·h (AQY 3.51/0.24%) without a sacrificial agent. The heterostructures 

demonstrated excellent stability (tested for 25 h), retaining its morphology (0.87% variation in 

particle size) and crystal structure (0.45% variation in crystallite size), and it could effectively 

prevent photocorrosion and suppress e⁻/h⁺ pair recombination. However, the competing 

hydrogen evolution reaction (HER) lowered CO2 reduction selectivity and affected multi-

electron conversion pathways. The fifth objective focused on synthesizing p-n junction 

CuO/CdS QD heterostructures to form ethanol (C2 hydrocarbon) and to suppress HER. The 

experimental studies, in combination with DFT analysis, elucidated the mechanism of 

enhanced charge transfer that leads to the formation of ethanol. 
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CHAPTER 7 

Phytochemicals for Synthesis of p-n Junction CuO/CdS 

Heterostructures for Photocatalytic Carbon Dioxide 

Reduction to Ethanol and Carbon Monoxide 

 

 

 

Chapter highlights 

 CdS QDs(bio) and CuO QDs(bio) synthesized using plant-based phytochemicals  

 CuO/CdS QDs(bio) heterostructures inhibited CdS QDs(bio) photocorrosion  

 Band overlapping of CuO/CdS heterostructures near Fermi level reducing its bandgap  

 CuO QDs(bio) incorporation in heterostructures conducive to CO2 adsorption by 6-fold  

 EtOH/CO production of 158.48/182.68 μmol/g·h over CuO/CdS QDs(bio)  
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7.1 Introduction 

Photocatalytic CO2 reduction into value-added products is a promising strategy for 

sustainable energy and greenhouse gas mitigation [1,2]. However,  the reaction rate is slow due 

to the chemical inertness of CO2, complex reaction pathways, and a variety of potential 

products [3,4]. Over the past decade, significant efforts have focused on developing cost-

effective photocatalysts with high efficiency and selectivity. Semiconductor nanoparticles 

(NPs) have demonstrated potential in artificial photosynthesis due to their excellent light 

harvesting, tunable band alignment, multiple exciton generation, and abundant surface binding 

sites [5–7]. Semiconducting materials, including g-C3N4 [8], TiO2 [5], CdS [9], Cu2O [10], ZnO 

[11], WO3 [12], MOFs [13], BiOBr [14], and In2O3 [15], have been employed as photocatalysts 

for CO2 reduction. However, their pristine forms generally exhibit low performance due to low 

charge separation, high recombination of electron (e-)/hole (h+) pairs, photocorrosion, limited 

visible light absorption, inadequate CO2 adsorption, and stability issues [16–18]. To overcome 

these limitations, heterostructures and co-catalyst integration are widely employed to enhance 

photocatalytic efficiency [19–21]. 

CdS, an n-type semiconductor, is widely studied for photocatalytic CO2 reduction due 

to its narrow band gap (2.42 eV), strong solar absorption, negative conduction band position (-

0.95 V), chemical and thermal stability, excellent charge transport, and tunable morphology 

[16,22]. However, its low photocatalytic activity is hindered by low charge separation and 

photocorrosion (oxidation of S2- to SO4
2-), limiting its application. Studies show that forming a 

heterostructure with semiconductors having suitable band structures significantly improves 

charge separation and photocorrosion resistance, enhancing CdS’s photocatalytic performance 

[11,23]. The p-n junction improves photocatalytic activity by creating an internal electric field 

that effectively separates e-/h+ pairs and photostability [24,25]. For example, the NiO/g-C3N4 

heterostructure has shown improved CO2 reduction efficiency and photostability due to the 

effective separation of e-/h+ pairs facilitated by the p-n junction formed between NiO and g-

C3N4 [26].  

On the other hand, CuO is a p-type semiconductor with a 1.2-1.9 eV band gap, excellent 

visible light absorption, and a favorable band structure for CO2 reduction [27,28]. However, its 

efficiency is limited by high e-/h+ pairs recombination.  CuO NPs are frequently used in the 

fabrication of heterogeneous photocatalysts by integrating them with other semiconductors to 

improve photocatalytic efficiency [29,30]. Combining p-type CuO with n-type CdS forms a p-

n heterojunction, reducing photocorrosion and suppressing charge recombination. Their well-
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aligned conduction and valence bands further improve charge separation, addressing the 

limitations of both materials [27,31].  

Bio-based synthesis of quantum dots (QDs) is eco-friendly and cost-effective, utilizing 

bio-based precursors [32,33]. A green approach for synthesizing QDs and their application in 

photocatalytic CO2 reduction could help control industrial CO2 emissions [34,35]. Northeastern 

states of India, abundant in diverse tropical plants, offer potential as sources for capping and 

reducing agents in efficient QDs synthesis. Additionally, combining microwave irradiation 

with bioinspired processes can significantly increase QDs formation rates [9]. 

In this work, a nature-inspired route was explored for the formation of p-n junction 

CuO/CdS heterostructure using plant-derived phytochemicals from Aegle marmelos assisted 

by a microwave irradiation method. Aegle marmelos contains phytochemicals, such as 

flavonoids, alkaloids, tannins, phenols, and saponins, acted as strong reducing and capping 

agents [9,34]. The synthesized catalysts were characterized using spectroscopy, microscopy, 

diffraction, and electrochemical techniques. The bandgap and charge separation of catalysts 

were calculated using DFT by analyzing the band structure and DOS. Photocatalytic CO₂ 

reduction under visible light produced ethanol (EtOH) and CO, and the heterostructures’ 

stability and reusability were evaluated. This study presents a novel bio-based synthesis 

approach for heterostructures designed to enhance the efficiency of photocatalytic CO2 

reduction, with a focus on producing EtOH and CO.  

 

7.2 Results and discussions 

7.2.1 Photocatalyst characterization 

XRD analysis: The XRD pattern of the synthesized catalyst is shown in Figure 7.1. 

The peaks at 2θ of 26.5°, 43.9°, and 51.9° for CdS QDs(bio) correspond to crystal planes (111), 

(220), and (311), confirming its cubic structure (JCPDF: 00-002-0454). For CuO QDs(bio), 

peak positions at 2θ of 32.52°, 35.45°,38.73°,48.76°, 53.41°, 58.32°, 61.57°, 66.23°, 68.14°, 

72.42°, 75.02° correspond to crystal plane (110), (002), (111), (2̅02), (020), (202), (1̅13), (3̅11), 

(220), (311), and (004), confirming monoclinic structure (JCPDF: 00-005-0661). The peak 

positions of both catalysts were perfectly matched with the reported literature [31,34]. For the 

CuO/CdS QDs(bio) heterostructure, the diffraction peaks corresponding to CdS QDs(bio) are 

observed, while no peaks are associated with CuO QDs(bio). This absence of CuO diffraction 

peaks is likely attributed to the low loading content (<1 molar ratio) and indicates a uniform 

distribution and small particle size. The average crystallite size was determined by Debye 
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Scherrer’s equation [36]. The average crystallite size of CdS QDs(bio), CuO QDs(bio), and 

0.50CuO/CdS QDs(bio) heterostructures was calculated to be 3.5, 5.2, and 4.40 nm, 

respectively. 

 

Figure 7.1. XRD diffractograms of CdS(con), CuO(con), CdS QDs(bio), CuO QDs(bio), and 

CuO/CdS QDs(bio) heterostructure at different molar ratios (0.25-1.0) of CuO and CdS QDs.  

 

̄XPS analysis:  The survey spectra of synthesized catalysts confirm the Cd, S, Cu, and 

O elements (Figure 7.2a). Cd 3d spectra (Figure 7.2b) of CdS QDs(bio) showed peaks at 412.1 

eV(3d3/2) and 405.3 eV (3d5/2), representing Cd2+ in CdS QDs(bio). S 2p spectra (Figure 7.2c) 

exhibited peaks at 160.1eV(2p1/2) and 158.88 eV(2p3/2), indicating the S2- valence state in CdS 

QDs(bio) [34] . Cu 2p spectra (Figure 7.2d) of CuO QDs(bio) show the peaks at 962.3 

eV(2p1/2), 953.9 eV (2p1/2), and 934 eV (Cu 2p3/2), while two peaks at 941.5 and 943.85 eV 

represent the satellite peak of Cu, confirming the Cu2+ in the CuO (bio) [31].  O 1s spectra 

(Figure 7.2e) of CuO QDs(bio) show the peaks at 531.9 and 529.9 eV corresponding to the 

adsorbed oxygen and lattice oxygen, respectively [27]. The Cu 2p, Cd 3d, O 1s, and S 2p 

spectra of CuO/CdS QDs(bio) heterostructure exhibited a similar trend. In S 2p, a new 

characteristic peak appears at 168.46 eV, corresponding to the Cu-S bond and the sulfate group. 

The positive shift of Cu 2p and O 1s compared to CuO QDs(bio) indicates the strong chemical 

interaction between CuO and CdS in the CuO/CdS heterostructure [27,31]. 
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Figure 7.2. (a) XPS survey spectra, (b, c) Cd 3d and S 2p spectra of CdS QDs(bio) and 

CuO/CdS QDs(bio) heterostructure, and (d, e) Cu 2p and O 1s of CuO QDs(bio) and CuO/CdS 

QDs(bio) heterostructure.  

 

Determination of energy: The absorption spectra of the synthesized catalyst are shown 

in Figure 7.3a. CdS QDs(bio) show a notable absorption edge at 520 nm, while CuO QDs(bio) 

at 600 nm. Both catalysts work in the visible range. In CuO/CdS QDs(bio) heterostructure, the 

red shift in the absorption edge was noted, enhancing the light absorption in the visible range 

[9].  The bandgap of catalysts was calculated by Tauc’s relation, shown in Figure 7.3b. The 

bandgap of CdS QDs(bio), CuO QDs(bio), and 0.50CuO/CdS QDs(bio) heterostructure were 

calculated to be 2.39, 1.75, and 2.25 eV, respectively. The bandgap of CuO QDs(bio) and CdS 

QDs(bio) matches with the reported literature [37,38].  

Figure 7.3c shows the minimum valence band energies of CdS QDs(bio), CuO 

QDs(bio), and 0.50CuO/CdS QDs(bio) heterostructure, which are 1.51, 0.68, and 1.13 eV, 

respectively. In Figure 7.3d, the energy level diagram of the catalysts gives the calculated 

maximum conduction band energies of -0.88, -1.07, and -1.12 eV for CdS QDs(bio), CuO 

QDs(bio), and 0.50CuO/CdS QDs(bio) heterostructure, respectively. This indicates that the 

0.50CuO/CdS QDs(bio) heterostructure possesses favourable maximum CB energies, 

suggesting an enhanced rate of EtOH and CO production [34]. The work function (φ)  is 

calculated using the equation φ= hv-Ecutoff  [9], where hv is the energy of the monochromatic 

ionizing light (21.22 eV), and  Ecut-off  denotes the threshold energy for the secondary electron 
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obtained from the linear extrapolation of the UPS VB spectrum. The Fermi level (EF) is 

determined by the relation EF= ̶ φ [9].  The UPS VB spectra for secondary electrons are 

presented in Figure 7.4. The measured secondary electron cut-off energies for   CdS QDs(bio), 

CuO QDs(bio), and 0.50CuO/CdS QDs(bio) heterostructure are 17.01, 16.52, and   16.62 eV, 

respectively, with corresponding work function values of 4.21, 4.7, and 4.6 eV. The EF of CdS 

QDs(bio), CuO QDs(bio), and 0.50CuO/CdS QDs(bio) heterostructure are calculated as -4.21, 

-4.7, and -4.6 eV, respectively match with reported literature [39,40].  

 

Figure 7.3. (a) Absorption spectra, (b) Bandgap calculation, (c) UPS VB spectra, and (d) 

Energy band diagram of CdS QDs(bio), CuO QDs(bio), and CuO/CdS QDs(bio) 

heterostructures. 
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Figure 7.4. UPS VB spectra for secondary electron onset. 

 

Synthesis and morphology:  The surface of CdS QDs(bio) exhibits a positive charge, 

as confirmed by the zeta potential value at pH 7.5 (Table 7.1), enabling the electrostatic 

adsorption of negatively charged Cu2+ ions. These ions then react with an oxygen source to 

form CuO QDs on the surface of CdS QDs, forming CuO/CdS QDs(bio) heterostructure. 

Subsequently, microwave irradiation is applied to enhance the interaction between the CuO 

QDs (bio) and CdS QDs(bio). 

 

Table 7.1. Hydrodynamic diameter and zeta potential of CdS QDs(bio), CuO QDs(bio), and 

CuO/CdS QDs(bio) heterostructures. 

Catalysts Hydrodynamic diameter (nm) Zeta potential (mV) 

CdS QDs(bio) 212.2 15.9 

CuO QDs(bio) 265.7 -19.9 

0.25CuO/CdS QDs(bio) 217.1 -15.3 

0.50CuO/CdS QDs(bio) 248.7 -21.5 

0.75CuO/CdS QDs(bio) 288.5 -26.56 

1.00CuO/CdS QDs(bio) 318.6 -29.4 

 

The FETEM images of the synthesized catalyst are presented in Figures 7.5a-7.5c. The 

well-defined quantum dot or nanocrystal structures of CdS QDs(bio), CuO QDs(bio), and 

CuO/CdS QDs(bio) heterostructure are clearly visible, with average particle sizes of 4.85 nm, 

5.14 nm, and 7.2 nm, respectively. All particles are under 10 nm, classifying them as quantum 
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dots [41]. The HRTEM analysis (Figure 7.5d) of the 0.5CuO/CdS QDs(bio) heterostructure 

reveals the distinct (111) planes of CdS (cubic) and CuO (monoclinic) with d-spacing’s of 

lattice fringes of 0.33 nm and 0.23 nm, respectively, confirming the coexistence of both CdS 

and CuO phases in the heterostructure. Additionally, the SAED pattern (Figure 7.5e) of 

heterostructure exhibited a polycrystalline nature with rings corresponding to the (111), (220), 

and (311) crystalline planes of CdS QDs(bio) and (002) and (2̅02) of CuO QDs(bio), supporting 

the formation of CuO/CdS QDs(bio) heterostructure. Furthermore, the distribution of elements 

of CuO/CdS QDs(bio) heterostructure was confirmed by EDX elemental mapping (Figure 

7.5f). The elements of Cu, Cd, O, and S are uniformly distributed in the CuO/CdS QDs(bio) 

heterostructure, indicating the successful anchoring of CuO onto CdS and the formation of a 

p-n junction.  

 

Figure 7.5. TEM images of (a) CdS QDs(bio), (b) CuO QDs(bio), (c) 0.50CuO/CdS QDs(bio) 

heterostructure, (d) HRTEM image, (e) SAED pattern, and (f) Elemental mapping with 10 μm 

scale of 0.50CuO/CdS QDs(bio) heterostructure. 

 

Charge trapping and recombination: To examine the separation and transfer 

behavior of photoinduced e-/h+ pairs in the photocatalysts, PL spectra were recorded for CdS 

QDs(bio) and 0.50CuO/CdS(bio) heterostructure at the excitation wavelength of 360 nm and 

CuO QDs(bio) at 300 nm (Figure 7.6a). The CdS QDs(bio), CuO QDs(bio), and 0.50CuO/CdS 

QDs(bio) heterostructure each exhibited a prominent emission peak at 460 nm. The PL 

intensity of heterostructure was lower than that of CdS QDs(bio) and CuO QDs(bio), indicating 
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a lower charge carrier recombination.  This suggests that the formation of the heterostructure 

enhances the separation of e−/h+ pairs. 

TRPL spectra (Figure 7.6b) of synthesized catalyst were recorded with excitation and 

emission wavelengths of 405 and 450 nm, with 5000 counts to examine charge transfer 

behavior. The TRPL decay curves were analysed by fitting them with a bi-exponential decay 

function. The average lifetimes of charge carriers of CdS QDs(bio), CuO QDs(bio), and 

0.50CuO/CdS QDs(bio) heterostructure were found to be 1.82, 2.05, and 3.16 ns, respectively. 

The heterostructure exhibits a longer lifetime of charge carriers than the CdS QDs(bio) and 

CuO QDs(bio), indicating that 0.50CuO/CdS QDs(bio) heterostructure demonstrates better 

efficiency in separation of e-/h+ pairs [42,43].  

 

Figure 7.6. (a) PL and (b) TRPL spectra of synthesized catalysts. 

 

 Raman analysis: The Raman spectra of the synthesized catalysts are shown in Figure 

7.7. For CdS QDs, two distinct peaks are observed at 295.8 and 593.5 cm-1, corresponding to 

the longitudinal optical (1LO) phonon mode and its overtone (2LO), respectively [44]. The 

first- and second-order LO phonon peaks exhibit a shift to lower frequencies and are 

asymmetrically broadened towards the lower-frequency side. This phonon softening and peak 

broadening can be attributed to the phonon confinement effect [28]. The Raman peaks of the 

0.50CuO/CdS QDs (bio) heterostructure can be attributed to the surface coverage by CuO [44]. 

For CuO QDs(bio), phonon modes 113, 147, and 212 cm-1 correspond to the scattering from 

phonons of symmetry ℾ-
12, ℾ

-
15, and 2ℾ-

12, respectively. The peak at 613 cm-1 is the contribution 

of the phonon mode ℾ -
15 [45]. 
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Figure 7.7. Raman spectra of CdS QDs(bio), CuO QDs(bio), and 0.50CuO/CdS QDs(bio) 

heterostructure. 

 

BET surface area analysis: N2 sorption analysis was performed to assess the surface 

area and pore properties of the synthesized catalyst, with the result depicted in Table 7.2. N2 

sorption isotherms (Figure 7.8a) recorded with CdS QDs(bio), CuO QDs(bio), and CuO/CdS 

QDs(bio) heterostructure exhibit type IV isotherms with an H1, H3, and H3 hysteresis loop, 

respectively, indicating its mesoporous characteristics. The surface area and average pore 

diameter of CdS QDs(bio), CuO QDs(bio), and CuO/CdS QDs(bio) heterostructure were 

69.52, 64.73, and 136.65 m2/g and 6.28, 6.94, and 13.65 nm, respectively. The p-n junction 

heterostructure has substantial surface area and porous properties, offering numerous 

catalytically active sites for redox reactions [25,31]. Additionally, the CO2 adsorption ability 

of 0.5CuO/CdS QDs(bio) heterostructure (0.643 mmol/g) surpasses that of CdS QDs(bio) 

(0.102 mmol/g) and CuO QDs(bio) (0.123 mmol/g), as indicated in Table 7.2. The TGA 

analysis is shown in Figure 7.8b. The residual carbon content (Table 7.3) is determined within 

the temperature range of 300-500°C [9], and heterostructure was found to contain 7% (w/w) 

carbon. 

 

Table 7.2. Physical characteristics of synthesized catalysts. 

Catalyst Bandgap 

(eV) 

Crystallit

e size 

(nm) 

BET 

surface 

area 

(m2/g) 

Average 

pore 

(nm) 

Pore 

volume

(cm3/g) 

CO2 

Adsorption 

(mmol/g) 

CdS QDs(bio) 2.39 3.5 69.52 6.28 0.11 0.102 
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CuO QDs(bio) 1.75 5.2 64.73 6.94 0.106 0.123 

0.50CuO/CdS 

QDs(bio) 

heterostructure 

2.25 4.40 136.65 13.65 0.32 0.643 

 

 
Figure 7.8. (a) N2 sorption isotherms, and TGA & DTG analysis of CdS QDs(bio), CuO 

QDs(bio), and 0.50CuO/CdS QDs(bio) heterostructure. 

 

Table 7.3. Residual carbon content calculation in catalysts from TGA plot. 

Catalysts 
Temperature range of 

carbon % calculation (°C) 
Carbon (%) 

CdS QDs(bio) 300 to 500 11 

CuO QDs(bio) 300 to 500 0 

0.50CuO/CdS QDs(bio) 300 to 500 7 

 

7.2.2 Photo-electrochemical response 

The electrochemical characteristics of the synthesized catalyst were investigated 

through photocurrent measurements and EIS studies. In chronoamperometry (Figure 7.9a), the 

average photocurrent density of 0.50CuO/CdS QDs(bio) heterostructure reached 0.94 μA/cm2, 

approximately nine and eight-fold higher than that of CdS QDs(bio), and CuO QDs(bio), 

respectively. This suggests the effective separation of photogenerated e-/h+ pairs due to p-n 

heterojunction formation between CuO QDs(bio) and CdS QDs(bio) [25]. 

In the EIS spectra (Figure 7.9b) under visible light, a reduced arc radius was observed 

for 0.50CuO/CdS QDs(bio) heterostructure, implying enhanced charge separation and transfer 
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efficacy. The EIS-fitted parameters are listed in Table 7.4, and the equivalent circuit is depicted 

in Figure 7.10. Charge transfer resistance (Rp) values for CdS QDs (bio), CuO QDs(bio), and 

0.50CuO/CdS QDs(bio) under light conditions were 13.2, 10.48, and 9.26 MΩ, respectively, 

and under dark conditions, they were 14.8, 2.34, and 10.12 MΩ, respectively. The smaller arc 

radius and lower resistance are because of enhanced conductivity, faster charge carrier 

migration, and decreased charge recombination rate [46,47]. This finding indicates enhanced 

charge carrier separation and transfer in the CuO/CdS QDs(bio) heterostructures, which 

aligned well with photocurrent and PL analysis results.  

 

Figure 7.9. (a) Chronamperometry study and (b) Nyquist plots (EIS) under light and dark 

conditions. 

 
Figure 7.10. Equivalent circuit used for fitting of EIS data (Rs: Electrolytes resistance; Rp: 

Polarization resistance; CPE: Constant phase element). 

 

Table 7.4. Parameters of equivalent circuit used for fitting of EIS data. 

Catalyst Rs (KΩ) Rp (MΩ) CPE 

 

CdS QDs(bio) (Dark) 
6.23 14.8 

Y0=188nMho×SN 

N=0.566 

CdS QDs(bio) (Light) 
4.83 13.2 

Y0=221nMho×SN 

N=0.574 

CuO QDs(bio) (Dark) 5.64 12.34 Y0=232nMho×SN 
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N=0.552 

CuO QDs(bio) (Light) 4.12 10.48 Y0=248nMho×SN 

N=0.549 

0.50CuO/CdS QDs(bio) (Dark) 5.36 10.12 Y0=264nMho×SN 

N=0.542 

0.50CuO/CdS QDs(bio) (Light) 3.10 9.26 Y0=276nMho×SN 

N=0.52.6 

 

7.2.3 DFT calculations 

DFT calculations were performed to elucidate the band structure and DOS of 

synthesized catalysts. The optimized models of CdS QDs (111) surface, CuO QDs (111) 

surface, and CuO/CdS QDs heterostructure are depicted in Figures 7.11a-7.116c, with lattice 

parameters detailed in Table 7.5. Applying GGA+U in DFT with Hubbard parameters Ud=4.4 

and Up=4.1 for CdS QDs, while Ud=7 for CuO QDs, the band structure (Figures 7.12a-7.12c) 

reveals bandgaps of 2.38, 1.75, and 2.22 eV for CdS QDs, CuO QDs, and CuO/CdS QDs 

heterostructure, respectively, closely aligned with experimental values of 2.39, 1.75, and 2.25 

eV, respectively. Notably, the band structure of 0.50CuO/CdS QDs heterostructure displays 

overlapping electronic bands near the EF  due to the introduction of CuO, introducing additional 

electronic states within the CdS bandgap and effectively reducing its bandgap [40], as observed 

in UV-DRS analysis.  The DOS for CdS QDs, CuO QDs, and CuO/CdS QDs is depicted in 

Figures 7.12d-7.12f, with the CuO/CdS QDs heterostructure DOS in the CB moved closer to 

the EF compared to CdS QDs, indicating a higher density of electronic states near the EF [48]. 

A similar observation was observed in the Bi2S3/Ti3C2Tx MXene composite and In2O3/CdS 

heterostructure [9,49]. This characteristic facilitates faster electron transport in CuO/CdS QDs 

heterostructure compared to CdS QDs, suggesting superior photocatalytic performance.  

 

Table 7.5. Optimized crystal structure parameters of CdS(bio), CuO QDs(bio), and CuO/CdS 

QDs (bio) heterostructures considered for DFT calculation. 

Catalyst a (Å) b (Å) c (Å) 

CdS QDs(bio) 7.20 4.16 0.19 

CuO QDs(bio) 6.01 2.93 7.69 

CuO/CdS QDs(bio) 15.1 8.7 30 
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Figure 7.11. DFT model optimization of (a) CdS QDs (111) surface, (b) CuO QDs (111) 

surface, and (c) CuO /CdS QDs heterostructure. 

 

 

Figure 7.12. DFT calculation of (a-c) Band structure and (d-f) Density of state of CdS QDs, 

CuO QDs, and CuO/CdS QDs heterostructure. 
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7.2.4 Photocatalytic CO2 reduction evaluation 

The synthesized catalysts were tested for photocatalytic CO2 reduction under visible 

light illumination.  In this study, only EtOH and CO were formed. The calibration graphs of 

EtOH and CO standard are shown in Figure 7.13, and chromatograms of both standard and 

resulting product are shown in Figure 7.14. No ethanol or CO was observed in the absence of 

a catalyst or light illumination. To identify the carbon source involved in EtOH and CO 

formation, three control experiments were conducted under optimal conditions, each with one 

component absent: (i) CO2, (ii) lamp, and (iii) catalyst. Notably, no EtOH and CO were 

generated in any of these control tests (Figure 7.15), indicating that EtOH and CO originate 

from the CO2 feedstock in the system. To verify the photocatalytic CO2 reduction activity and 

exclude the possibility of organic contaminants photo-degradation, a control experiment using 

N2 instead of CO2 showed no detectable CO2 reduction products (Figure 7.16), confirming the 

exclusive origin from photocatalytic CO2 reduction. 

 
Figure 7.13. Calibration curve of (a) Ethanol and (b) Carbon monoxide. 

 

 
Figure 7.14. (a) HPLC chromatograms of standard 1 g/L EtOH and (inset) solution after 5 h 

of CO2 reduction, and (b) GC chromatograms of standard 1 mL CO and (inset) solution after 5 

h of CO2 reduction. 
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Figure 7.15. HPLC (left side) and GC (right side) chromatograms of 300 s of CO2 reduction 

(a) 0.50CuO/CdS QDs(bio) heterostructure + DI water + CO2 purge, (b) CO2 purge + DI water 

+ light irradiation, and (c) 0.50CuO/CdS QDs(bio) + DI water + light irradiation. 

 

Figure 7.17a shows the rate of EtOH and CO formation using CdS QDs(bio), CuO 

QDs(bio), and CuO/CdS QDs(bio) heterostructure at varying loading percentages (0.25, 0.50, 

0.75, 0.8, and 1.00 molar ratio). CdS QDs(bio) and CuO QDs(bio) didn’t produce any product 

due to the rapid e-/h+ pairs recombination and photocorrosion of CdS, as evidenced by PL and 

XPS and PL studies (Figure 7.6a and Figure 7.19c), inferring its inefficiency as a catalyst for 

photocatalytic CO2 reduction to EtOH and CO[9,27]. EtOH and CO formation was observed 

in CuO/CdS QDs(bio) heterostructure, showing an increasing trend with increasing CuO 

loading percentage, peaking at 0.50 molar CuO loading, yielding 144.99 and 168.98 μmol/g·h, 

respectively. However, further increases in CuO loading significantly decreased the EtOH and 

CO formation rate. This reduction is caused by particle aggregation and blockage of active sites 

on CdS QDs(bio), which hinder light absorption [34]. Dynamic light scattering (DLS) analysis 

(Table 7.1) indicated that particle size increased from 248.7 to 318.6 nm when CuO(bio) 
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loading exceeded 0.50, resulting in particle agglomeration. Thus, optimal CuO loading for the 

CuO/CdS QDs(bio) heterostructure catalyst was determined to be 0.50. 

 

Figure 7.16. (a) HPLC, (b) GC chromatograms after 5 h of the control experiments, (c) HPLC, 

and (d) GC chromatograms after 10 h of the control experiments using N2 instead of CO2. 

 

Figure 7.17b illustrates the EtOH and CO formation rate using different concentrations 

of 0.50CuO/CdS QDs(bio) heterostructure (0.25, 0.40, 0.75, 1.0, 1.25 g/L). The highest EtOH 

and CO production rate was attained at a 0.75 g/L photocatalyst concentration, yielding 158.48 

and 182.68 μmol/g·h, respectively, with apparent quantum yield (AQY) of 8.24 and 1.58 % 

(AQY calculation provided in Table A5). However, increased photocatalyst concentrations 

resulted in turbidity in the solution, impeding efficient light irradiation [9]. Turbidity 

assessments for various photocatalyst concentrations are outlined in Table 7.6, indicating a 

21.1% increase in turbidity beyond 0.75 g/L. A comparison of the achieved EtOH and CO 

formation rate in this study with reported literature values (Table 7.7), the bio-based CuO/CdS 

QDs(bio) heterostructure demonstrated a clear superiority. 

Figure 7.17c illustrates the evaluation of the functional stability of the 0.50CuO/CdS 

QDs(bio) heterostructure through repeated cycles of time-dependent photocatalytic CO2 

reduction to EtOH and CO production. Over five consecutive cycles, the heterostructures 

demonstrated consistent photocatalytic activity with only a marginal 3.5% decline in their 

performance. This minor decrease is attributed to the unavoidable loss of catalysts during the 
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recovery process. This exceptional stability suggests that integrating CuO QDs(bio) onto CdS 

QDs(bio) helps mitigate photocorrosion and inhibits the e-/h+ pairs recombination, leading to 

the improved overall stability of the heterostructure [9,26]. 

 

Figure 7.17. (a) Photocatalytic CO2 reduction using various bio-based catalysts, (b) Effect of 

photocatalyst loading, and (c) Functional stability study of 0.50CuO/CdS QDs(bio) 

heterostructure.  

 

Table 7.6. Turbidity of 0.50CuO/CdS QDs(bio) heterostructure. 

Catalyst concentration (g/L) Turbidity (NTU) 

0.25 158 

0.50 187 

0.75 218 

1.0 264 

1.25 318 
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Table 7.7. Comparison of the ethanol and carbon monoxide rates with the earlier report. 

Photocatalyst 
Synthesis 

method 

Reaction 

solvent 
Light source 

Products (μmol/g·h) 
Source 

EtOH CO 

CuO/CdS QDs(bio) 

heterostructure 

Microwave 

irradiation 
H2O 

250 W, metal halide lamp  

(λ>420 nm) 
158.48 182.68 Present work 

CdS-Cu2+/TiO2 SILAR - 300 W Xenon lamp 109.12 - [50] 

CdS/Mn2O3 
Electrochemical 

deposition 
- Sunlight 52.2 - [51] 

CdS/Ni9S8/Al2O3  H2O/TEOA 
300 W Xe lamp (λ > 420 

nm) 
- 121 [52] 

CdS/ethylenediamine 
Solvothermal 

route 

MeCN/H2O/ 

TEOA 

300 W Xe lamp (λ > 420 

nm) 
- 115.6 [53] 

CdS/FeTCPP Hydrothermal 
MeCN/H2O/ 

TEOA 

300 W Xe lamp, λ = 

420-780 nm 
- 7.46 [54] 

CdS/ZnO 
Solvothermal 

method 
H2O 

500 W Hg lamp (λ > 400 

nm) 
- 35.2 [11] 

CdS/NH2-UiO-

66/Chitosan 

Solvent 

evaporation 

technique 

MeCN/ H2O/ 

TEOA 

300 W Xe lamp, λ = 

400-760 nm 
- 86.98 [55] 

CdS/TiO2 Photodeposition H2O (vapor) 
300 W Xe arc lamp (λ = 

300-800 nm) 
- 3.62 [56] 

CdS/CdWO4 
Chemical 

deposition 
H2O/TEOA 

300 W xenon lamp (λ > 

420nm) 
- 1.39 [57] 

CdS/MIL-101 
Double solvent 

method 
H2O (vapor) 

300 W Xe lamp (λ > 420 

nm) 
- 16.35 [58] 

CUGAS2/CdS 
Ultrasonic 

dispersion 

H2O/K2SO3/K

HCO3 
300 W Xe lamp - 0.75 [59] 

SILAR: Successive ionic layer adsorption and reaction; TEOA: Triethanolamine; MeCN: Acetonitrile; FeTCPP: tetra(4-carboxyphenyl) porphyrin iron (III) chloride 
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7.2.5 Stability of CuO/CdS QDs(bio) heterostructure 

Figure 7.18 presents the XPS spectra of 0.50CuO/CdS QDs(bio) heterostructure before 

and after photocatalytic CO2 reduction. The survey spectra (Figure 7.18a) confirm the 

presence of Cu, Cd, O, and S in the heterostructure. The high-resolution (HR) spectra of 

0.50CuO/CdS QDs (Figures 7.18b-7.18e) show consistent peak intensities before and after 

photocatalytic CO2 reduction, indicating structural stability. The survey and HR spectra of 

individual CdS QDs(bio) and CuO QDs(bio) before and after photocatalytic CO2 reduction are 

presented in Figure 7.19. The HR spectra of CuO QDs(bio) exhibit consistent peak intensities 

before and after the reaction. In the case of CdS QDs(bio)/used (Figure 7.19c), the S 2p peak 

binding energy shows an additional peak at 168.6 eV (S⁶⁺), indicating sulfur oxidation 

(photocorrosion) and the formation of SO₄²⁻ [9,60]. The heterostructure could successfully 

mitigate the photocorrosion issue of CdS QDs(bio). The PL intensity of 0.50CuO/CdS 

QDs(bio)/used heterostructure was lowered by 58 and 48% for CdS QDs(bio)/used and CuO 

QDs(bio)/used, respectively (Figure 7.20), indicating a lower charge carrier recombination. 

XRD and FETEM analyses were performed on CuO/CdS QDs(bio) heterostructure 

before and after photocatalytic CO2 reduction to assess their structural and morphological 

properties. The XRD spectra of 0.50CuO/CdS QDs(bio) and 0.50CuO/CdS QDs(bio/used) 

(Figure 7.21a) show no significant changes in the lattice structure after the reaction. The 

crystallite size remained nearly unchanged, measured at 4.38 nm for 0.50CuO/CdS 

QDs(bio/used) compared to 4.40 nm for 0.50CuO/CdS QDs(bio). Similarly, the FETEM image 

of 0.50CuO/CdS(bio/used) (Figure 7.21b) reveals no noticeable morphological differences 

when compared to the initial CuO/CdS QDs(bio) (Figure 7.5c). 
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Figure 7.18. (a) XPS survey spectra, (b) Cd 3d, (c) S 2p, (d) Cu 2p, (e) O 1s of 0.50CuO/CdS 

QDs(bio) heterostructure before and after photocatalytic CO2 reduction. 

 

 

Figure 7.19. (a) XPS survey spectra, (b) Cd 3d and (c) S 2p of CdS QDs(bio), (d) survey 

spectra, (e) Cu 2p, and O 1s of CuO QDs(bio). 
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Figure 7.20. PL spectra of CdS QDs(bio)/used, CuO QDs(bio)/used, and 0.50CuO/CdS 

QDs(bio)/used heterostructure. 

 

 

Figure 7.21. (a) XRD patterns of 0.50CuO/CdS QDs(bio) heterostructure before and after 

photocatalytic CO2 reduction, and (b) FETEM of 0.50CuO/CdS QDs(bio)/used. 

 

7.2.6 Mechanism of photocatalytic CO2 reduction catalyzed by CuO/CdS QDs(bio) 

heterostructure 

The UPS VB spectra and band positions of the catalyst indicate that CuO QDs(bio) 

have a higher φ and a lower EF, while CdS QDs(bio) possess a smaller φ and a higher EF. When 

CuO QDs(bio) come into interfacial contact with CdS QDs(bio), e- spontaneously flow from 

CdS QDs(bio) to CuO QDs(bio) until their Fermi levels equilibrate. As a result, CdS QDs(bio) 

undergo downward band bending and accumulate positive charges at the interface, whereas 
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CuO QDs(bio) experience upward band bending and develop negative charges at the interface,  

thereby generating an internal electric field (IEF) [61–63]. Under light illumination, the 

catalysts generate photogenerated e-/h+ pairs (Eq. 7.1). Under the influence of IEF and Coulomb 

effect, e- in the CB of CuO QDs can transfer to CdS QDs, while h+ in the VB of CdS QDs 

migrate to the VB of CuO QDs (Figure 7.22). Simultaneously, the h+ in the VB of CuO QDs 

oxidize H2O to produce a proton (H+) and hydroxyl radical (OH) (Eq. 7.2), and the e- in the 

CB of CdS QDs reduce CO2 to produce EtOH and CO. The details of the reaction mechanism 

are illustrated in scheme I for CO formation and scheme II for EtOH formation. Thus, a full 

redox cycle of the photocatalytic system is completed. 

CuO/CdS QDs(bio) + hv → h+ + e-            (7.1) 

H2O + h+ → H++ OH         (7.2) 

The photocatalytic reduction of CO₂ to CO over CuO/CdS QDs(bio) proceeds through 

a series of reaction steps, as outlined in Eqs. 3-7 (where * denotes species adsorbed on the 

surface of the photocatalyst). Firstly, CO2 molecules are adsorbed onto the CuO/CdS QDs(bio) 

surface, leading to their activation (Eq. 7.3). The activated CO₂* then undergoes reduction 

through the addition of a photogenerated e-/H+ pair, forming the COOH* intermediate (Eq. 

7.4). Further reduction, involving another e-/H+ pair, converts COOH* into the adsorbed CO* 

species (Eq. 7.5). Finally, CO is released from the CuO/CdS QDs(bio) surface as the final 

product (Eq. 7.6). Overall, the reduction of 1 mole of CO2 with 2 photogenerated e- and 2 moles 

of H⁺ results in the formation of 1 mole of CO and 1 mole of H2O (Eq. 7.7) [64,65]. 

 

Figure 7.22. Possible reaction mechanism of photocatalytic CO2 reduction over p-n junction 

CuO/CdS QDs(bio) heterostructure.  
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Scheme I: 

CO2 + e-→ CO2
*        (7.3) 

CO2
* + e- + H+ → COOH*      (7.4) 

COOH* + e- + H+ → CO* +H2O      (7.5) 

CO*→ CO         (7.6) 

CO2 + 2e- + 2H+ → CO+ H2O     (7.7) 

The formation of ETOH via photocatalytic CO2 reduction follows a multistep reaction 

pathway [66,67]. Initially, 2CO2 first reacts with 2e- to generate a 2*CO2 intermediate (Eq. 

7.8). The 2*CO2
− species then recombines with 2H+ assisted by the e- to form 2HCOO* 

intermediate (Eq. 7.9). Further, the 2HCOO* intermediate dissociate into two *CO 

intermediates (Eq. 7.10), and then one intermediate of *CO is reduced to generate *CHO (Eq. 

7.11). The *CHO intermediate is further reduced to the *CH2OH intermediate (Eq. 7.12), 

which then reacts with H⁺ and e- to produce CH3OH (Eq. 7.13). Then, CH3OH undergoes 

reduction in the presence of the remaining *CO intermediate, leading to the formation of the 

*CH3COH intermediate (Eq. 7.14). Finally, *CH₃COH recombines with 2H⁺ through 

successive reduction steps (Eqs. 7.15 and 7.16), selectively producing ethanol (C2H5OH). 

Overall, the reduction of 2 moles of CO2 with 12 photogenerated e- and 12 moles of H⁺ results 

in the formation of 1 mole of EtOH and 3 moles of H2O (Eq. 7.17). 

Scheme II: 

2CO2 + 2e- → 2*CO2
−            (7.8) 

2*CO2
− + e- + 2H+ → 2HCOO*            (7.9) 

2HCOO*+ 2e- + 2H+→ 2*CO + 2H2O           (7.10) 

2*CO + e- + H+→ *CHO + *CO            (7.11) 

*CHO + *CO + e- + 2H+ → *CH2OH + *CO         (7.12) 

*CH2OH + *CO + e- + H+→ CH3OH + *CO         (7.13) 

CH3OH + *CO + 2e- + 2H+ → *CH3COH + H2O    (7.14) 

*CH3COH + e- + H+→ *CH3CH2O      (7.15) 

*CH3CH2O + e- + H+ → CH3CH2OH     (7.16) 

2CO2 + 12e- +12H+ → C2H5OH + 3H2O     (7.17) 

 

7.3 Major findings 

We have successfully synthesized bio-based p-n junction 0D/0D CuO/CdS QDs 

heterostructure using bio-analytes present in Aegle marmelos plant extract via microwave 
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irradiation. The photocatalytic study of CuO/CdS QDs(bio) heterostructure was evaluated for 

CO2R to EtOH and CO under visible light. The DFT calculations yielded bandgap values for 

CdS QDs, CuO QDs, and the CuO/CdS QDs heterostructure, closely aligned with the 

experimental determinations. The incorporation of CuO (0.5 molar ratio) reduced the CdS 

QDs(bio) bandgap from 2.39 eV to 2.25 eV. DOS analysis revealed that CuO QDs could 

introduce an additional electronic state in the bandgap region of CdS QDs, enhancing charge 

separation and transport at the local junctions. The decay lifetime of CuO/CdS QDs(bio) 

heterostructure (3.16 ns) was 1.74 and 1.54 times longer than that of CdS QDs(bio) and CuO 

QDs(bio), respectively. It exhibited a 6- and 7-fold increase in CO2 adsorption (0.643 mmol/g) 

and a photocurrent response 9 and 8 times higher compared to CdS QDs(bio) and CuO 

QDs(bio), respectively. Notably, CuO/CdS QDs(bio) achieved a remarkable EtOH and CO 

formation rate of 158.48/182.68 μmol/g·h (AQY 8.24/1.58%) without a sacrificial agent. The 

heterostructure demonstrated excellent stability, retaining its morphology and crystal structure, 

and it could effectively prevent photocorrosion and suppress e⁻/h⁺ pair recombination. 
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CHAPTER 8 

 
Conclusions and Scopes for Future Studies 

 
This chapter outlines the key findings of the overall work. It also presents suggestions 

and recommendations for future research based on the outcomes and shortcomings in the 

present study. 
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8.1 Overall Conclusions 

 This doctoral work investigates on bioinspired synthesis of tailor-made metal sulfide 

and metal oxide nanomaterials using reducing and capping agents present in the vegetal extract 

of Aegle Marmelos (bael). Catalyst modification, including nanocomposites and 

heterostructures formation, was successfully carried out through a bioinspired route. The 

resulting catalysts were effectively evaluated for photocatalytic CO2 reduction (PCO2R) to 

value-added chemicals under visible light irradiation. 

The phytochemicals present in Aegle Marmelos, including flavonoids, alkaloids, 

tannins, phenols, and saponins, served as effective reducing and capping agents. A mass 

spectrum confirmed that the flavonoid fraction of 3,5-dihydroxy-6-methyl-2H-pyran-4(3H)-

one was abundant in the bio-extract and could serve as a reducing and capping agent for 

synthesizing metal sulfide and metal oxide nanoparticle/quantum dots. 

 

1. Bioinspired synthesis of CQDs/CdS nanocomposite for PCO2R to methanol (Chapter 

3): 

This study demonstrates a sustainable and efficient approach for photocatalytic CO2 

reduction to methanol using bio-based CQDs/CdS nanocomposites. CdS nanorods were 

synthesized using Aegle marmelos phytochemicals and modified with carbon quantum dots 

derived from orange peels. The resulting CQDs/CdS(bio) composites exhibited enhanced 

charge separation, CO2 adsorption, and visible-light-driven photocatalytic activity, achieving 

a high methanol yield of 1060.52 μmol/g·h with an apparent quantum yield (AQY) of 7% at 

optimal CQD loading (0.50% w/w), without sacrificial agents. The composites also showed 

excellent structural stability over multiple cycles. This work highlights a promising green route 

for developing bio-derived photocatalysts for CO2 conversion into value-added fuels. 

 

2. Z-scheme In2O3/CdS heterostructure for PCO2R to HCOOH and CO (Chapter 4): 

This study presents a green synthesis route for bio-based In2O3/CdS(bio) Z-scheme 

heterostructures using Aegle marmelos phytochemicals along with a short microwave 

irradiation. The incorporation of In2O3 enhanced charge separation, suppressed photocorrosion, 

and significantly improved CO2 adsorption and photocurrent density. Density functional theory 

(DFT) analysis confirmed bandgap narrowing and favorable electronic interactions. The 

optimized 0.4In2O3/CdS(bio) catalyst achieved outstanding PCO2R to HCOOH and CO with 

yields of 514.4 and 162 μmol/g·h (AQY 4.44 and 2.45%), respectively, and demonstrated 

excellent stability. These findings highlight the potential of bio-derived heterostructures for 

efficient and sustainable CO2 conversion. 
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3. Carbon dots embedded phytochemical-based CdS quantum dots for PCO2R to 

HCOOH (Chapter 5): 

This study demonstrates a sustainable strategy for PCO2R to formic acid using bio-

derived CDs/CdS QDs composites synthesized using carbon-rich orange peels and 

phytochemicals found in Aegle marmelos. The optimized 0.4% CDs/CdS QDs(bio) composite 

exhibited excellent photocatalytic activity, achieving a high HCOOH yield of 439.51 μmol/g·h 

(AQY 3.81%) under visible light without sacrificial agents. Structural stability, enhanced CO2 

adsorption, improved charge separation, and rich sulphur vacancies contributed to superior 

performance. DFT analysis confirmed the thermodynamic favourability of HCOOH formation 

via HCOO* intermediate. This work provides valuable mechanistic and practical insights into 

bio-based catalysts for efficient CO2 conversion. 

 

4. Z-scheme SnO2/CdS heterostructure for PCO2R to methanol and H2 (Chapter 6): 

This study demonstrates successful synthesis of bio-based Z-scheme SnO2/CdS QDs 

heterostructure using Aegle marmelos phytochemicals and microwave irradiation. The 

optimized 0.50SnO2/CdS QDs(bio) composite exhibited enhanced CO2 adsorption, improved 

charge separation, and suppressed recombination, leading to exceptional photocatalytic activity 

for CO2 reduction. It achieved methanol and hydrogen production rates of 675.9 and 139.5 

μmol/g·h (AQY 3.51 and 0.24%) under visible light without a sacrificial agent. DFT analysis 

confirmed the role of SnO2 in modifying the electronic structure of CdS, promoting efficient 

charge transport. This work reports a sustainable strategy for developing stable, efficient, and 

eco-friendly photocatalysts for CO2-to-fuel conversion. 

 

5. p-n junction CuO/CdS heterostructures for PCO2R to ethanol and CO (Chapter 7): 

This study presents a sustainable approach for PCO2R using a bio-based 0D/0D p–n 

CuO/CdS QDs heterostructure synthesized from Aegle marmelos phytochemicals. The 

optimized 0.50CuO/CdS QDs(bio) composite exhibited enhanced CO2 adsorption (0.643 

mmol/g), improved charge separation, and excellent photocatalytic performance, achieving 

ethanol and CO yields of 158.48 and 182.68 μmol/g·h (AQY 8.24% and 1.58%) under visible 

light without sacrificial agents. DFT analysis confirmed the role of CuO in modifying the 

electronic structure and promoting charge transport. This work explores the potential of bio-

derived p-n junctions for efficient and stable CO2-to-fuel conversion. 
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8.2 Scopes for Future Studies 
 

 In this study, PCO2Rs were performed in a semi-batch reactor. The studies in a continuous 

reactor may be considered in the future.  

 Integrating bioinspired photocatalysts into CCU systems for continuous CO2 capture and 

conversion can be explored, particularly with simulated or real flue gases and industrial 

CO2 sources. 

 Developing scalable and cost-effective photocatalytic reactors that utilize solar irradiation 

is essential to bridge the gap between lab-scale CO2 photoreduction and pilot-scale 

applications. 

 Integration of in-situ/operando spectroscopy (e.g., FTIR, XPS, or XAS) during PCO2R 

could offer deeper mechanistic insights into the reaction intermediates, surface chemistry, 

and degradation pathways. 

 Separation of the liquid product from the reaction mixture was not within the scope of this 

study. Product separation would be an imperative objective of future investigations. 

 The kinetics of PCO2R using Langmuir–Hinshelwood–type rate expressions can be further 

investigated.  

 Catalyst modifications for CdS-based PCO2R, including oxide-derived Cu/Cu–CdS hybrid 

surfaces, facet/strain engineering, defect/vacancy tuning, alloying (e.g., Cu–Ag, Cu–Zn, 

Cu–Au), tandem architectures, surface functionalization, confinement effects, 

hydrophobic interfaces, operando reconstruction, and electrolyte/cation tuning, 

collectively stabilize key intermediates (CO, OCCO), promote C-C coupling, and enhance 

selectivity toward C2/C3 products, providing direction for further research. 

 Comprehensive techno-economic analysis (TEA) and life cycle assessment (LCA) to 

quantitatively evaluate the economic feasibility, energy demand, environmental impact, 

and scalability of the developed bioinspired photocatalytic system are prudent research 

topics. 

 Formation of a selective product through multiple CdS-based architectures to 

systematically compare structure-property-performance relationships and identify the 

most efficient design strategy should be given due consideration in future studies. 

 Future studies should focus on improving long-term catalyst stability, preventing 

photocorrosion, optimizing catalyst immobilization and recovery, enhancing reactor 

design for light penetration, overcoming mass transfer limitations of CO2 and products, 

and maintaining product selectivity in continuous operation. 
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Appendix 

Table A1: Calculation of apparent quantum yield (AQY) for methanol (Chapter 3). 

The energy of a photon with a wavelength of λ (nm) is expressed as: 

Ephoton= 
 hc

λ
 

Planck’s constant, h = 6.626 ×10-34 J·s 

The speed of light, c = 3×108 m·s-1 

The wavelength of the incident monochromatic light, λ= 420 nm 

The total energy of the incident monochromatic light (Etotal) is 

Etotal =PAt 

The power intensity of the incident monochromatic light is given by, P= 2.02 W/m2 

The irradiation area, A= 0.0356 m2  

 Photon Flux =
𝐼 ×𝜆

ℎ×𝑐
= 4.2719×1018 photons/m2.s 

 Number of incident photons,   
Etotal

Ephoton
=

PAtλ

hc
 

The apparent quantum yield (AQY) was determined using the following equation. 

AQY(%) =
6×moles of methanol yield

Number of incident photons
×100 

AQY (%) =
6 × nmethanol  × NA × hc

PAtλ
× 100 

Where n methanol is the mole of methanol (=10.60 μmol) 

Avogadro’s constant, Na= 6.022×1023 mol-1 ; t =3600 s 

                                                         AQY (%) =7 % 

 

 

Table A2: Calculation of AQY for formic acid and carbon monoxide (Chapter 4). 

The energy of a photon with a wavelength of λ (nm) is expressed as: 

Ephoton= 
 hc

λ
 

Planck’s constant, h = 6.626 ×10-34 J·s 

The speed of light, c = 3×108 m·s-1 

The wavelength of the incident monochromatic light, λ= 460nm 

The total energy of the incident monochromatic light (Etotal) is 

Etotal =PAt 
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The power intensity of the incident monochromatic light is given by, P= 3.51 W/m2 

The irradiation area, A= 0.0356 m2  

Photon Flux =
𝑃 ×𝜆

ℎ×𝑐
= 8.13×1018 photons/m2.s 

 

 Number of incident photons,   
Etotal

Ephoton
=

PAtλ

hc
 

The apparent quantum yield (AQY) was determined using the following equation. 

AQY(%) =
2×moles of HCOOH or CO yield

Number of incident photons
×100 

 

AQY (%) =
2 × nHCOOH/CO  × NA × hc

PAtλ
× 100 

Where n is the mole of formic acid or carbon monoxide (=38.49 &12.21 μmol) 

Avogadro’s constant, Na= 6.022×1023 mol-1 ; t =3600 s 

                                                         AQYHCOOH (%) =4.44 % 

AQYCO (%) =2.45% 

 

Table A3: Calculation of AQY for formic acid (Chapter 5). 

The energy of a photon with a wavelength of λ (nm) is expressed as: 

Ephoton= 
hc

λ
 

Planck’s constant, h = 6.626 ×10-34 J·s 

The speed of light, c = 3×108 m·s-1 

The wavelength of the incident monochromatic light, λ= 460 nm 

The total energy of the incident monochromatic light (Etotal) is 

Etotal =PAt 

The irradiation area, A= 0.0356 m2  

The power intensity of the incident monochromatic light is given by P= 3.51 W/m2 

Photon Flux =
𝑃 ×𝜆

ℎ×𝑐
= 8.12×1018 photons/m2.s 

 

 Number of incident photons,   
Etotal

Ephoton
=

PAtλ

hc
 

The apparent quantum yield (AQY) was determined using the following equation. 

AQY(%) =
2×moles of HCOOH  yield

Number of incident photons
×100 
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AQY (%) =
2 × nHCOOH  × NA × hc

PAtλ
× 100 

Where n is the mole of formic acid (=33.01μmol) 

Avogadro’s constant, Na= 6.022×1023 mol-1 ; t =3600 s 

                                                         AQYHCOOH (%) =3.81 % 

 

 

Table A4: Calculation of AQY for methanol and hydrogen (Chapter 6). 

The energy of a photon with a wavelength of λ (nm) is expressed as: 

Ephoton= 
 hc

λ
 

Planck’s constant, h = 6.626 ×10-34 J·s 

The speed of light, c = 3×108 m·s-1 

The wavelength of the incident monochromatic light, λ= 460nm 

The total energy of the incident monochromatic light (Etotal) is 

Etotal =PAt 

The power intensity of the incident monochromatic light is given by, P= 3.51 W/m2 

The irradiation area, A= 0.0356 m2  

Photon Flux =
𝑃 ×𝜆

ℎ×𝑐
= 8.13×1018 photons/m2.s 

 

 Number of incident photons,   
Etotal

Ephoton
=

PAtλ

hc
 

The apparent quantum yield (AQY) was determined using the following equation. 

AQY(%) =
6×moles of MeOH  yield

Number of incident photons
×100 

AQY(%) =
2×moles of H2  yield

Number of incident photons
×100 

AQY (%) =
6 × nMeOH  × NA × hc

PAtλ
× 100 

AQY (%) =
2 × n𝐻2

 × NA × hc

PAtλ
× 100 

Where n is the mole of MeOH or H2 (=11.88 & 13.7 μmol) in 5 hr 

Avogadro’s constant, Na= 6.022×1023 mol-1 ; t =18000 s 

                                                         AQYMeOH (%) =3.51 % 
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AQYH2 (%) =0.24% 

Selectivity(%) =
𝑁𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑚𝑜𝑙𝑒 𝑜𝑓 𝑀𝑒𝑂𝐻𝑜𝑟 𝐻2

𝑇𝑜𝑡𝑎𝑙 𝑀𝑜𝑙𝑒 𝑜𝑓 𝑀𝑒𝑂𝐻 𝑎𝑛𝑑 𝐻2
× 100 

Selectivity MeOH (%) = 46.44% 

Selectivity H2 (%) = 53.55% 

 

 

 

Table A5: Calculation of AQY for ethanol and carbon monoxide (Chapter 7). 

The energy of a photon with a wavelength of λ (nm) is expressed as: 

Ephoton= 
 hc

λ
 

Planck’s constant, h = 6.626 ×10-34 J·s 

Speed of light, c = 3×108 m·s-1 

Wavelength of the incident monochromatic light, λ= 460nm 

Total energy of the incident monochromatic light (Etotal), Etotal =PAt 

Power intensity of the incident monochromatic light is given by, P= 3.51 W/m2 

Irradiation area, A= 0.0356 m2  

Photon Flux =
𝑃 ×𝜆

ℎ×𝑐
= 8.13×1018 photons/m2.s 

 

Number of incident photons,   
Etotal

Ephoton
=

PAtλ

hc
 

Apparent quantum yield (AQY) was determined using the following equations. 

AQY(%) =
12×moles of EtOH  yield

Number of incident photons
×100 

AQY(%) =
2×moles of CO  yield

Number of incident photons
×100 

AQY (%) =
12 × nEtOH  × NA × hc

PAtλ
× 100 

AQY (%) =
2 × nCO  × NA × hc

PAtλ
× 100 

Where, n is the mole of ethanol or carbon monoxide (=11.88 & 13.7 μmol) 

Avogadro’s constant, Na= 6.022×1023 mol-1 ; t =3600 s 

                                                         AQYEtOH (%) =8.24 % 

AQYCO (%) =1.58% 

 

TH-3902_206107104



 

231 | P a g e  
 

RESEARCH OUTCOMES 

Journal Publication (Thesis Work) 

1. P.M. Gawal, A.K. Golder, Green Synthesis of Z-Scheme SnO2/CdS Heterostructures: 

Density Functional Theory Calculation and Photocatalytic CO2 Reduction to Methanol and 

Hydrogen, Langmuir. 42 (2026) 3490–3502. 

https://doi.org/10.1021/acs.langmuir.5c05827. 

2. P.M. Gawal, J. Ishrat, K. Bhattacharyya, A.K. Golder, Experimental and Theoretical 

Studies on Photocatalytic CO2 Reduction to HCOOH by Biomass-Derived Carbon Dots 

Embedded Phytochemical-Based CdS Quantum Dots, Langmuir 41 (2025) 11161–11172. 

https://doi.org/10.1021/acs.langmuir.5c01002. 

3. P.M. Gawal, A.K. Golder, Plant-Derived Phytochemicals for the Synthesis of p–n Junction 

CuO/CdS Heterostructures for Photocatalytic Carbon Dioxide Reduction to Ethanol and 

Carbon Monoxide, ACS Appl. Energy Mater. 8 (2025) 6087–6099. 

https://doi.org/10.1021/acsaem.5c00497. 

4. P.M. Gawal, A.K. Golder, Plant-Based Phytochemicals for Synthesis of Z-Scheme 

In2O3/CdS Heterostructures: DFT Analysis and Photocatalytic CO2 Reduction to HCOOH 

and CO, Langmuir 40 (2024) 13538–13549. 

https://doi.org/10.1021/acs.langmuir.4c01015. 

5. P.M. Gawal, A.K. Golder, Vegetal route for synthesis of CQDs/CdS nanocomposites for 

photocatalytic reduction of CO2 to methanol under visible light, Colloids Surfaces A 

Physicochem. Eng. Asp. 683 (2024) 133068. 

https://doi.org/10.1016/j.colsurfa.2023.133068. 

6. P.M. Gawal, A.K. Golder, CdS-based Catalysts for Photocatalytic Reduction of CO2 to 

Value-added Chemicals: A Comprehensive Review of Recent Progress and Future 

Prospects (Manuscript under preparation) 

 

Book Chapter 

1. P.M. Gawal, A.K. Golder, Carbon Quantum Dots for Photocatalytic Application: A Mini 

Review, in: Curr. Prog. Eng. Sci., Springer Nature Singapore, Singapore, 2025: pp. 595–

610. https://doi.org/10.1007/978-981-96-8753-4_39 

2. P.M. Gawal, A.K. Golder, Nature-Based Synthesis and Characterization of CdS from 

Aegle Marmelos Leave Extract for Efficient Visible-Light-Driven Methylene Blue 

Degradation, in: Curr. Prog. Eng. Sci., Springer Nature Singapore, Singapore, 2025: pp. 
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611–618. https://doi.org/10.1007/978-981-96-8753-4_40 

3. P.M. Gawal, A.K. Golder, Bioinspired synthesis and characterization of SnO2 from Aegle 

marmelos leave extract for photocatalytic degradation of methylene blue. Research 

Industrial Conclave (2025) (Under review) 

4. P.M. Gawal, A.K. Golder, Carbon Dioxide Conversion Processes for Value-added 

Chemicals, Research Industrial Conclave (2025) (Under review) 

Journal Publication (Non-Thesis Work)  

1. P.M. Gawal, A.K. Golder, Novel ternary Z-scheme nanocomposite: Biomass-derived 

carbon dots decorated on g-C3N4(T) -g-C3N4(U) heterostructures for the photocatalytic CO2 

reduction to CO and H2, Int. J. Hydrogen Energy. 199 (2026) 152856. 

https://doi.org/10.1016/j.ijhydene.2025.152856 

2. P.M. Gawal, A.K. Golder, Recent Progress in Carbon Quantum Dots-Based Composite 

Photocatalysts for CO2 Reduction to Solar Fuels: A Review (Manuscript under preparation) 

3. P.M. Gawal, P. Bania, B.Mandal, A.K. Golder, Facile Synthesis of TiO2/UiO-66/GO 

Ternary Composites for Visible-Light-Driven Water Splitting (Manuscript under 

preparation) 

International Conference and Workshop 

1. P.M. Gawal, A.K. Golder “Green Synthesis of Z-scheme SnO2/CdS Heterostructure for 

Photocatalytic CO2 Reduction to Methanol and Hydrogen” 8th International Conferences 

On CSR & Sustainable Development, Ho Chi Minh City, Vietnam, June 16-17,2025 (Oral 

presentation) 

2. P.M. Gawal, A.K. Golder “Plant-based Phytochemicals for the Synthesis of p-n Junction 

CuO/CdS Heterostructures for Photocatalytic CO2 Reduction to Ethanol and Carbon 

Monoxide" International Conference on Environmental Challenges, Opportunities, and 

Sustainable Solution, IIT Guwahati, Dec 9-11,2024 (Oral presentation) 

3. P.M. Gawal, A.K. Golder “Phytochemicals-based Synthesis of Z-scheme In2O3/CdS 

Heterostructure: DFT Calculations and Photocatalytic CO2 Reduction to Fuels” 8th Green 

and Sustainable Chemistry Conference (Green Chem 2024), Elsevier and Leuphana 

University of Lüneburg, Dresden, Germany, May 13-15, 2024 (Poster presentation) 

4. P.M. Gawal, A.K. Golder “Bioinspired Synthesis of In2O3/CdS Z-Scheme 

Heterostructures for Solar-Driven CO2 Reduction to Fuels” International Conference on 

Recent Advanced in Waste Minimization & Utilization (RAWMU), Lovely Professional 
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University, Punjab, April 23-24, 2024 (Oral presentation) 

5. P.M. Gawal, A.K. Golder “Plant-based Phytochemicals for Synthesis of Z-scheme 

In2O3/CdS Heterostructure for Photocatalytic CO2 Reduction to Fuels” International 

Conference on Advanced Nanomaterials & Nanotechnology (ICANN), IIT Guwahati, Nov 

29- Dec 1, 2023 (Oral presentation)  

6. P.M. Gawal, A.K. Golder “Plant-based Phytochemicals for Synthesis of Z-scheme 

In2O3/CdS Heterostructure for Photocatalytic CO2 Reduction to Fuels” International 

Conference on Petroleum, Hydrogen, & Decarbonization (ICPHD), IIT Guwahati, Nov 3-

5.,2023 (Oral presentation) 

7. P.M. Gawal, A.K. Golder “Bioinspired Synthesis of CQDs/CdS Nanocomposites for 

Photocatalytic CO2 Reduction to Value-added Chemicals” International Conference on 

Academic & Industrial Innovations in Engineering (ICAIIE), PP Savani University Surat, 

August 12-13,2023 (Oral presentation) 

8. P.M. Gawal, A.K. Golder “Tuneable Bioinspired CdS/CQDs Nanocomposites for 

Photocatalytic Reduction of CO2 to Value-added Chemical" International Chemical 

Engineering Conference(IChEC), IIT Patna, November 12-13, 2022 (Oral presentation) 

 

National Conference and Workshop 

1. P.M. Gawal, A.K. Golder “Green Synthesis of Z-scheme SnO2/CdS Heterostructure for 

Photocatalytic CO2 Reduction to Methanol and Hydrogen” Research and Industrial 

Conclave (RIC-2025), IIT Guwahati, October 10-12, 2025 (Oral presentation) 

2. P.M. Gawal, A.K. Golder “Development of Bioinspired Nanostructured Materials for 

Photocatalytic CO2 Reduction to Value-added Chemicals” Research and Industrial 

Conclave (RIC-2025), IIT Guwahati, October 10-12, 2025 (Oral presentation) 

3. P.M. Gawal, A.K. Golder “Carbon Dioxide Conversion Processes for Value-added 

Chemicals” Research and Industrial Conclave (RIC-2025), IIT Guwahati, October 10-12, 

2025 (Poster presentation) 

4. P.M. Gawal, A.K. Golder “Green Synthesis of Z-scheme SnO2/CdS Heterostructure for 

Photocatalytic CO2 Reduction to Methanol and Hydrogen” Symposium on Ending Plastic 

Pollution, Center for the Environment, IIT Guwahati, June 5, 2025 (Poster presentation) 

5. P.M. Gawal, A.K. Golder "Synthesis of Sulfur-vacancy-rich Carbon Dots/CdS Quantum 

Dots Composites for Enhanced Photocatalytic CO2 Reduction to Formic Acid” Research 

and Industrial Conclave (RIC-2024), IIT Guwahati, August 9-11,2024 (Oral presentation) 

6. P.M. Gawal, A.K. Golder “Carbon Quantum Dots-based Composites for Photocatalytic 
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CO2 Reduction: A Comprehensive Review of Recent Progress and Future Prospects” 

Research and Industrial Conclave (RIC-2024), IIT Guwahati, August 9-11,2024 (Oral 

presentation) 

7. P.M. Gawal, A.K. Golder “Green Synthesis of CDs Decorated CdS QDs with Rich Sulfur 

Vacancies for Photocatalytic CO2 Reduction to HCOOH” Symposium on Environmental 

Challenges, Opportunities, and Sustainable Solution, Center for the Environment, IIT 

Guwahati, June 5, 2024 (Poster presentation) 

8. P.M. Gawal, A.K. Golder “Photocatalytic Reduction of CO2 to Value-added Chemicals 

Catalyzed by CdS/CQDs Nanocomposites." North-East Research Conclave(NERC), IIT 

Guwahati, INDIA, May 20-22,2022.  

9. Participate in the DST-SERB-sponsored One-day workshop titled “Fuel Cell Technology: 

Advancement & Applications” organized by the Department of Chemical Engineering, IIT 

Guwahati on 17 March 2025  

10. Participate in the 1st Hands-On-Training on Density Functional Theory Modelling of 

Advanced Materials (DFT-Advanced), organized by the Centre for Advanced 

Computational Research, Delhi from 10th June – 19th June 2024 

11. Participate in the Next-Generation Atomistic Modelling and Simulation with AMS 

Software workshop organized by Nyro Research India Pvt Ltd, Sep 25–Oct 4, 2023. 

12. Participate in the 1st workshop on Density Functional Theory Modeling of Materials (DFT-

M) organized by the Center for Advanced Computational Studies, Delhi, Sep 7-13, 2023. 

13. Participate in the workshop on Scientific Writing using LaTeX organized by the Student 

Academic Board, IIT Guwahati, Sept 9-10, 2023. 

 

Awards  

1. Best Poster Presentation Award at 8th Green and Sustainable Chemistry Conference (Green 

Chem 2024), Elsevier and Leuphana University of Lüneburg, Dresden, Germany, May 13-

15, 2024. 

2. Best Oral Presentation Awards at International Conference on Advanced Nanomaterials & 

Nanotechnology (ICANN), IIT Guwahati, Nov 29- Dec 1, 2023 

3. Best Oral Presentation Awards at International Conference on Recent Advanced in Waste 

Minimization &Utilization (RAWMU), Lovely Professional University, Punjab, April 23-

24, 2024 

4. Best Oral Presentation Awards at International Conference on Academic & Industrial 

Innovations in Engineering (ICAIIE), PP Savani University Surat, August 12-13,2023 
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