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Thesis Synopsis 

The thesis entitled “Metal-free heterogeneous photocatalysts for solar energy harvesting” comprises 

two major parts. Part 1, which is extended to 4 sub-chapters, describes the syntheses of graphitic 

carbon quantum dots (CQDs) from waste polyethylene, its unique properties such as oxygen-

harvesting, light-induced hypoxia, and self-sensitized photo-oxidation (autophagy), and further 

their applications in photocatalytic oxidation reactions. Part 2, containing 4 sub-chapters, presents 

the development of new strategies for the synthesis of g-C3N4 nanosheets and strategies to enhance 

their photocatalytic activities for various organic transformation and water splitting reactions. A 

brief description of each part is given below: 

Chapter 1.1 describes the novel large-scale synthesis strategy of CQDs from waste-polyethylene 

(PE). This is a unique example of chemical transformation from an alkane to graphene where acid-

mediated dehydrogenation of a PE backbone results in the formation of alkenes, which then 

undergoes cyclization reaction forming benzene derivatives and finally tiny functionalized 

graphene chunks (PE-CQDs). Furthermore, it was found that in the presence of these PE-CQDs, 

the ability of water to dissolve and diffuse molecular oxygen significantly increases. Therein, the 

PE-CQDs adsorbs molecular O2 from the air with more than 1% of its weight under ambient 

conditions which is higher than the same expected from conventional materials such as zeolites, 

etc. Such O2 enrichment is very useful in photocatalytic oxidation reactions because it offers the 

possibility of doing such reactions in the air, without the need of creating an oxygen-rich 

environment. Therefore, it was observed that when the CQDs were used to catalyze photo-

oxidation of aromatic alcohols by sunlight, the efficiency was higher than in previous instances 

despite those employing high O2 pressure and temperature. 

 

Chapter 1.2 describes that surface-adsorbed oxygen molecules on CQDs are extremely high, 

aided by specific combinations of its surface functional groups that lead to profound photocatalytic 

efficiency for oxidative chemical transformations. Due to oxygen enrichment, the apparent 

quantum efficiency for selective oxidation of benzylamine was found to be ~35% along with a 

reaction rate that is significantly faster than the existing photocatalysts, including those using 

expensive noble metals, an oxygenated atmosphere, and harsh reaction conditions. It was also 

established that the concentration of adsorbed O2 on CQDs surface can be controlled by using an 
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external light source so that a CQDs solution can have different oxygen contents at different 

portions of the solution. The effect arises due to the modulation of charge-transfer between the 

CQDs and the adsorbed O2 molecules in the presence of light that generates excitons in the CQDs 

and can make them behave as charged particles. Moreover, the use of light and distance from the 

air-interface offers an unusual possibility of creating a landscape of varied oxygen contents in a 

solution that may offer new opportunities in chemical reactions. 

Chapter 1.3 narrates the complete conversion of waste polyethylene into CQDs in a greener way 

by a simple acid-mediated heat treatment method. In doing so, the nature of surface functional 

groups on PE-CQDs and their sizes can be controlled by tuning the oxidation step of the carbon 

material derived from polyethylene to realize improved oxygen enrichment properties and 

therefore enhanced photocatalytic benzyl alcohol oxidation efficiency at ambient conditions. Also, 

the rate of pollutant dye degradation is at least five times better than any other photocatalyst 

reported to date. Importantly, we observed that in the absence of the reactants, the PE-CQDs 

undergo self-sensitized photo-oxidation forming CO2 and leading to its complete removal from 

the system. The extinction process that is unlike any other photocatalyst known to date, maybe 

termed as ‘carbon-dot autophagy’ and is deemed advantageous as no separation process for the 

PE-CQDs is required.  

Chapter 1.4 summarizes the key observations and the prospects of the above studies discussed 

findings in chapter 1. 

Chapter 2.1 describes the development of new g-C3N4 nanosheets (NS) exhibiting highly blue-

shifted, excitation-energy independent photoluminescence (PL) centered at ~425 nm. When the g-

C3N4 nanosheets are loaded with Au nanoparticles (NP), the composite retains the PL 

characteristics but results in alteration of its exciton decay kinetics due to transfer of the long-lived 

photoexcited electrons in g-C3N4 to the adjacent Au NPs. The Au/g-C3N4 nanosheets exhibited 

excellent light-harvesting in the extended solar spectrum and photocatalytic efficiency for 

benzylamine oxidation, emanating not only from a typical Surface Plasmon induced ‘hot-electron 

injection’ mechanism but also from a less-cared-for, pronounced co-catalytic effect by the Au NPs. 

The surface plasmon resonance of the Au NPs are responsible for the high visible-light response 

and assisting the reaction by the ‘hot-electron injection’ mechanism, while an uncharacteristic, 

pronounced co-catalytic effect by them further improves the efficiency.  
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Chapter 2.2 demonstrates the engineering of an effective g-C3N4based photocatalyst system 

(Pd/g-C3N4 nanosheets) for the efficient Suzuki-Miyaura cross-coupling reactions under visible 

light. Pd NPs loaded onto g-C3N4 NSs become electron-rich under visible light irradiation due to 

generation excited electrons which get transferred to the Pd NPs and thereby accelerates the rate-

determining step by facilitating the oxidative addition of aryl halides. The Suzuki-Miyaura cross-

coupling reaction was carried out in environmentally friendly aqueous media at room temperature. 

As synthesized Pd/g-C3N4 NSs exhibited a very high turnover frequency of 1700 h−1 for 

photocatalytic cross-coupling reactions among previously reported photocatalysts. This material 

also demonstrated high recyclability for Suzuki cross-coupling reactions. This provides an 

efficient photocatalytic route for the preparation of biaryl compounds and a facile strategy to 

design novel photocatalysts for various organic transformation reactions driven by visible light.  

Chapter 2.3 describes the strategy for one-step synthesis of highly red-shifted visible light active, 

high surface-area g-C3N4 NSs. The NSs were synthesized by simple calcination of melamine and 

diethyleneglycol mixture at 520 ⁰C for 4 h under Ar atmosphere. The specific surface area of the 

synthesized sample was found to be ~3 times higher than the bulk g-C3N4, thereby offering more 

active sites for the catalytic reactions and eliminating the need for an extra, low-yield preparation 

step involving the high temperature or chemical exfoliation. The synthesized g-C3N4 NSs showed 

an enhanced H2 evolution rate (530 µmol h-1 g-1) under visible light irradiation compare to the as-

synthesized conventional g-C3N4 (87 µmol h-1 g-1). 

Chapter 2.4 summarizes the key observations and the future prospects of the studies described in 

chapter 2. 
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CHAPTER 1 

General Introduction 

 

1.1 Photocatalysis 

Photocatalysis is a process that produces useful chemical energy by utilizing light energy.1,2 

Sunlight is a sustainable, renewable, and globally available energy source. One strategy to store 

solar energy is to utilize that energy for the synthesis of chemicals (‘‘solar chemicals’’) and fuel 

molecules (‘‘solar fuels’’), via artificial photosynthesis.3  The essential requirement to carry out 

the artificial photosynthesis is the use of a light-harvesting catalyst suspended with electron donor 

and acceptor substrates in an aqueous medium and sunlight as a source of energy, sometimes 

directly and sometimes with the assistance of an external electrical source as shown in Figure 1.1.4 

This idea was inspired by natural photosynthesis, where plants convert carbon dioxide and water 

into carbohydrates using sunlight.  

Key goals of solar chemical synthesis are the photocatalytic conversion through oxidation 

or reduction of one chemical into other useful chemicals such as the synthesis of amines, 

aldehydes, ketones, and many more using solar energy in the presence of a photocatalyst.5-10 On 

the other hand, a similar process can also be used to generate H2 from H2O and conversion of CO2 

to CO, hydrocarbons such as CH4, C2H6, acids (HCO2H) or alcohols (CH3OH) under sunlight 

illumination in the presence of a photocatalyst.11-18 The photocatalytic process has several 

advantages over conventional catalysis that uses high temperatures and pressures, tedious steps, 

and the use of expensive/toxic catalysts. Investigations on photocatalysis have grown 

tremendously since the discovery of photocatalytic water-splitting on TiO2 by Honda and 

Fujishima in 1972.4,19 Particularly, designing a metal-free visible-light responsive photocatalyst is 

intriguing due to the increasing demand for global energy as they are inexpensive and usually non-

toxic. Therefore, a great deal of effort has been put in by many scientists at present to develop 

scalable and scalable eco-friendly photocatalytic systems with high conversion efficiencies.  
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Figure 1.1 Honda-Fujishima effect on water-splitting using a TiO2 photoelectrode. Herein, light 

is shined on a TiO2 anode to generate excited electrons. Due to the extra energy possessed by the 

electron, water oxidation occurs at the electrode with minimal use of electricity. As a counter-

reaction, H2 fuel is generated at the Pt cathode. Adapted with permission from [19]. 

 

1.2 Energy problem and its relation to photo-catalysis 

Both environmental protection and sustainable energy supply are the two prime concerns for the 

sustainable development of the present society. Meeting the growing energy demand is one of the 

most important challenges of the 21st century.20 Currently, our society depends highly on fossil 

fuels for the supply of energy. However, the burning of fossil fuel produces a large quantity of 

CO2, which significantly increases the greenhouse effect, and also the nitrogen and sulphur 

containing impurities that eventually convert to NOx and SOx respectively during the combustion 

process, which causes environmental pollution. Also due to the high consumption rate, the fuel 

supply will not meet the fuel demand by the next century and therefore replacement of fossil-fuels 

with other alternative renewable energies is highly important. Solar energy is attractive among all 

alternative energy resources due to its high abundance, cleanliness, and easy accessibility. Each 

year, approximately 3850000 exajoules (EJ) of solar power is received by the Earth and only 1% 

of this total energy is sufficient to meet the energy demand of human beings at the present rate of 

energy consumption. To date, globally per year, humans expend only 539 EJ, which is nearly 

0.014% of the total solar energy available on the Earth surface. The global utilization of solar 

energy by developing new approaches such as photocatalysis, solar heating, solar thermal 

electricity, and solar photovoltaics, may increase the world’s energy security by reducing 
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pollution, enhancing sustainability, and reducing fossil fuel dependency. Figure 1.2 shows the 

total energy produced by different sources including solar sources.21 

 

 

Figure 1.2 The trends in total world energy consumption split on various sources from 1800 to 

2019. Adapted with permission from [21]. 

 

Recently, the direct utilization of solar energy has gained considerable attention and it is 

necessary to develop new approaches where solar energy can be directly used with improved 

efficiency.22,23 Yang and co-workers designed core-shell nanostructure of CdS-Cu2S and used 

them as photovoltaic devices which show 3.8% of power conversion efficiencies and also stable 

up to one month when stored inside the desiccator.24 Among various routes, photocatalysis is one 

of the most promising approaches for the direct utilization of solar energy. The photocatalytic 

application includes the evolution of hydrogen from the splitting of water, conversion of CO2 into 

hydrocarbon fuels, organic transformations, and pollutant degradation.5,8,12,16-18,25-32 The 

photocatalytic efficiency of a catalyst depends on several factors such as light absorption-capacity 

and the extent of exciton separation within the photocatalyst. In recent days, many excellent 

photocatalysts have been developed to improve the hydrogen production efficiency from water 

electrolysis and organic  reactions.20 Hydrogen gas is energetically dense by weight and storable 

which makes it attractive as a fuel for the storage of solar energy. Besides, H2 is a feedstock for 
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various catalytic processes and thus can be used to convert carbon dioxide and nitrogen into liquid 

fuels for easy handling. 

A typical photocatalytic reaction is the degradation of toxic dye molecules used in coloring 

and textile industries.33-36 Therein, oxygen molecules adsorbed on the surface of a photocatalyst 

get reduced to superoxide radicals in the presence of photogenerated electrons in the conduction 

band of the catalyst while the holes in the valance band react with water to form hydroxyl radicals. 

Thus, simultaneous oxidation and reduction reactions take place with the involvement of 

photogenerated holes and electrons in the valence and conduction band respectively. The produced 

superoxide radicals and together with the hydroxyl radicals decompose organic pollutant 

molecules in the wastewater to small molecules such as water and carbon dioxide. 

 

1.3 Type of photocatalytic reactions 

Photocatalytic reactions can be classified into two different major categories depending upon the 

nature of the reaction. (i) Photocatalytic organic-transformations, and (ii) photocatalytic fuel 

generation reactions. 

1.3.1 Photocatalytic organic-transformation reactions 

Many organic chemicals are crucial intermediates for the manufacturing of a large number of 

commodities and various other useful chemicals including pesticides, pharmaceuticals, and food 

additives. Though many organic synthesis routes and manufacturing processes have been 

established by chemical industries, the environmental impact of those processes has not yet 

changed greatly over the years. However, with the increasing use of some of the catalysts, reagents, 

waste solvents, and toxicity of by-products, environmental concerns have become more stringent. 

Besides, the safety issues related to the handling of highly reactive and toxic reagents and the 

energy costs also need additional consideration. Therefore, improvements in each step of the 

manufacturing processes by including alternative green processing method and green synthesis 

route is highly required. The conventional methods for the synthesis of many important organic 

chemicals require harsh reaction conditions, such as high pressure and temperature. Therefore, the 

development of the photocatalytic route, a greener approach that employs light as an energy source 
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to drive the chemical reaction with milder experimental conditions is highly desirable. These 

photocatalytic routes may be heterogeneous or homogeneous in nature. The homogeneous systems 

utilize reaction-media soluble photosensitive molecules such as photoactive dyes whereas the 

heterogeneous system employs particulates or films of semiconductor photocatalysts. 

Many photocatalytic organic transformation reactions have been known to date such as 

oxidation of benzyl alcohol to benzaldehyde, benzylamine to imine, cyclohexane to 

cyclohexanone, and many more.37-51 These organic transformation reactions are important because 

of the use of the product in pharmaceutical, bio-medicinal chemistry as well as fine chemical 

synthesis. Apart from the greener approach, the photocatalytic reactions also give higher 

selectivity to the products in many occasions due to special geometrical formulations of the 

catalyst-reactant adducts, which is crucial. However, the desired product selectivity remains 

unsatisfactory under UV-induced chemical reactions due to the formation of free radical species 

during the reaction. This issue becomes more prominent during the selective oxidation of organic 

compounds using molecular O2 as an oxidant.52,53 O2 molecule can be easily coupled to the 

produced free radical species, leading to uncontrolled oxidation of the reactant or the product 

molecules. Therefore, visible-light-induced organic transformation reactions are favoured to obtain 

higher selectivity of the product. Li et al. reported a plasmonic Au supported BiOCl with oxygen 

vacancies by a simple hydrothermal method, which exhibited selective and controlled oxidation 

of benzyl alcohol into benzaldehyde under visible light and O2 atmosphere (Figure 1.3 a-b).54 It 

has been proposed that the oxygen vacancies present on BiOCl primarily facilitate the trapping 

and transfer of plasmonic hot-electron to adsorbed O2, producing superoxide radical anion, while 

the holes (plasmonic) on the Au surface oxidize benzyl alcohol into carbon-centered radicals. Next, 

the concerted additions of both the radical species result in the product (benzaldehyde) formation 

as shown in Figure 1.3c. The synergistic effect of both plasmonic electrons and holes is 

responsible for the highly selective and improved benzyl alcohol photo-oxidation.  
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Figure 1.3 (a) The schematic representation of the synthesis of Au-BiOCl-OV. (b) Photocatalytic 

BA oxidation activities of Au-BiOCl-OV with various Au loading amounts. (c) Proposed reaction 

mechanism of selective BA oxidation over Au-BiOCl-OV Adapted with permission from [54]. 

 

1.3.2 Photocatalytic fuel generation reactions 

Significant attention has been given to explore novel routes for developing renewable energies. 

The transformation of solar energy into chemical energy in the form of solar fuels (such as H2, 

CH4, CH3OH, etc.) is deemed as one of the most promising strategies to solve environmental and 

energy problems in the future. The photocatalytic solar fuel generation has been mainly divided 

into two reactions; (a) photocatalytic water-splitting and (b) photocatalytic conversion of CO2. 

(a) Photocatalytic water-splitting: Hydrogen has an energy content of 120–142 MJ kg-1 which is 

higher than hydrocarbon fuels.55-57 It has been predicted that up to 2080, it will be the major source 

of energy production (90%). At present, worldwide per year more than 44.5 million tons of H2 are 

produced.58,59 However, the splitting of water into hydrogen and oxygen is thermodynamically 

unfavourable which requires an energy input to overcome an energy barrier, based on Gibbs free 

energy values, as shown in equation 1.60 

(a) (b)

(c)
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𝐻2𝑂 → 𝐻2 + 1 2⁄ 𝑂2,       ∆𝐺𝑜 = 237.13
𝑘𝐽

𝑚𝑜𝑙
                                                       (1) 

4𝐻+ + 4𝑒− → 2𝐻2,      𝐸0 = 0 𝑉 𝑣𝑠. 𝑁𝐻𝐸                                                              (2) 

𝐻2𝑂 + 2ℎ+ → 𝑂2 + 2𝐻+ + 4𝑒−,      𝐸0 = 1.23 𝑉 𝑣𝑠. 𝑁𝐻𝐸                                (3) 

To drive the above chemical reactions, a semiconductor photocatalyst is required which is 

activated by photons having energy equal to or greater than its bandgap. In such a scenario, 

electrons go to the conduction band (CB) from the valence band (VB), while holes remain in the 

VB. These holes and electrons are capable of H2O oxidation and H+ reduction respectively, only 

if the top of the VB is located at a more positive potential than the oxidation potential of H2O to 

O2 (1.23 V vs. NHE at pH = 0, equation 3) and bottom of the CB is located at a value more negative 

potential than the reduction potential of H+ to H2 (0 V vs. NHE at pH = 0, equation 2).  

Therefore, the transformation of solar energy into hydrogen energy has been considered as 

promising approach for utilizing solar energy and meeting the energy needs of the future. Among 

all different strategies applied for solar energy storage, photochemical and photo-electrochemical 

(PEC) water splitting approaches have gained tremendous attention due to their high efficiency 

and simplicity.61 For such approaches, an ideal photocatalyst is highly necessary which should 

fulfil the following conditions: i) it should be of low cost, (ii) it should absorb a wide range of 

visible light energy, and iii) it should also have high catalytic efficiency and excellent stability. 

Along with a suitable photocatalyst and light source, an external circuit and a voltage bias are also 

used in PEC cells to generate H2. In contrast, in the photochemical process, simply irradiating a 

photocatalyst dispersed in an aqueous medium produces H2 and therefore can be advantageous for 

its simplicity, ease of scale-up, and low cost. 

(b) Photocatalytic conversion of CO2 into fuels: The level of CO2 in the atmosphere has risen 

significantly in the last few decades leading to global warming. There have been increasing 

research activities in finding ways to reduce atmospheric CO2 leading to, in principle, two possible 

strategies: (i) reduction of CO2 to value-added products or (ii) it’s capturing and storage, probably 

in the deep sea. Since storage does not lead to a permanent solution, conversion of CO2 to fuels, 

which can be carried out by direct use of sunlight or by electrochemical means or by a combination 

of both is one of the most promising processes.62-65 However, this has appeared to be an extremely 
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challenging process due to the highly stable nature of the CO2 molecule that does not easily 

undergo a chemical reaction, which inspired a surge in research activities recently. Researchers in 

the field have carried out CO2 reduction reaction (CO2RR) in (i) a homogenous manner using metal 

complexes or (ii) by heterogeneous processes using solids, often having nanoscale dimensions, as 

active catalysts. The homogeneous CO2RR is inherently difficult due to the multi-electron 

requirement of reduction limited by single-photon, single-electron-transfer reactions. Besides, the 

stability of the metal complexes is poor too. Therefore, many believe that the heterogeneous 

catalytic approach is advantageous for the reduction of CO2. 

1.4 Types of the photocatalytic systems 

Depending upon the physical nature of the catalysts, the photocatalytic reactions can be classified 

into two types (i) homogeneous and (ii) heterogeneous photocatalytic systems. 

1.4.1 Homogeneous photocatalysis 

In a homogeneous photocatalytic system, the photocatalyst is soluble in the reaction medium 

leading to only one reaction phase. Upon light absorption or sensitization by chemical compounds, 

the electronic configuration changes due to electronic excitation.66-69 Therefore, the reactivity of 

such chemical compounds remarkably changes with respect to the ground state of the molecules. 

Homogeneous photocatalysis by soluble metal complex as photocatalysts has been used for several 

years for various types of reactions such as carbonylation, hydrogenation, polymerization, and 

oxidation. The most unique feature of this catalytic system is a very high catalytic activity with 

higher selectivity under mild reaction conditions. It also can activate commercially available 

substrates such as hydrogen, CO, alcohols, and olefins. However, homogeneous catalysis was 

perceived industrial importance several decades ago with the development of hydroformylation 

technology (oxo-process), carbonylation of methanol to acetic acid, Wacker process, and ethylene 

polymerization by Zeigler-Natta catalysts. The activity performances of homogeneous 

photocatalysts depend on a few factors such as the type of metal, ligands, co-catalysts, and 

promoters. Several transition metal complexes highlighting metal to ligand charge transfer 

(MLCT) excited states complexes based on Ir(III), Ru(II), Cu(I) and Re(I), etc. have been 

extensively investigated for solar-driven H2 generation. However, these photocatalysts are limited 

by their inherent poor photo-stability. Yang et al reported a cyclometalated Ir(III) diimine complex 
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which exhibited high photostability for the homogeneous aqueous photocatalytic hydrogen 

production for 90 h under visible-light irradiation (Figure 1.4).70 The major drawback in 

homogeneous catalysis is the separation of products and most importantly catalyst from the 

reaction mixture. It is noteworthy that 80% of the industrial catalytic reactions involve 

heterogeneous catalysis consisting of supported metal catalysts.  

 

Figure 1.4 (a) Proposed photocatalytic H2 evolution reaction using cyclometalated Ir(III) diimine 

complex. (b) The regeneration of H2 resumed after addition of fresh Co(III) catalyst and DMT at 

the end of each cycle, suggesting that the Co(III) catalyst and/or DMT degraded prior to the Ir(III) 

PS that remained active during visible light irradiation (90 h). Adapted with permission from [70]. 

 

1.4.2 Heterogeneous photocatalysis 

In this system, the photocatalyst is immiscible in the reaction medium, making a separate phase. 

Various chemicals that are industrially important can be easily synthesized by using heterogeneous 

photocatalytic systems. Significant efforts have been made to develop new, highly active catalysts 

with the industrially achievable strategy of separation. Also, many research groups have attempted 

to explore the heterogeneous Pd catalysts for the olefins carbonylation. Several photocatalytic 

reactions have also been executed by depositing various metal NPs onto semiconductor oxide 

supports such as TiO2, ZrO2, ZnO, etc., polymer supports, and carbon-based supports.71-77 

Heterogeneous catalysis has few major advantages over homogeneous catalysis as discussed 

below: 
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(i) Ease of separation of the photocatalysts: Catalyst removal from the reaction vessel is highly 

challenging in the case of homogeneous catalysis. Due to the heterogeneous nature of the 

semiconductor photocatalyst, separation of the catalyst particles becomes easy after the completion 

of the reaction, such as by simple precipitation or filtering. However, there are certain limitations 

related to these photocatalytic systems from a fundamental understanding point of view as there 

are multiple, interdependent factors that influence their efficiencies as compared to well-defined 

molecular catalysts. 

(ii) High recyclability: The heterogeneous nature and high stability of the photocatalysts enable 

multiple cycles of reactions with the same catalyst, which is desirable for any photocatalytic 

applications. 

(iii) Comparable catalytic activity: Apart from the easy separation and stability of the catalysts, 

the activities obtained by the heterogeneous photocatalytic systems are also becoming comparable 

with the homogeneous photocatalytic systems, brightening their prospects in industrial 

applications. 

1.5 Reaction mechanisms in heterogeneous photocatalysis 

In the case of heterogeneous photocatalysis, the catalysis reaction is primarily mediated by a 

photocatalyst. Each semiconductor photocatalyst has an electronic structure characterized by a VB 

(electron filled) and CB (empty) and the energy gap between them is called the bandgap of the 

semiconductor material. Upon light irradiation with equal or more than the bandgap energy of the 

semiconductor, an electron in VB gets excited and goes to the CB and at the same time, a hole is 

generated in the VB. Next, the excited electrons and holes in CB and VB respectively undergo 

charge-transfer to species adsorbed on the surface of the semiconductor from a gas-phase or the 

solution. The semiconductor surface can donate an electron to reduce an electron acceptor (e. g. 

molecular O2) (pathway C, Figure 1.5), and the surface migrated hole combines with an electron 

from the donor species and oxidizes the species (pathway D). The rate and the probability of the 

charge (photo-excited electrons and holes) transfer processes depend on the positions of the band 

edges for the CB and VB and also on the adsorbate species redox potential levels. In competition, 

recombination of the photogenerated electron and hole can occur in the volume of the 
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semiconductor material (pathway B) or on the surface (pathway A) with the released energy in the 

form of heat or luminescence. 

 

Figure 1.5 Schematic of photo-excitation in a heterogeneous photocatalyst system. Pathway A and 

B represent the surface and volume recombination of exciton pairs that limit photocatalytic 

efficiency. Pathway C and D show the oxidation and reduction reactions carried out by excitons 

generated in a photocatalyst system.  

 

Generally, in the case of a heterogeneous photocatalytic system, the catalytic reaction takes place 

in the adsorbed phase and the overall reaction process can be broken down into the following steps: 

1) At least one of the reactants gets adsorbed. 

2) Reactants transfer from the bulk of fluid to the catalyst surface. 

3) Reactants transfer from the external catalyst surface to a catalytically active centre. 

4) The catalytic reaction takes place in the adsorbed phase. 

5) The desorption of the product molecule occurs. 

6) Transfer of the product molecule from the vicinity of the active site to the bulk of the fluid. 

Therefore, for improving the efficiency of the heterogenous photocatalysts, multiple 

factors have to be addressed. However, one factor may not be independent of another, giving rise 

to the need for complex manoeuvring all of them simultaneously. 
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1.6 Recently developed heterogeneous semiconductor photocatalysts 

To date, various metal-based semiconductor photocatalysts such as TiO2, Fe2O3, ZnO, Cu2O, CdS, 

Ag3PO4, WO3, SrTiO3, and BiVO4, etc. have shown exciting prospects for many photocatalytic 

applications such as water-splitting, organic pollutant removal, CO2 reduction, organic 

transformation reactions, etc.78 The band positions of these semiconductors are displayed in 

Figure 1.6.79 Over the past few decades, though these semiconductor materials have exhibited 

high catalytic performance in extensive studies by many research groups, there are still limitations 

associated with them that might restrict their practical applications. Among the afore-mentioned 

photocatalysts, TiO2, SrTiO3, and ZnO are active in the UV region, corresponding to only ∼4% in 

the solar spectrum and limiting applications under natural sunlight while CdS, Cu2O, and Ag3PO4 

suffer due to their toxic and photo-corrosive nature. In addition, in many cases the most of the 

photo-generated electron-hole pairs tend to recombine in the photocatalysts, leading to a depletion 

of the catalytic activity. To date, many strategies have been developed to overcome such 

drawbacks. Besides, the high cost and limited source of the metallic precursor confine their 

practical applications.  

Carbon-based semiconductors such as carbon quantum dots (CQDs), graphene oxide (GO), 

and graphitic carbon nitride (g-C3N4) have showed promise in enhancing the photocatalytic 

performance, by increasing surface-area, active sites and adsorption efficiency, and as co-catalysts 

and electron acceptors during photosensitization, etc.80-83 Apart from the low cost, CQDs and g-

C3N4 are also visible light active photocatalysts and hence used for many catalytic applications 

such as water-splitting, CO2 reduction, organic transformation, and so forth. However, low light 

absorption co-efficient and a higher rate of recombination further limit their application in 

catalysis. Therefore, numerous strategies have been developed to further improve their light 

absorption properties and to decrease the rate of exciton recombination.  

In general, visible light-harvesting carbon-based metal-free semiconductors are very few. 

In them, exciton recombination is a major reason for efficiency drop. Besides, their absorption in 

the visible range is very less. In this context, surface plasmon-generated hot electrons in metal 

nanoparticles (NPs) can extraordinarily increase the absorption in the visible range and hence 

increase the photocatalytic activity for various reactions. In 2005, Tatsuma and co-workers 

elegantly illustrated the phenomenon of hot electron injection using Au nanocrystals and TiO2.
84 
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Figure 1.6 Schematic representation of the band-gap energy (Eg), positions of VB and CB of 

several widely used heterogeneous semiconductor photocatalysts. Adapted with permission from 

[79].  

 

Mie’s theory defines the localized surface plasmon resonance (LSPR) as the coherent 

oscillation of charges induced by the resonant photon established at the interface of metal-

dielectric when the photon frequency matches with the frequency of metal surface electrons which 

oscillates against restoring force of their positive nuclei. Simply stated, LSPR is the collective 

oscillation of free- electrons on the surface of metal NPs which is driven through the 

electromagnetic field generated by the incident light.85 For example, Ag, Au, and Cu NPs exhibit 

a strong photo-absorption in the visible energy range because of their surface plasmon that shows 

maxima at nearly 400, 550, and 580 nm, respectively. However, Ag and Cu nanostructures easily 

get oxidized, while Au nanoparticles are chemically more stable. The energy accumulated in the 

LSPR process may decay by two pathways: i) radiative pathway via the re-emission of a photon, 

and ii) non-radiative pathway through the production of hot charge carriers as displayed in Figure 

1.7. 86,71 
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Figure 1.7 A schematic of LSPR in a spherical metal NP that is irradiated by light. Adapted with 

permission from [86]. (b) surface-plasmon decay processes: localized surface plasmons can decay 

non-radiatively via excitation of hot electrons (right), or radiatively via re-emitted photons (left). 

Adapted with permission from [71]. 

 

Excellent light absorption via LSPR and production of hot carriers extended the use of 

plasmonically active metal NPs as an efficient photocatalyst -assist. Earlier the photocatalytic 

studies were primarily influenced by improving both light-absorption and charge-separation 

efficiency by the use of metal NPs as a plasmonic antenna in a metal/semiconductor hybrid system. 

Recently, Jain and co-workers have demonstrated the capability of multielectron transfer in 

plasmonic AuNP, where, Au NPs reduce CO2 to CH4 and C2H6, under visible light illumination 

(Figure 1.8a).87 The CO2 to CH4 reduction involves an 8e--8H+ transfer while the reduction into 

C2H6 requires a 12e--12H+ transfer step. Moreover, the formation of CH4 and C2H6 was also 

controlled by tuning the light-intensity, which successively controls the formation of hot charge- 

carriers (Figure 1.8b-c). The presence of a suitable hole scavenger (to reduce recombination rate) 

and higher photon flux (to increase the electron excitation rate), were found to be pivotal for the 

accumulation and multiple charge carriers transfer on the NPs surface. Similarly, one of the 

photocatalytic studies using Ag/AgBr/g-C3N4 ternary system was reported by Wang and co-

workers (Figure 1.8d).88 The enhancement of light absorption is primarily due to the LSPR effect 
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Figure 1.8 (a) Schematic illustration for photocatalytic reduction of CO2 on plasmonic AuNP. (b) 

Time dependent CH4 and C2H6 formation under visible light (> 400 nm). (c) Intensity-dependent 

CH4 and C2H6 formation under 488 nm laser irradiation. Adapted with permission from [87]. (d) 

Schematic of the charge separation in ternary hybrid photocatalyst of Ag/AgBr/g-C3N4 

photocatalysts under visible-light. (e) The plot of average rate of H2 production: (a) g-C3N4, (b) 

5% Ag/AgBr/g-C3N4, (c) 10% Ag/AgBr/g-C3N4, (d) 15% Ag/AgBr/g-C3N4, (e) 18% Ag/AgBr/g-

C3N4, (f) 21% Ag/AgBr/g-C3N4 and (g) Ag/AgBr under visible-light. Adapted with permission from 

[88]. 

 

of Ag NPs in the ternary system. The synergistic effect between g-C3N4 and Ag/AgBr leads to an 

improved photocatalytic H2 evolution activity and long-term stability (Figure 1.8e). Hou et al. 

reported plasmonic Au/TiO2 photocatalyst used for the generation of hydrocarbon fuels from CO2 

under visible illumination, leading to 24-fold enhancement inactivity due to the intense 

electromagnetic fields produced by the surface plasmons of the Au NPs.89  

1.7 Concluding remarks 

It can be seen from the above discussion that to improve photocatalytic efficiency, suitable 

modification or design of photocatalyst is necessary. Besides, the choice of material with respect 

to band position is another key parameter which plays an important role for various photocatalytic 

reactions. Several strategies such as loading of plasmonic metal nanoparticles for extra light-

(d) (e)
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harvesting, other noble metal nanoparticles as co-catalysts, formation of Z-scheme heterojunctions 

with other semiconductors etc. for superior charge separation, etc. have been adopted to enhance 

the overall photocatalytic performance of a material. Among various semiconductors, carbon-

based semiconductors (such as g-C3N4, CQDs etc.) have gained significant research attention in 

photocatalytic applications due to their unique and tunable optical properties and ease to synthesis. 

                   However, for sustainable application, improvement in several areas is still needed. In 

this regard, the synthesis strategies for the functional materials that are easy, inexpensive and 

scalable is needed to be developed. More attention should be given for achieving long-term 

stability of the photocatalysts. It will be advantageous to understand charge-transfer dynamics in 

the catalyst for designing the photocatalyst. As most of them are heterostructures, interfacial 

characterization for efficient charge transfer is very important and needed to be understood in 

detail. By successfully addressing them, it will be possible to use solar energy efficiently and move 

towards a greener future. 
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CHAPTER 2 

2.1 Materials and characterization techniques 

2.1.1 Materials 

Polyethylene sheets (HDPE) were collected from IISER-Mohali campus. Sulphuric acid (H2SO4, 

98%, Merck), Hydrogen peroxide (H2O2, Merck), Sodium sulphate (Na2SO4, Rankem, 99%), 

Acetonitrile (CH3CN, AR, 99.5%), Benzylalcohol (99%, Sigma), 4-chlorobenzylalcohol 

(C7H8NCl, Alfa Aesar, >97%), 4-fluorobenzylalcohol (C7H8FN, Alfa Aesar, >98%), Ammonium 

oxalate (C2H8N2O4, Sigma Aldrich, >99 %), Potassium persulfate (K2S2O8, Sigma Aldrich, 99%), 

(Benzoquinone (C6H4O2, Alfa Aesar, 98%), ((2,2,6,6 –Tetramethylpiperidine-1-yl)oxyl)) 

(TEMPO, Sigma-Aldrich, 98%), melamine (Alfa Aesar, 99%), gold(III) chloride trihydrate 

(Sigma Aldrich, 99.9%), ethyl acetate, (Rankem, 99%), benzylamine (C7H9N, Alfa Aesar, 98%), 

methanol (CH3OH, Rankem, 99%), isopropanol (C3H8O, Merck, 99%), ammonium oxalate 

(C2H8N2O4, Sigma Aldrich, >99%), potassium persulfate (K2S2O8, Sigma Aldrich, 99%), 

benzoquinone (C6H4O2, Alfa Aesar, 98%), acetonitrile (CH3CN, AR, 99.5%), absolute ethanol 

(C2H5OH, Merck, 99.9%), 4-chlorobenzylamine (C7H8NCl, Alfa Aesar, >97%), 4-tri-

fluoromethylbenzylamine (C8H8F3N, Alfa Aesar, 98%), 4-fluorobenzylamine (C7H8FN, Alfa 

Aesar, >98%), 4-methylbenzylamine (C8H11N, Alfa Aesar, 98%), 4-tert-butylbenzylamine 

(C11H17N, Alfa Aesar, 98%), 4-methoxybenzylamine (C8H11NO, Alfa Aesar, >98%), Nafion 

solution (Sigma-Aldrich, 99%), ((2,2,6,6- tetramethylpiperidine-1-yl)oxyl) (TEMPO, Sigma-

Aldrich, 98%), and sodium sulphate (Na2SO4, Rankem, 99%), Melamine (C3H6N6, Aelfa Aesar, 

99%), Hydrochloric Acid (Conc. HCl, Himedia, 35% pure, Hi-AR), Palladium (II) Chloride 

(PdCl2, 99.9% metals basis), Potassium carbonate anhydrous (anhy. K2CO3, 99%, Loba Chemie, 

Extra pure), Phenyl boronic acid (C6H7BO2, Alfa Aesar, >98%), Iodobenzene (C6H5I, Aldrich 

Chemistry, 98%), 1-Iodo-4-nitrobenzene (IC6H4NO2, Alfa Aesar, >98%), 4-Iodoanisole 

(IC6H4OCH3, Alfa Aesar, >98%), 4-Iodotoluene (CH3C6H4I, Alfa Aesar, 98%), 4-Iodobenzonitrile 

(CNC6H4I, Alfa Aesar, 98%), 4-methoxy Benzeneboronic acid (C7H9BO3, Alfa Aesar, 97%), 4-

Acetyl Benzeneboronic acid (C8H9BO3, Alfa Aesar, 98%), Hexane (C6H14, Rankem LR, >98%), 

Chloroform (CHCl3, Himedia, AR), Triethanolamine (Sigma Aldrich, 99.9%), Hexachloro platinic 

acid (H2PtCl6, Sigma Aldrich, 99.99%), Chloroform D +0.03% Tetramethyl silane (Euriso-top, 
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CDCl3+0.03% C4H12Si), Dichloromethane (CH2Cl2, Rankem, LR), Silica gel (SiO2, Merck, 100-

200 mesh) were used without further purification. Milli-Q water was used for all the experiments. 

2.1.2 Characterization techniques 

Powder X-ray diffraction (PXRD) studies were carried out on a Rigaku Ultima IV diffractometer 

equipped with Cu-Kα radiation (40 kV and 40 mA) with a DTex Ultra detector using parallel beam 

geometry with a scan speed of 2⁰ per minute and scan step of 0.02° (2θ range 10-80⁰). The samples 

were grounded into a fine powder by using a mortar and pestle before recording the data.  

Field emission scanning electron microscopy (FESEM, JSM-7600F) and Transmission 

Electron Microscopy (TEM, JEOL JEM-F200) were used to investigate the morphology and size 

of the prepared samples. The FESEM was operated with an accelerating voltage of 20-30 kV. SEM 

samples were prepared by drop-casting ethanolic solution of the sample on the silicon wafer 

substrate and allowing the solvent to evaporate at room temperature in a vacuum desiccator. TEM 

specimens were prepared by dispersing the samples in ethanol and adding onto a porous holey 

carbon-coated copper grid. The chemical composition of the synthesized samples were 

investigated by EDS (Energy Dispersive X-ray Spectroscopy, Oxford Instruments) operating at 10 

kV. 

Fourier Transform Infrared Spectroscopy (FT-IR, PerkinElmer) studies were carried out to 

find out the functional groups present in the prepared samples. Samples were grounded with KBr 

powder using mortar and a pestle, and then the mixed powder was pressed into a pellet using a 

hydraulic press to record the data. Data were recorded in the range of 400–4000 cm-1. 

UV-Vis absorption spectroscopy studies of all the samples were recorded using a Agilent 

Cary 60-UV-Vis spectrometer at room temperature. The range of the measurement was 200-800 

nm with a step of 1 nm.  

Diffuse-reflectance spectra (DRS) were recorded on Shimadzu UV-2450 

spectrophotometer where the baseline was fixed using barium sulfate as reference. The samples 

were grounded into fine powder and transferred into the solid holder uniformly.  . 

Photoluminescence spectroscopy (PL) studies of the aqueous dispersion samples were 

carried out using Spectrofluorometer (Horiba Scientific) using a quartz cuvette. Quantum yield 

(QY) of the PE-CQDs was calculated by taking quinine sulphate as the standard (QY of 54%) in 

0.1 M H2SO4. Time-Correlated Single Photon Counting (TCSPC, Fluorocube, Horiba Jobin Yvon, 

NJ) data were collected by using laser diode head of 375 nm (NanoLED, Horiba Scientific) as an 
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excitation source and all decay traces are recorded at different emission wavelength range. The 

instrument response function (IRF) was collected by using colloidal solution of silica particles 

(Ludox, Sigma Aldrich) at 375 nm and found to be 310 ps. All data were collected by fixing peak 

preset at 10,000 counts and keeping the polarization at the magic angle (54.50). DAS6 (Horiba 

Scientific) software was used to analyze the lifetime (maintaining best-fitting parameters). 

Composition and electronic structure of the samples was examined by X-ray photoelectron 

spectroscopy (XPS, Omicron Nanotechnology spectrometer with monochromatic Al Kα X-

radiation). The measurements were carried out by a Thermo K alpha+ spectrometer using micro-

focused and monochromated Al Kα radiation (1486.6 eV). 

Nitrogen adsorption–desorption isotherms were recorded at liquid nitrogen temperature 

(77 K) using Quantachrome Autosorb-iQ-CXR. The samples were degassed at 180 ⁰C for 12 h 

prior to the surface area measurements. The specific surface area was calculated by the Brunauer-

Emmett-Teller (BET) method. 

High resolution mass spectra (HRMS) were recorded on a Waters Synapt G2-Si Q-TOF Mass 

Spectrometer. The measurements were performed in electron spray ionization (ESI) mode with a Q-

TOF mass analyser. 

The concentration of metal loaded on the surface of catalysts was monitored using Atomic 

Absorption Spectroscopy (AAS). The AAS analysis of the samples was carried out on Lab India 

AA7000 Spectrophotometer with flame as atomizer.  

Raman spectrum of the synthesized samples was recorded using Renishaw Raman 

Spectrometer equipped with the 514 nm laser as the excitation source.  

Gas Chromatography (GC-2014 SCHIMAZHU) was used for the detection of H2 gas 

during the period of photocatalytic water-splitting reaction. The gaseous sample was collected by 

using 5 ml cyringe. 

 

Electrochemical study: Electrochemical measurements of all the samples were performed in a 

three electrode experimental system using a CHI760E Electrochemical Workstation. The catalyst 

ink was prepared by taking 3 mg catalyst in 300 microliters of Nafion solution (Nafion solution 

contains 2 ml water, 1 ml isopropyl alcohol (IPA) and 50 microliters 5% Nafion). The solution 
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was then sonicated to make a homogeneous suspension. An ITO glass (16 mm X 10 mm) was 

cleaned with water and then washed with IPA. One edge of the ITO glass was covered with scotch 

tape and the remaining area (5 mm X 10 mm) was spin-coated with 0.020 ml of the catalyst ink. 

The ITO glass was kept as such for a night and then dried under an IR-lamp. The scotch tape on 

the edge of the ITO glass was removed and a Cu-wire was connected on the ITO glass using 

conductive silver paste. The ITO glass was again kept for 4-6 h to get the silver paste dry. Once 

the silver paste dried completely, a certain quantity of epoxy glue (non-conductive) was used to 

cover the silver paste and air dried for overnight. The prepared electrode on ITO glass was used as 

the working electrode and Ag/AgCl and a Pt wire were used as the reference and counter electrode, 

respectively. The electrolyte was 10 ml of a 0.5M Na2SO4 aqueous solution. Mott–Schottky 

measurements were performed in the potential range of 0 V to 0.8 V (vs. RHE) and at frequencies 

of 500, 1000 and 1500 Hz with an amplitude of 10 mV and the frequency of 10 Hz. For 

electrochemical impedance spectroscopy (EIS), the same catalyst ink (10 microliters) was drop-

cast on an RDE (rotating disk electrode, 5 mm diameter). The EIS tests were performed at open 

circuit potential (OCP) over the frequency range between 1000 and 100 KHz, with an AC voltage 

magnitude of 10 mV. The photocurrent measurements were performed at +0.25 V (vs. Ag/AgCl) 

with illumination of 400 W Xe-lamp with the 10 seconds of light on-off interval for many cycles. 

As the cycles progressed, there was a decrease in the dark current. The data for different samples 

were compared for the same repeat cycles after dark current subtraction. The conversion of 

potential vs. Ag/AgCl to potential vs. RHE was done by using the following equation: 

ERHE = Eobserved +  0.0591 × pH + EAg/AgCl
0  

Eobserved= experimentally observed potential using Ag/AgCl reference electrode 

E0
Ag/AgCl= 0.2 V for 3M KCl filling 

pH = 6.5 for 0.5 M aqueous Na2SO4 
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CHAPTER 3.1 

Introduction 

 

3.1.1 Carbon quantum dots 

Carbon-based nanomaterials such as fullerenes, nanodiamonds, graphene sheets, carbon 

nanotubes, and carbon quantum dots (CQDs) or fluorescent carbon nanoparticles have been 

extensively used in a wide range of applications due to their unique and attractive properties.1-10 

The term “quantum dots” is usually associated with the tiny semiconductor nanoparticles having 

different optical and electronic properties than the larger particles due to the quantum confinement 

effect. CQDs are carbon particles with few nanometers in size (less than 10 nm), containing various 

surface functional groups.8 Among all the electronic and physical properties, the optical properties 

of CQDs, in particular, have attracted tremendous recent interest as they are unique among the 

carbon-nanomaterials, and give rise to many novel applications that are otherwise possible using 

metal-containing nanomaterials only. For example, metal-based semiconductor quantum dots such 

as CdS, CdSe, etc. have been massively investigated in the past few years for their strong 

fluorescence emission properties, enabling their application in bio-imaging and bio-sensing.11-14 

However, these possess certain limitations such as a high toxicity due to the presence of heavy 

metals. In general, heavy metals are toxic even in relatively trace levels, prohibiting the application 

in clinical studies. CQDs have been shown to be non-toxic and can replace metal-based 

semiconductor quantum dots because of their biocompatibility, chemical inertness, good water 

solubility, and low-cost besides having tunable fluorescence emission properties.15-18 CQDs have 

gained significant importance due to their high solubility in water and strong luminescence and 

hence referred to as ‘carbon nanolight’.19 The CQDs have been accidentally discovered by Xu et 

al. in 2004, during the separation and purification of single-walled carbon nanotubes and explored 

the fluorescence properties creating a new class of fluorescent nanomaterials.20 In 2006, they were 

given the name “carbon quantum dots” by Sun et al. who discovered a new route to synthesize 

surface passivated CQDs with high fluorescence emission intensity.21  
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3.1.2 Composition and structure 

The composition of CQDs depends on the precursor material and the method of synthesis. Liu et 

al. prepared CQDs from the raw candle soot which contains 91.7% C, 1.8% N, 1.8% H, and 4.4% 

O, whereas the synthesis of CQDs from glucose as starting material only contains C, O, and H. 

Characteristically, CQDs are quasi-spherical carbon nanoparticles composed of amorphous to 

crystalline carbon core.22 Primarily, it is made up of sp2 graphitic carbon (or) graphene-oxide 

sheets combined through the insertion of sp3 hybridized carbon. It was observed that the CQDs 

prepared by the electrochemical oxidation of multi-wall carbon nanotubes are graphitic in nature, 

confirmed from Raman spectroscopy which shows the presence of both graphitic and defective 

bands.23 Hu et al. have reported that the selected area electron diffraction (SAED) results in a ring 

pattern of 3 nm CQDs obtained by a laser passivation/ablation method as shown in Figure 3.1.1a.24 

The calculated ratio of the squares of the ring radius is 3 : 8 : 11 : 16 : 19, suggesting the diamond-

like structure of CQDs and the ring corresponding to (111), (220), (311), (400), and (331) 

respectively. The lattice spacing value is in the range of 0.2 to 0.23 nm, indicating the presence of 

the graphite (100) plane. CQDs synthesized by alkali-assisted electrochemical route revealed 0.32 

nm lattice spacing, implying the (002) graphitic planes. Raman spectra of pristine graphite and 

CQDs synthesized by Ming et al. are shown in Figure 3.1.1b for comparison of their structure.25 

In the case of pristine graphite, three peaks appear at 1345, 1570, and 2696 cm-1, corresponding to 

the D, G, and 2D bands respectively. On the other hand, CQDs only consist of D and G bands. The 

ratio of the D and G band intensity i.e ID/IG, measures the extent of the disorder and the sp3/sp2 

carbon ratio. The ID/IG ratio for pristine graphite and CQDs are 0.365 and 1.234 respectively. The 

noticeable increase in the value is due to the more disorder in the structure, which arises from the 

generation of oxygenated groups (C-O, C=O, O–C=O) in the sp2 carbon site after the 

electrochemical oxidation and thereby the sp3 carbon sites get produced.  The different types of 

functional groups produced on CQD surfaces were analyzed extensively by X-ray photoelectron 

spectroscopy (XPS) technique as shown in Figure 3.1.1c. Peak appeared at 288 eV in C1s spectra 

of C-dots, indicating more oxidized groups (C–O, C=O), which is consistent with the Raman 

results. Thus, even though CQDs can be crystalline, like graphene, they have high sp3 defect 

density and a large number of surface functional groups, making them distinct from graphene or 

graphene oxide. 
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Figure 3.1.1 (a) TEM image and SAED pattern of C-dots. (b) Raman spectra of graphite and C-

dots (λex= 633 nm), (i) C1s XPS spectra of graphite and C-dots. Adapted with permission from 

[24,25]. 

3.1.3 Synthesis of carbon quantum dots (CQDs) 

Unlike other carbon-based nonmaterial, several simple methods have been developed to synthesize 

CQDs. The common method used for the synthesis is the exfoliation of graphite materials by the 

means of physical or chemical process. The challenges associated with CQDs synthesis are: (i) 

their aggregation during carbonization, which can be minimized by doing confined pyrolysis and 

electrochemical synthesis method, (ii) controlling the size and the particle size distribution, which 

can be optimized by post-treatments, such as centrifugation, dialysis, column chromatography, and 

gel electrophoresis, and (iii) surface properties of CQDs which is important for solubility and some 

selected applications, and can be tuned during the synthesis or post-treatment. The synthesis 

procedures can be roughly classified into two different approaches: (i) top-down and (ii) bottom-

up synthetic routes, as discussed below: 

 

a

Synthesis

Top down Bottom up

Single source precursor Multiple source precursor

(Precursors: graphite,  
candle soot, tire soot etc.  

(Precursors: carbohydrate,  citric acid, aspartic acid etc.
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3.1.3.1 Top-down synthetic routes 

The method involves breaking down bigger carbon structures, such as carbon nanotubes, graphite, 

graphite oxide, nanodiamonds, carbon fibers, carbon soot and activated carbon, by employing 

methods like laser ablation, arc discharge, chemical, and electrochemical oxidation.26-33 The entire 

CQD formation mechanism involves the breakage of carbon-carbon bonds. The first example of 

CQDs was also using top-down route by Xu et al during the separation and purification of 

SWCNTs obtained by arc discharge.20 In the greener approaches, researchers have shown the use 

of waste carbon-based precursors such as candle soot, natural gas soot and tire soot, and then these 

larger-sized carbon materials can be broken into CQDs by the chemical oxidation method using a 

strong oxidizing reagent such as HNO3 or H2SO4, KMnO4. Zhu and co-workers have prepared 

CQDs with greenish-yellow emissive (g-CQDs) through the breaking of graphene oxide by 

microwave treatment under an acidic condition without further addition of any reducing agent.34 

Moreover, CQDs can be turned into blue emissive (b-CQDs) by reducing them with NaBH4 as 

shown in Figure 3.1.2 A. Qu et al. have described the formation process of CQDs enriched with 

the oxygenated group (o-CQDs) using MWCNTs and concentrated nitric acid as oxidant. As 

shown in Figure 3.1.2 B, with the progress of reaction, MWCNTs breakdown into oxygenated 

functional group enriched CQDs.35 It was also shown that in the presence of nitric acid, new defect 

sites, as well as carboxyl and carbonyl groups generate, along with the oxidation of hydroxyl 

groups to carboxyl groups. 

Peng et al. developed a simple method to prepare CQDs from carbohydrates using 

concentrated H2SO4 as a dehydrating agent, followed by breaking of bigger carbon particles into 

CQDs by treatment with HNO3 and later functionalizing the CQD surface with amine-terminated 

compounds (4,7,10-trioxa-1,13-tridecanediamine).30 By changing the precursor material and the 

duration of HNO3 treatment, the emission wavelength of these CQDs can be tuned. The non-toxic 

nature and the multicolor emission capabilities of these CQDs allow them to be used in life-science 

research. Electrochemical soaking is one of the most powerful routes to prepare CQDs from 

various bulk carbon-based materials.36 However, there are limited reports on the electrochemical 

formation of CQDs. Zhang and co-workers prepared CQDs from alcohols via electrochemical 

carbonization method in the basic medium where two Pt sheets were used as counter and working 
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Figure 3.1.2 (A) A schematic representation of the preparation method for greenish-yellow 

emissive CQDs (g-GQDs) and blue emissive CQDs (b-GQDs). (B) Gradual transformation of 

MWCNTs into oxygenated groups enriched CQDs (o-GQDs) with abundant carboxyl and 

carbonyl groups under the treatment of concentrated HNO3. (a) TEM images of the products 

prepared by refluxing with HNO3 at different times. Inset is the schematic illustration of the 

corresponding solution colors. (Scale bars are 50 nm for 0 h, 6 h and 24 h, and 20 nm for 48 h. 

(b) O 1s XPS spectra of the products synthesized by refluxing with HNO3 at different time. Adapted 

with permission from [34 and 35]. 

 

(A)

(B)
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electrode, and a saturated calomel electrode was used as the reference electrode.37 It was observed 

that the sizes and degree of graphitization increases with an increase in the applied potential and 

the resultant amorphous-core CQDs exhibited excitation and size-dependent emission properties 

without any further passivation or purification having a quantum yield (QY) of 15.9 %.  

3.1.3.2 Bottom-up synthetic route 

Bottom-up routes predominantly involve the thermally induced transformation of the small 

molecular precursors such as carbohydrates, citrates, and polymer-silica nanocomposites through 

combustion/thermal treatments and microwave synthetic routes.15,38-41 For instance, Bourlinos et 

al. developed an easy, one-step thermal decomposition route to get fluorescent CQDs from 

ammonium citrate.42 Zhu and co-workers reported the preparation of CQDs from a solution of 

saccharide and poly(ethylene glycol) (PEG)  by the heating method using a 500 W microwave 

oven for 2 to 10 min.43 The synthesized  CQDs with abundant surface traps and various functional 

groups endowed them with stable, bright luminescence and excellent soluble in water. Hydroxyl 

or a carboxylic acid group-containing molecules like glucose or citric acid can be hydrothermally 

treated or pyrolysed, resulting in a carbon core and loss of small molecules (H2O, CO2).
16 A variety 

of waste products such as candle soot, watermelon peels, pomelo peel, orange juice, strawberry 

juice, sugar cane juice, chicken eggs, and chitosan have been used for the synthesis of CQDs.15 In 

typical CQDs prepared by bottom-up syntheses have diameters in the range of 2-10 nm with 

different functional groups and different carbon cores, ranging from graphitic to amorphous ones. 

Generally, temperatures below 300 ⁰C result in the amorphous carbon core while above 300 ⁰C 

leads to graphitization.38,44 Synthesis of CQDs from molecular precursors via bottom-up route can 

be divided into two different categories: (a) single-source precursor (SSP) approach, and (b) multi-

component precursor (MCP) approach.  

3.1.3.2.1 Single-source precursor (SSP) approach 

In this approach, only one precursor material, typically a carbon backbone containing a compound 

with carboxylic acid or alcohol functionalities has been used to prepare CQDs. A very common 

precursor used for both SSP and MCP approach is citric acid as it is readily capable of CQD 

formation through decarboxylation and dehydration reactions.16 Temperature plays an important 

role during the synthesis of CQDs. The temperature should be chosen above the decomposition 
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temperature of the carbon precursor material, higher the temperature faster would be the 

decomposition. However, the temperature should not be exceeding the boiling or sublimation 

temperature of the precursor materials. In general, bottom-up methods give significantly defect-

rich particles than the top-down method. Further, it is possible to dope heteroatom in the CQDs by 

selecting appropriate precursor material such as N-doped graphitic CQDs that have been prepared 

from aspartic acid by the SPP approach (Figure 3.1.3).16 The carboxylic acid-rich precursor 

compounds such as aspartic acid or citric acid result in the CQDs with carboxylic acid 

functionalization on the surface as displayed in Figure 3.1.3.  

 

 

 

 

 

 

 

 

 

 

 

Figure 3.1.3 Bottom-up approaches to CQD-synthesis are divided into two categories: single-

source precursor (SSP) and multi-component precursor (MCP) synthetic route. SSP synthetic 

routes lead to CQDs of amorphous or graphitic composition depending on the synthesis 

temperature (with low photoluminescence quantum yield in both cases and excitation-dependent 

fluorescence properties). MCP synthetic routes result in amorphous CQDs with N-capping groups 

(blue colour), which result in molecular-like fluorophores (yellow stars) with higher quantum yield 

and excitation-independent emission properties. Adapted with permission from [16]. 
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3.1.3.2.2 Multi-component precursor (MCP) approach 

In this approach, a carbonaceous precursor material such as aspartic acid or citric acid are 

decomposed along with an additional heteroatom-containing species, such as urea or 

ethylenediamine for nitrogen, H3BO3, and H3PO4 for boron and phosphorus respectively.45-47 The 

incorporation of heteroatom is thought to be largely localized at the surface of CQDs with 

functionalities consisting of amide, amine, and carboxylic acid groups as shown in Figure 3.1.3.  

MCP synthetic approaches are often used for the synthesis of amine-terminated CQDs and also 

they are often termed as ‘‘surface passivated’’ or with the “hetero atom doped’’ CQDs. (ref) 

Typically, MCP syntheses take place in an autoclave by hydrothermal method and mostly result 

in amorphous CQDs. The low reaction temperature and closed system of the autoclave lead to the 

incomplete reaction of the precursor material. In contrast, greater degrees of graphitization can be 

achieved in the case of the SSP approach by increasing the synthesis temperatures. Furthermore, 

CQDs synthesized by the MCP synthetic approach generally require further purification via 

dialysis. Note that the MCP synthetic approach leading to the change in the optical properties of 

the CQD as compared to the SSP approach is advantageous as discussed in the optical property 

section. 

3.1.3.2.3 Large-scale synthesis of CQDs 

Synthesis of CQDs with high yield has always been challenging in the above-mentioned synthesis 

processes which produces various sizes of CQDs along with carbon particles and partially reacted 

precursors as residue. Hydrothermal method is the commonly used synthesis process to produce 

of CQDs from biomass. However, this method generates low CQD yield, as the traditional 

hydrothermal method would also produce large amounts of hydro-char as by-product.48 Therefore, 

several groups have attempted to develop CQD synthesis strategies with high yield. Jing et al. have 

used an effective method for high yield synthesis of CQDs from the biomass-derived carbon 

(hydro-char and carbonized biomass) by using NaOH/H2O2 solution as oxidizing reagent.49 Nearly 

76 wt% yield of CQDs with size of 2.4 nm was obtained in this synthesis route, which is much 

higher than the yield obtained from hydrothermal and strong acid-mediated oxidation processes. 

Liu et al. prepared CQDs from acrylamide/chitosan boost as precursor via microwave-

hydrothermal carbonization for 3 minutes with a yield of nearly 46% and they used for the 

detection of ferrous ions.50 Zhang and co-workers prepared N-doped CQDs from ethylenediamine 
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tetraacetic acid (EDTA) precursor by using one-step hydrothermal method with a yield of 78%.51 

Li et al. developed a versatile molten-salt method to prepare hydro-soluble CQDs from various 

precursors, in high yields.52 Therein, citric acid derived CQDs were obtained in a maximum yield 

of ~37% and also exhibited a high fluorescence QY of 20.8%. Other precursor materials, such as 

sucrose, sodium lignosulphonate, p-phenylenediamine, and glucose result in the maximum yield 

of 66.7% and used for the bio-imaging. 

However, the above synthesis process uses very energy and time consuming (4-5 days) 

purification and separation technique (dialysis, vacuum freeze-drying). Moreover, even if the 

yields are high, the amount of CQDs are not more than 1-2 g only. Therefore, more efforts are 

required to get high-yield CQDs involving simplified separation and purification processes. 

3.1.4 Surface passivation and functionalization 

Generally, CQDs surfaces are highly sensitive to environmental contaminants and hence their 

properties get easily affected by the surroundings. To overcome such a problem, passivation of 

CQDs surface is performed to minimize the effect of contamination. The attachment of some 

polymeric materials such as oligomeric PEG or PEG1500N on the surface of CQDs results in 

surface passivation by usually forming a thin insulating layer. In contrast, CQDs without any 

surface passivation might result in fluorescence emission but they generally exhibit low QY. A 

very high QY (60%) was achieved by Wang et al. after the surface passivation of CQDs with 

PEG1500N.53 It is now emerged that the optical properties and fluorescence intensity of the CQDs 

depend on the surface passivation. The concept of crosslinking surface passivation for the better 

optical properties of CQDs was introduced by Anilkumar’s group.54 The CQDs surface with 

crosslinking of the passivating PEG1500N results in fluorescent particles which are multiple CQDs 

associated in covalently bound clusters as shown in Figure 3.1.4. Crosslinking stabilizes the 

surface functionalization by reinforcing the soft shell of PEG1500N molecules that surround the 

hard CQD cores, thereby achieving enhanced fluorescence emissions. 
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Figure 3.1.4 Crosslinking of PEG1500N-functionalised carbon dots by reaction with dimethyl 

pimelimidate in phosphate buffer (pH 8). Adapted with permission from [54]. 

 

Surface passivating agents often act as functionalizing agents also, where along with 

physical properties, fluorescence properties of the CQDs also change. The introduction of surface 

functional groups such as carboxylic, amines can impose defects on their surface, leading to the 

variation in fluorescence emission properties.55,56 One simple and effective method to introduce 

carboxyl and carbonyl groups on CQD surface is the oxidative treatment with strong acids. Li et 

al. showed that with oxidation, the fluorescence emission intensity increases.57 Table 3.1.1 

provides an overview of the methods of CQDs synthesis using various precursor materials.  

3.1.5 Optoelectronic properties of CQDs 

CQDs typically show an optical absorbance in the UV region, with an extended tail to the 

visible range (Figure 3.1.5).71 Most of the CQDs, such as those prepared by electrochemical 

oxidation, laser- ablation, microwave/ultrasonic, and hydrothermal methods have an absorption 

band in the range of 260-330 nm. The origin of absorption in CQDs has been attributed to the π–

π* (C=C) and n–π* (C=O) transitions in the graphitic core. Besides, it was observed that the 

absorbance of the CQDs increases to lower energy after surface passivation with organosilane or 

4,7,10-trioxa-1,13-tridecanediamine (TTDDA)2 (340-410 nm and 350-550 nm respectively). 

CQDs with carboxylic acid-terminated synthesized by a single-source precursor (SSP), typically  
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Table 3.1.1: Summary of synthetic routes for CQDs from various precursors. 

Precursor Synthetic method QY (%) Application Ref. 

Ascorbic acid Heat treatment at 90 ⁰C 3.2 pH sensing 58 

Carbohydrate H2SO4 and HNO3 treatment, amine 

passivation 

13 - 30 

Citrate Hydrothermal treatment 180 ⁰C 68 Hg2+ sensing 59 

poly(ethylene glycol), saccharide Microwave treatment (500 W) 3.1-6.3 - 43 

Glucose Hydrothermal treatment 200 ⁰C 1.1-2.5 Bio-imaging 60 

Candle soot HNO3 oxidation 3 Bio-imaging 61 

Ionic liquids Microwave oven (700 W) 1.6-5.1 Quercetin sensing 62 

Grass Hydrothermal treatment 150-200 ⁰C 2.5-6.2 Cu2+ sensing 63 

Orange juice Hydrothermal treatment 120 ⁰C 26 Bio-imaging 64 

Ethanol in NaOH solution Electrochemical treatment (25–40 V) 4 - 65 

Chitosan Hydrothermal treatment at 180 ⁰C 43 Bio-imaging 56 

Chicken egg Plasma irradiation (50 V, 2.4 A) 6.8 Printing 55 

Citric acid & ethylenediamine Hydrothermal treatment at 150-300 ⁰C  Cu2+ sensing printing 44 

Gelatine Hydrothermal treatment 200 ⁰C 31 Bio-imaging 66 

3-(3,4-Dihydroxyphenyl)-L-

alanine, L-histidine, L-arginine 

Carbonisation at 300 ⁰C - Bio-imaging 67 

Ascorbic acid Hydrothermal treatment 200 ⁰C 5.7 Bio-imaging, pH 

sensing 

68 

Hair fibre H2SO4 treatment 11 Bio-imaging 69 

Acetic acid Carbonisation with P2O5 - Bio-imaging 27 

Sucrose Microwave oven at 100 W - Bio-imaging 70 



38 
 

have a broad UV-visible absorption band, whereas CQDs synthesized by multi-component (MP) 

procedures exhibit an additional characteristic band at around 355 nm for the n–π* (amide) 

transition. CQDs with more graphitization within the structure display an absorption in higher 

wavelength than amorphous CQDs, because of the presence of extended of π–π* (C=C) systems.  

 

 

 

 

 

 

 

Figure 3.1.5 UV-Vis absorption and PL emission spectra (recorded for different excitation 

wavelengths with 20 nm increments) of carbon dots surface-passivated with PEG1500N in water. 

The inset is normalized emission spectra. Adapted with permission from [71]. 

 

3.1.5.1 Photoluminescence 

The intricate photoluminescence emission properties of CQDs have gained significant research 

attention, particularly in white light emission, bio-imaging, and sensing applications. CQDs 

prepared by the SSP method typically exhibit excitation wavelength-dependent emission 

properties, which distinguishes them from the traditional semiconductor quantum dots, showing a 

nanoparticle size-dependent emission because of their well-defined size-bandgap relationship. 

However, the origin of such fluorescence emission is still debatable. Though the origin of emission 

is unclear, the prevailing view is that there are two classes of fluorescence emission centers 

depending on their structure. The first one is that of bandgap transitions by conjugated π domains 

and the origin of the 2nd fluorescence emission is associated with the surface functional groups in 

CQDs, as discussed below.  
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3.1.5.2 Bandgap transitions originated from conjugated π-domain 

The band-gap transitions originate from the conjugated π-domains which are isolated, creating π-

electrons rich sp2 hybridized islands. They occur in such a way that between the sp2 islands there 

are no π-connections, leading to the desired fluorescence emission without any quenching. Single-

layer graphene sheets have been used to suppress the interlayer quenching in this band-gap 

transition. Such a structure also electronically divides isolated π-conjugated domains, resembling 

large aromatic molecules with an extended π-conjugation of the specific electronic energy 

bandgap. Such electronic transitions display strong absorption in the ultraviolet (UV) region, but 

very weak or negligible fluorescence emissions (Figure 3.1.6 A).72 The strong absorption in the 

UV-region is due to the absorption of light by a large amount of high-density π- electrons in the 

islands. On the other hand, the weak emissions are possibly due to the quenching via non-radiative 

relaxation from the excited energy state to the ground state during the migration of exciton.  

3.1.5.3 Fluorescence emissions originated via surface defects 

Surface-related defective sites are generally the sites that do not have perfect sp2 domains, thereby 

results in surface trapping energy states. Functionalization on the CQDs surface creates surface 

defects, both sp2 and sp3 hybridized carbons which are responsible for multicolor emissions in the 

visible-light spectrum. The origin of multicolor emission is deemed to be the presence of multiple 

surface defects with different emission and excitation properties.73 The recombination of the 

photo-excited electron-hole pairs in localized π and π* energy levels of the sp2 hybridized site is 

responsible for the surface defect-derived fluorescence of CQDs.74 This electronic transition 

generally exhibits strong emissions in the visible region but weak absorption in the near ultraviolet-

visible (UV-Vis) region as shown in Figure 3.1.6 B. Additionally, upon surface functionalization, 

radiative recombination of surface-confined holes and electrons occurs due to isolated and more 

stable surface defects, which results in stronger fluorescence emissions. 

CQDs have another unique property i.e., their tunable fluorescence emission. In general, 

without any surface functionalization, CQDs exhibit tuneable emission with very low QY because  
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Figure 3.1.6 (A) CQDs with strong absorption in the UV region (weak emissions) and (B) CQDs 

with strong and multicolour emissions in the visible region. Adapted with permission from [72]. 

 

of their reduced radiative recombination. There are many strategies developed to incorporate 

different functional groups on CQDs and thereby creating surface defects. Functional groups are 

generally created based on the choice of the synthesis method and the precursor materials which 

gives O, N, and S containing groups as discussed above. Another approach is the surface 

functionalization with polymeric or organic materials, such as poly(propionylethyleneimine-co-

ethyleneimine) (PPEI-EI) attached to the surface of CQD.21 Such functionalization stabilizes the 

defects and hence exhibits strong fluorescence emissions. The fluorescence emission of such 

surface-functionalized CQDs covers a broad visible range and also extended into the near-infrared 

region (NIR) as displayed in Figure 3.1.7. It should be noted that the fluorescence emission in the 

surface-functionalized CQDs do not originate from the functionalizing agents as those are emissive 

neither in the visible nor in the NIR region. The emission spectra of PPEI-EI-functionalized CQDs 

exhibit excitation wavelength-dependent emission and it is also noticeable that emissions are 

broad. Thus, the variation of particle size and different emissive sites distribution could be the 

reason for the tuneable emission of CQDs.21,75 
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Figure 3.1.7 (A) PEG1500N-passivated CQDs in aqueous solution (a) excited at 400 nm and (b) 

excited at the several (indicated) wavelengths. (B) The absorption and emission spectra of PPEI-

EI passivated CQDs in an aqueous medium with increasing λex from 400 nm on the left (20 nm 

increments). Inset is a plot of emission intensities normalized to corresponding quantum yields. 

Adapted with permission from [21]. 

 

However, the exact mechanism for the excitation wavelength-dependent fluorescence 

emission is still not established. Several reports suggest that the emission property depends on the 

synthesis route and the precursor materials which generate particles of different sizes having 

different emission maxima. Besides, it was observed that the fluorescence intensity also depends 

upon the pH of the CQDs solution. Jia et al. synthesized CQDs from ascorbic acid and explored 

the linear dependence of emission intensity with the pH of the solution ranging from 4.0 to 8.0. 

The emission intensity decreased ~90% from pH 4.0 to 8.0. As the pH increases, the carboxyl 

groups on the CQDs surface get deprotonated which might cause the electrostatic charging to the 

CQDs and thereby shift the Fermi level.76 Liu et al. have noticed that the emission intensity of the 

CQDs prepared by combustion method is maximum at pH 7 and the intensity decreases whether 

pH decreases or increases.77 As seen above, significant variation of the emission intensity with the 

solution pH and also the synthetic routes bring complexity to exploring the mechanism of 

fluorescence emission. Nonetheless, the excitation wavelength dependency on the emission 

property of CQDs gives an advantage in that the selection of different emission wavelengths is 

possible, which can be exploited for fluorescence imaging and optical labelling.  

 

(A) (B)
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3.1.6 Applications of CQDs 

The unique optical properties and highly emissive nature of the CQDs make them suitable for 

many applications such as chemical sensing, bio-sensing, bio-imaging, nanomedicine, light 

emission and photocatalysis.  

3.1.6.1 Chemical sensing 

CQDs have been used in the field of chemical sensing such as heavy metal (e. g. Hg2+) detection 

in aqueous medium and living cells etc., due to their low toxicity, high photo-stability, water 

solubility, and superior chemical stability. Yan and co-workers adapted two different CQD 

systems CQDs-1 and CQDs-2 with a high QY of 65.5 and 55.5 % respectively prepared by 

hydrothermal method and showed their selectivity for the detection of Hg2+ in aqueous solution by 

fluorescence technique.78 The fluorescence emission intensity of CQDs-1 and CQDs-2 solution 

was rapidly quenched after the addition of Hg2+, by 80% and 55% respectively, and both the 

solution remained stable after 1 h of observation period as shown in Figure 3.1.8. Other metal ions 

such as Cu2+, Fe3+, Pb2+,  Cr(VI), and Ag+ have also been detected using CQDs by measuring 

fluorescence quenching after the addition of metal ions.15,79-82 CQDs were used as fluorescent IFE-

based chemosensors for the determination of metal ions. Apart from the sensing of metal ions, 

CQDs have also been used for the detections of pH, PO4
3-, C2O4

2-, F-, CN-, S2-, I-, ClO- and NO2 

gas.83,84 Contrary to the metal ion detection which is based on the fluorescence quenching 

mechanism, many of the anions detections are based on the enhancement of fluorescence 

(fluorescence recovery) of the quenched CQDs-metal complexes. For instance, in case of I- assay, 

CQDs fluorescence was recovered due to the more stable complex formation between metal ions 

and I-, and the detection limit was found to be 436 nM.  

3.1.6.2 Bio-sensing and bio-imaging 

Non-toxicity, good biocompatibility, excellent non-photobleaching, and high fluorescence 

emission also make them suitable for bio-imaging and bio-sensing for a variety of biological 

species, such as bacteria and cells. Wang et al. showed the fluorescence sensing of Escherichia 

coli O157: H7 with a detection limit of 9.5 × 104 CFU mL−1, using water-soluble CQDs with a QY 
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Figure 3.1.8 UV-Vis absorption (black lines) and fluorescence spectra of (a) CQD-1 and (b) CQD-

2 aqueous solutions in the presence (red lines) and absence (blue lines) of Hg2+. Fluorescence 

responses of CQD-1 (c) and CQD-2 (d) aqueous solutions in the presence of 20 mM of various 

metal ions. (λex = 360 nm). Adapted with permission from [78]. 

 

of 18.98% prepared by a solvothermal method.85 Chen et al. prepared CQDs with a QY of 43% by 

a single-step heating reaction, which was used as multicolour labeling agents for bacteria such as 

Escherichia coli and Staphylococcus aureus.86 Singh and co-workers used pH-sensitive CQDs in 

microgel and developed a platform to detect bacterial growth through encapsulating the bacteria 

as shown in Figure 3.1.9.87 It has been shown that few bacteria inside the microgels can effectively 

change the pH of a small volume in lesser time as compared to the bulk culture, causing enhanced 

emission of CQDs with the increase of acidity of microgels. Bu and co-workers have proposed an 

immune-sensor for specific and fast detection of 4,40-dibrominated biphenyl (PBB15), an organic 

pollutant by employing the principle of homogenous immunoassay and Fo¨rster resonance energy 

transfer (FRET).88 The fluorescence quenching concept has been also applied for the detection of 

nucleic acids where the selectivity level was high enough to identify even a single-base mismatch. 
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Figure 3.1.9 Schematic representation of the apparatus used for the production of alginate 

microgels encapsulating E. coli and carbon dots. (b) A Scheme showing the growth of 

encapsulated E. coli causing an improvement of fluorescence emission due to a decrease in local 

pH. Adapted with permission from [87]. 

 

In addition to bio-sensing, CQDs have been widely used for bio-imaging both in-vivo and 

in-vitro, as alternatives to the metal-based semiconductor quantum dots due to their non-toxic 

nature.15 Generally, the carbon cores of CQDs are non-toxic, however the occurrence of any 

cytotoxicity can be attributed to the surface functional groups on its surface which can be further 

reduced by the use of surface passivating agents of low cytotoxicity as those can be used even in 

high concentrations for in-vivo imaging.    

3.1.6.3 Photocatalytic application 

To achieve a sustainable photocatalytic system, a key requirement is the development of low-cost, 

efficient light harvesters. Photosensitizers that are commonly used for photocatalysis include 

organic dyes and semiconductor nanoparticles. Generally, dyes have high light absorption 

coefficients but they suffer from poor photo-stability in an aqueous medium. Recently CQDs have 

been applied as a photosensitizer to carry out many photocatalytic reactions due to their high 

visible-light absorption capability and photo-stability. CQDs alone have not been explored much 

for the photocatalytic applications but have mostly been used in conjunction with other 
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semiconductor photocatalysts such as TiO2, Ag3PO4, BiVO4, ZnO, Cu2O, and Fe2O3 for the 

degradation of organic dye molecules and toxic gases.17 Besides, the electron reservoir behavior 

of CQDs has been applied to enhance the photocatalytic H2 evolution, by playing as a 

photogenerated electron relay between Pt nanoparticles and an organic photosensitizer. Several 

CQD-based photocatalysts have been reported for water splitting reaction. In contrast, 

photocatalytic fuel production using CQDs as the photocatalyst is limited and typically involves a 

composite material with other semiconductor photocatalysts such as CQD-sensitised TiO2. CQD-

modified P-25 (TiO2) composite photocatalyst was prepared by Zhang and co-workers via a 

hydrothermal approach as displayed in Figure 3.1.10 a, and the composite showed nearly 4-times-

higher activity under visible light for H2 evolution rates as compared to bare P-25.89 Based on 

transient photocurrent response measurements, hydroxyl radical tests, and surface photovoltage 

spectra, CQDs in the photocatalytic system were found to play a dual role. Upon UV irradiation, 

CQDs behaved as electron reservoirs to suppress the photogenerated charge carrier recombination 

in P-25, and under visible light, they acted as photo-sensitizers, transferring photogenerated 

excited electrons to the CB of P-25 to carry the H2 evolution reaction. It was proposed that the 

chemical bond between the P-25 and CQDs enhances the charge transfer process, resulting in a 

higher reaction rate.17 Another research group synthesized CQDs/TiO2 nanocomposite in-situ 

hydrothermally using vitamin C as a carbon resource (Figure 3.1.10 b) and explained the enhanced 

activity as due to the chemical bond formation between CQDs and TiO2 during the synthesis.90 

Sun and co-workers incorporated S and N atoms into CQDs using thiourea and urea as source 

material respectively (Figure 3.1.10 c).91 They proposed that electrons could be excited to the π* 

orbitals of S, N, and O respectively, according to the incident light energy. Three absorption bands 

were observed at 338, 467, and 557 nm for S, N co-doped CQDs, and depending upon the 

excitation wavelength (340 to 540 nm), they emitted blue, green, or red light during de-excitation. 

The composite of S, N co-doped CQDs with TiO2 exhibited photocatalytic H2 evolution under 

visible-light illumination and excellent stability. Reisner and co-workers synthesized CQDs by the 

thermolysis of citric acid and used them as photosensitizers on a molecular Ni-catalyst for the H2 

evolution reaction with long-term stability as shown in Figure 3.1.10 d-f.92 In this system, CQDs 

can be excited by both visible and UV light and the photogenerated electrons transfer to molecular 

Ni catalysts. The turnover frequency (TOF) was found to be 41 h-1 for the first hour of the 

photocatalytic reaction which is almost similar to that of the Ru-based dye-sensitized system.  
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Figure 3.1.10 (a) Band alignment and light-induced charge-transfer process of carbon dots-

modified TiO2 (P25). (b) In situ grown carbon dots on TiO2 nanoparticles and nanowires to form 

bidentate Ti–O–C bonds for improved charge-transfer performance. (c) Proposed doping state 

diagram of S, N co-doped carbon dots. (d,e) Schematic of photocatalytic H2 production by CQD-

decorated nickel bis(diphosphine) molecular catalyst (NiP). (f) Re-addition experiment during 

long-term photocatalytic H2 evolution. The decrease in catalytic activity is caused by the poor 

stability of the molecular catalyst. Adapted with permission from [89,90,91 and 92]. 

 

Recently, it was further found that by specific modifications of CQDs, they become highly 

capable of serving as a photocatalyst for the H2 production for water-splitting. This was first 

discovered in 2011 by Sun and co-workers during the investigation of the CO2 photo-conversion 

using platinum or gold-coated CQDs.93 In absence of CO2, they irradiated an aqueous solution of 

CuSO4 containing bare CQDs, and a visible change in the color and precipitate formation were 

observed, attributing to the reduction of Cu2+ by H2 generated via water-splitting. It has been 

proven that in the absence of other semiconductor substrates, CQDs alone can drive the water-

splitting reaction.94 However, the mechanism of H2 photo-generation in presence of CQDs is still 

unknown. Teng and co-workers in 2014, showed that N-doped graphene oxide quantum dots (N-

GOQDs) under visible light irradiation generate H2 and O2 in a molar ratio of 2:1, indicating their 

capability for overall water-splitting.95 They proposed a possible reaction mechanism for the 

(a) (b) (c)

(d) (e) (f)
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photocatalytic water splitting as shown in Figure 3.1.11. The N-GOQDs have a band-gap of 2.2 

eV, suggesting it is suitable for the generation of exciton under visible-light illumination. In 

addition, N-GOQDs consisted of stacked N- doped graphene sheets into crystals and oxygen-

containing functional groups on the surface, introducing n- and p-type conductivity, respectively 

and hence through sp2 cluster, an ohmic contact gets build up between the p-and n-type 

photochemical diodes, producing efficient p-n junctions for separation of excited electron-holes. 

Consequently, at the p-and n-domains, H2 and O2 gas are generated separately (Figure 3.1.11).  

It is worth mentioning that not all CQDs can perform photocatalytic H2 evolution reaction, 

as the HOMO and LOMO energy levels of CQDs widely vary depending upon their size and 

structure unlike general semiconductor materials, which has been confirmed by DFT calculations. 

Internal p-n junctions generated by N-doping and oxidation were demonstrated to be an excellent 

strategy to realize photocatalytic water-splitting using CQDs, but noble metal co-catalysts are 

highly necessary to achieve higher quantum efficiency for water-splitting reaction.  

 

 

 

 

 

 

 

 

 

Figure 3.1.11 The possible mechanism for photocatalytic water-splitting through a Z-scheme 

charge transfer pathway for nitrogen‐doped graphene quantum dots (N‐GOQDs). The Ohmic 

contact created by sp2 clusters could remove the energy barriers between p‐type and n‐type 

domains, leading to efficient charge separation for high photocatalytic performance. Adapted with 

permission from [95]. 
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3.1.7 Concluding remarks 

CQDs are emerging as the next generation of fluorescent nanomaterials with high luminescence 

due to their low cost, low cytotoxicity, water solubility, superior photo-stability and optical 

properties. Thus, the CQDs with unique optical properties are distinguishable from conventional 

semiconductor QDs or other carbon-based nanomaterials such as 1D CNT and 2D graphene. 

Generally, CQDs are consisted of carbon-core (sp2 graphene structure) and surface-domains 

(abundant functional groups). The origin of fluorescence of the CQDs is closely related to their 

surface components and intrinsic structure. Various methods and carbon precursors are used for 

CQDs synthesis. However, the high-yield synthesis of CQDs and their separation, purification has 

remained challenging. The structures, morphologies, compositions, and optical properties are 

highly dependent on the method and precursor used for the synthesis. Both chemical and 

photochemical stability of CQDs along with their non-toxic composition offer significant 

advantage in the context of in-vivo diagnostic and biomedical applications. CQDs have been 

realized as a promising photocatalysts for organic pollutant degradation and energy harvesting 

reactions, which may eventually reduce the burden of energy consumption. However, a green 

strategy needs to be developed for the synthesis (including separation and purification) of CQDs 

with high-yields. Besides the photocatalytic activities of the pristine CQDs for organic 

transformation has been barely investigated. Their high solubility creates difficulties in their 

separation from the reaction medium and their disposal strategies are needed to be developed. 
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CHAPTER 3.2 

High and reversible oxygen uptake in carbon dot solutions generated from 

polyethylene  

 

 

 

 

 

 

 

Summary 

Oxidation reactions are at the heart of chemical industries. To make this a greener, fuel efficient 

process, numerous solar harvesting photocatalysts have been developed recently. O2 enrichment 

plays a pivotal role in such transformations where dioxygen is a reactant, because high O2 

concentration in the reaction medium ensures its presence near the catalyst active-site. Therefore, 

large quantities of O2, obtained by separating it from air by an energy consuming process are 

purged through the reactor. We report here that CQDs have the ability to increase the oxygen 

content in a solution just like Haemoglobin in blood, in a reversible manner, so that an external 

supply is not necessary. We came across this breakthrough observation while developing a rational 

strategy for converting non-biodegradable polyethylene into a useful material based on 

carbonization strategies from 1980’s and Hummers’ method of graphene-oxide synthesis as 

reported here. These CQDs can perform photocatalytic-oxidation reactions in air with equal 

efficiency as in presence of excess oxygen, and even keeps own O2 reserve in order to act in an 

inert atmosphere too. This is the first example of a nanomaterial exhibiting the dual role of a 

photocatalyst and reactant enricher, so that besides renewable energy harvesting, energy 

consumption during reactant supply can be reduced. 

 

‡ Manuscript based on this work has appeared in Nanoscale, 2020, 12, 10480 
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3.2.1 Introduction 

Photocatalytic reactions are gaining importance because of their potential to carry out chemical 

transformations that can assist renewable fuel generation and production of fine chemicals by using 

inexhaustible and green solar energy.1-4 Interaction of light with a photocatalyst generates excited 

electrons and holes capable of carrying out reduction and oxidation reactions, respectively. 

However, suitable engineering of the catalysts is necessary in order to arrest recombination of 

excited electrons and holes, and to ensure a favourable interaction so that sufficient reactant 

molecules are attached to the catalyst surface ready to accept the excited electrons and holes.5,6 

The later criteria is particularly difficult to meet in the case of aerial photocatalytic oxidation 

reactions where molecular oxygen is one of the reactants, which otherwise offers the possibility of 

avoiding the traditional toxic oxidizing reactants.7-9 This drawback necessitates oxygen 

enrichment of the reaction medium by purging with oxygen in quantities much larger than the 

other reactants or special reaction set-up to create high oxygen pressure.10-14 Therefore, 

photocatalytic oxidation reactions are indirectly associated with an additional energy consuming 

step of oxygen separation from air.15 Besides photocatalysis, many other important industrial 

processes also require oxygen enrichment.16 Thus developing a material which is capable of 

extracting oxygen from ambient air in large quantities while dispersed in a reaction medium, stable 

and efficient in harvesting solar energy is highly desirable.  

 

3.2.2 Scope of the present investigation 

Most of the aforementioned criteria are satisfied by the partially oxidized few-layer graphene 

nanostructures measuring few nanometers in size, often referred to as carbon quantum dots, 

(CQDs).17-20 CQDs contain large number of surface functional groups leading to their high 

solubility in polar solvents. These absorb visible-light and exhibit tunable luminescence properties 

that have been used to construct white-light emitting and sensing devices.21-23 In addition, these 

exhibit high photo-stability and biocompatibility which led to their utilization in bio-imaging and 

drug delivery.17,18,24,25 In general, CQDs are synthesized from simple, environmentally benign 

precursors, and their properties have been shown to be dependent on the synthesis process.19,20,23,26  
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 The properties of CQDs, including optical sensing which demonstrate their ability to 

respond to visible-light and transfer charge carriers to an analyte efficiently, also fulfil the 

necessary requirements in a desirable photocatalyst. However, their photocatalytic efficiencies so 

far have been shown to be moderate. One could argue that this may be because the CQDs have 

been used primarily for reduction reactions which prefer an oxygen-free atmosphere,27,28 while 

there are many indirect evidences to suggest that the CQDs should exhibit high O2 adsorption 

properties because of their similarity with graphene. Preferential physisorption has been observed 

on pure graphene basal plane, while the defects in them have been shown to induce a stronger 

adsorption.28-30 Proximity of common functional groups in graphene-oxide to the oxygen 

adsorption site too is expected to augment carbon-oxygen interaction.31 Therefore, rich in surface 

functional groups and defects, CQDs should be associated with large quantities of oxygen and 

hence useful in photocatalytic oxidation reactions involving molecular oxygen or ambient air.32  

Here we present a new strategy wherein we used polyethylene (PE), a stubborn non-

biodegradable waste and environmental hazard to synthesize CQDs (hereafter called as PE-CQD) 

with an aim to transform PE into a useful material in a quantitative manner.33,34 We have 

discovered that when dissolved in water, CQDs have the ability to increase the total oxygen content 

(TO) to an unintuitively large quantity. In addition, we showed that it can also significantly 

accelerate the diffusion of O2 in the solution. These CQDs can perform photocatalytic benzyl 

alcohol oxidation reactions in air with equal efficiency as in presence of excess oxygen, and even 

keeps own O2 reserve in order to act in an inert atmosphere too.  
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3.2.3 METHODS 

3.2.3.1 Synthesis of PE-CQDs 

The PE-CQDs were synthesised from pure polyethylene (PE) beads as well as PE available in local 

market. In a typical experiment, 1 g of commercial PE sheet was cut into a smaller piece and added 

to 60 ml 18 M sulphuric acid in a round bottom flask. This mixture was refluxed at ~150 ⁰C with 

constant stirring at 600 rpm for 1 h. The transparent PE sheets initially swelled and gradually 

turned black. A solution of KMnO4 (1 g in 20 ml water) was then added slowly to the reaction 

mixture (drop-wise, within a period of 5 min) followed by addition of 1-2 ml of H2O2 in a similar 

manner that resulted in an orange-yellow colour solution. After few minutes, the reaction mixture 

was allowed to cool to room temperature and further diluted with 60 ml water. The PE-CQDs were 

than repeatedly extracted to an organic phase in a separating funnel by adding ethyl acetate to the 

solution. The CQDs in the ethyl acetate was purified by two processes: (i) by column 

chromatography using neutral Al2O3 as the stationary phase and methanol as eluting solvent (a 

process similar to other literature reports).35 (ii) We also hypothesized that the extracted phase will 

not contain any metal based impurity. Any moisture in the organic phase was removed by filtering 

through Na2SO4. The dry organic phase was evaporated in a rotary evaporator under reduced 

pressure and red colour solid powder of PE-CQDs was collected. The CQDs obtained by both the 

methods exhibited identical elemental analysis. The later approach is much simpler and therefore 

all experiments were repeated using these samples. 

3.2.3.2 Control Experiments 

In order to investigate the effect of the acid concentration, reactions were carried out with different 

H2SO4 concentration (1M to 18M). It was observed that CQDs formation starts at 7M H2SO4 

though the yield was very less. The yield increases with the H2SO4 concentration as given in the 

table 3.2.1 (images given on the right of the table show the gradual increase of carbon dots yield). 

The complete conversion (100%) of PE into CQDs formation was observed at 18 M H2SO4, and 

therefore we have synthesized our PE-CQDs at this acid concentration. Apart from using H2SO4, 

we have also tried the same reaction with concentrated HCl, but the PE-sheets did not turn into 

black coloured char, suggesting HCl is not the proper reagent for this reaction. We studied the 

effect of reaction temperature on PE-CQDs formation. A temperature above the melting point of 
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the polymer favours sufficient swelling, uniform reactivity and maximum charring of PE. The 

conversion was progressively slower at lower temperatures, with negligible conversion at ~100 

C. 

Table 3.2.1: To optimise the formation of PE-CQDs, we have carried out the reactions at different 

sulphuric acid concentrations. It was observed that C-dot formation starts at 7M H2SO4 though 

the yield was very less. The yield increases with the H2SO4 concentration (images given on the 

right of the table show the gradual increase of carbon dots yield). 

 

3.2.3.3 Measurement of oxygen content in the PE-CQD solutions 

Concentration of oxygen in pure water and aqueous dispersion of PE-CQDs were 

quantified using non-invasive Ocean Optics Neofox-Kit-Probe.36 To study adsorption of oxygen 

in aqueous dispersion of a photocatalyst, 30 ml of water containing 25mg of the photocatalyst was 

taken in a 50ml round bottom flask and continuously stirred at 300 rpm. The sensing patch was 

attached to the inner wall of the flask so that it is completely submerge in the solution. The 

exposure area to the atmosphere was kept as 7 cm2 for all measurements. On the other hand, 

measurements were carried out at different depths from the solution surface. The higher the depth, 

the more time it takes to reach O2 saturation. The solution was kept still during O2 desorption while 
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purging with N2 continuously. The N2 flow rate was kept constant during all measurements. The 

kit was calibrated prior to each measurement using a two-point reading (20.9% O2 in air and 0% 

O2 in N2). Solutions containing 25 mg of phenol, p-toluene sulfonic acid, benzoic acid (compound 

containing similar functional groups as those in PE-CQDs) did not show any appreciable change 

in O2 level from that of pure water. Besides, I expect no interference from the CQDs optical 

properties with the oxygen probe. This is because, the absorbance of CQDs in λ≥500 nm is 

negligible, and therefore it can not influence the emission properties of the O2 sensor (containing 

a Ru complex (λem,max =600 nm) embedded in a matrix which is permeable to O2 only). On the 

other hand, CQD emission also has no effect on the phase shift measurements by the detector as 

its emission in N2 and O2 doesnot change at all. I also believe that the O2 molecules are associated 

with CQDs in some form (weakly chemisorbed or frozen in the stern layer etc.) rather than strongly 

attached on the CQD surface so that when a CQD colloids the sensing patch, these O2 molecules 

gets released, interacts with the Ru dye and thus contribute to the measurement. Also note that 

while CQDs have excess oxygen, the TO level of surrounding water is expected to remain same i. 

e. ~320 µM as it is in equilibrium with ambient air. Therefore, the TO value of the CQD solution 

is naturally higher than pure water.  

 

3.2.3.4 Photocatalytic performance of PE-CQDs 

Photodegradation of Rhodamine B (RhB) dye was chosen as a model reaction to test the 

photocatalytic activity of the PE-CQDs. Photocatalytic degradation reactions were performed in a 

100 mL glass beaker using a 400 W Xe lamp (Newport, USA) attached with an IR filter. 10 mg of 

PE-CQD was added to a 25 ml solution of 12 µM RhB and kept in dark for 30 min to ensure an 

adsorption/desorption equilibrium of the dye on catalyst surface and then the resulting aliquot was 

exposed to light. The degradation efficiencies of RhB were evaluated using the UV-Visible 

absorption spectroscopy and monitoring the absorption peak at 553 nm. The kinetics of the reaction 

was monitored by taking out 1 ml of solution from the reaction cell at regular intervals of time and 

analysing it based on Beer-Lambert law. We have calculated degradation efficiency (ɳ) by using 

the following equation:  

ɳ = [1-(At/Ao)] × 100% 
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where Ao = initial absorbance and At = absorbance of dye solution at reaction time t. We have also 

carried out stability and recyclability test for the PE-CQDs for 100 cycles in the following manner: 

Once the first cycle of degradation was over, 10 μL of 10 M stock solution of RhB was added to 

the same reaction mixture (which ensures that the absorption intensity at 553 nm becomes almost 

same as that at the beginning of the first cycle). This process was continued for 100 cycles without 

any intermittent cleaning of the PE-CQDs.  

3.2.3.5 Benzyl alcohol oxidation using PE-CQDs 

For oxidation of benzyl alcohol, typically, 25 mg of the photocatalyst was dissolved in 10 mL of 

acetonitrile containing 0.5 mmol of BA in a 10 mL round bottomed flask. The solution was stirred 

magnetically in dark for 1 h to establish equilibrium between adsorption and desorption. The 

reaction was carried out in ambience air (room temperature ~ 25-27 ⁰C) by irradiating with a 400 

W Xenon lamp (Newport) for a specific time period. An IR filter was attached with the Xe-lamp 

to remove any temperature effect. The temperature of the reaction mixture was constantly 

monitored and found to be the same. 0.2 mL of the suspension was collected from the reaction 

aliquot and analysed using gas chromatography (GC, Shimadzu GC-2010 Plus). 25mg of 

commercial TiO2 (P-25, Aldrich) was used for the same reaction to compare the activities and the 

data was collected in a similar fashion. Similar reactions were carried out under direct sunlight for 

comparison. To correlate the oxygen adsorption capacity of the CQDs with their catalytic 

efficiency, the BA oxidation reactions were carried out in D2O also (a poor solvent as the reactant 

solubility is less) and the product was analysed directly using NMR (400 MHz 

BrukerBiospinAvance III FT-NMR spectrometer). 

3.2.3.6 Characterization 

All other characterization techniques except the ones noted aboveare discussed in chapter 2. 

3.2.4 Results and discussion 

3.2.4.1 Mechanism of CQDs formation 

We began by treating PE with conc. H2SO4 under reflux conditions (~150C) that led to its melting 

and swelling initially, followed by its charring (Figure 3.2.1a). The charred mass was thus 

oxidised by adding potassium permanganate solution first, that yielded a stable black dispersion. 
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Subsequently strongly oxidizing hydrogen peroxide was added to the reaction that led to the 

generation of the PE-CQDs and transformed the aliquot colour to transparent orange-yellow. The 

partial oxidation of the charred mass by KMnO4 is important, because H2O2 treatment alone 

resulted in nearly complete oxidation and discoloration of the aliquot under the same the reaction 

conditions. 8 g of PE resulted in 6 g of CQDs that are highly soluble in water as well as in a number 

of polar organic solvents without any precipitation for over two years (insets in Figure 3.2.1a vi). 

The dispersion is so stable that the CQDs do not precipitate even upon centrifugation at 40,000 

rpm.  

 

Figure 3.2.1 (a) Illustration of the three-step synthesis route of PE-CQDs. First step is acid 

treatment of PE (i) at ~150 oC leading to swelling (ii) and charring (iii). iii-a shows SEM image 

of the charred product containing graphitic sheets. KMnO4 is added in the second-step resulting 

in a stable black dispersion (iv). The oxidation process leads to functionalization of the graphitic 

sheets creating a rough surface (iv-a). In the final step, hydrogen peroxide is added to the reaction 

aliquot yielding orange-yellow coloured stable dispersion of PE-CQDs (v).(vi) Photograph of 

solid PE-CQDs (5.4 g) obtained from 8 g of polyethylene. Inset images show undisturbed, two-

year old PE-CQD solutions in water (bottom) and ethyl acetate (top). (b) Schematic showing 

a

(i)

(ii)(iii)

(iv)

(vi)

(v)

(a) (b)
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transformation of polyethylene to graphitic CQDs. Concentrated sulfuric acid treatment of the 

alkane back-bone leads to dehydrogenation and to the formation of sulfonated alkene chains (iv), 

following a sequence of substitution and elimination reactions. iv undergoes aromatic annulation 

reaction either by an intra-molecular step-wise process or by intermolecular dominos process. 

 

PE backbone is very difficult to be broken down in mild conditions. However, concentrated 

sulphuric acid is known to induce dehydrogenation by first sulfonating PE at high temperature 

(Figure 3.2.1b).37 Under the heating conditions, those sulfonate groups then leave in the form of 

H2SO3 by extracting hydrogen from its neighbouring carbon atom and creating C=C bonds (Figure 

3.2.1b (ii, iii)).38  Prolonged treatment leads to cross-linking of the polymer chains and even to  

carbonization.39,40 Such observations led us to hypothesize an alternate scenario where 

dehydrogenation involves two C atoms (a) in a single alkene chain, separated by four others 

(Figure 3.2.1b (iv)) or (b) from two different chains. A benzene derivative may form in each case, 

as shown in Figure 3.2.1b (v), (vi) and further continuation of the process should eventually yield 

tiny graphene-like structures. Furthermore, cyclization involving a wrong C-atom will lead to 

defective graphene derivative with enhanced oxygen affinity. The C-atoms outside the graphitic 

network can be removed by controlled oxidation, leading to the formation of CQDs. 

 

Figure 3.2.2 (a, b, c, d) TEM images of PE-CQDs. (e) The particle size distribution plot of PE-

CQDs. (f) HRTEM image of a PE-CQD showing the (002) plane of a graphite lattice. 
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The transmission electron microscopy (TEM) images showed that the PE-CQDs 

predominantly contain 3-10 nm particles with an average size of 6.5 nm (Figure 3.2.2a,b,c,d,e). 

High resolution TEM (HRTEM, Figure 3.2.2f) images revealed that the PE-CQDs were indeed 

consisted of the graphitic regions containing fringes corresponding to the (002) crystal planes 

separated by 0.32 nm as was initially hypothesized. Powder X-ray diffraction (XRD) analysis of 

the sample confirmed the graphitic nature of the entire sample (Figure 3.2.3a). Elemental analysis 

by energy dispersive X-ray spectroscopy (EDS) revealed the presence of S originating from the 

residual sulfonyl groups (Figure 3.2.3b). 

Fourier transformed infrared (FT-IR) and Raman spectroscopy were used to examine the 

chemical-transformations during the synthesis. It revealed that the C-H stretching (~2900 cm-1) 

and bending (~740 cm-1) peaks in the FT-IR spectrum of untreated PE greatly reduced in intensity 

after the acid treatment due to charring (Figure 3.2.3c). Concurrently, a broad peak centered 

around 3500 cm-1 indicative of OH functionalization appeared. In addition, two relatively 

prominent peaks associated with carbonyl groups and C=C appeared at 1718 cm-1 and 1635 cm-1 

respectively. Elemental analysis in SEM confirmed the presence of S in the sample originating 

from sulfonyl groups at this stage, even though S=O vibrational modes at 1150 cm-1could not be 

ascertained. Any residual C-H moieties in this sample were eliminated during KMnO4 treatment.  

 

Figure 3.2.3 (a) XRD pattern and (b) TEM-EDS spectrum recorded on PE-CQDs. (c) FT-IR 

spectra and (d) Raman spectra recorded on the precursor, partially or fully converted polyethylene 

during the different stages of preparation. 
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Sharp peaks at 1450, 1260 and 1725 cm-1 corresponding to the C-O-C, C-O and C=O 

stretching vibrations respectively appeared after addition of H2O2, suggesting the formation of 

ether and carbonyl functional groups. Peak at 1100 and 1000 cm-1 corresponds to the S–O 

stretching vibration. Raman spectra recorded during the course of the reaction showed that 

dehydrogenation and charring resulted in graphitization within 6 minutes of the reaction (Figure 

3.2.3d) as revealed by appearance of the graphitic (G) band at 1575 cm-1. A new peak at 1384 cm-

1 corresponding to the defective (D) band was observed when KMnO4 was added to the reaction 

mixture. Addition of H2O2 at this stage led to accelerated oxidation of the black carbon mass 

leading to a transparent PE-CQDs solution. 

 X-ray photoelectron spectroscopic (XPS) analysis of the PE-CQD powder suggested 

extensive functionalization with various groups such as hydroxyl, epoxy, carboxyl groups etc. with 

a C to O atomic ratio of 52:48, estimated from the 1s peak intensities weighted against their 

photoionization cross-section. Figure 3.2.4a shows the C 1s core-level XPS spectrum which could 

be fitted with 5 peaks. We assigned the peaks at ~ 284.5 eV to sp2 C-C, 285.45 eV to sp3 C-C, 

286.3 eV to C-O- (hydroxyl) and C-O-C (epoxy) groups, 287.9 eV to C=O (carbonyl) species and 

288.9 eV to COOH (carboxyl) groups with relative abundance of 49%, 20%, 11%, 12% and 8%  

 

 

 

 

 

 

 

Figure 3.2.4 (a) XPS spectrum recorded on the PE-CQDs corresponding to C 1s (a), O 1s (b), 

and S 2p (c). (d) In order to ensure the absence of any Mn impurity which might get incorporated 

into the CQDs during oxidation by KMnO4, we recorded the XPS spectrum in the Mn region. No 

Mn signal was detected.  
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respectively.41-43 The amount of oxygen forming double and single bond was estimated by 

deconvoluting the O 1s peak showed in Figure 3.2.4b. Assuming that peaks at 531.9 eV and 533.2 

eV to be arising from a double bonded and single-bonded oxygen species respectively yielded an 

atomic ratio of ~74:26. We also confirmed the presence of strongly polar sulphur groups in the 

PE-CQDs from the S-2p core-level signal, as observed in EDS analysis showed in Figure 3.2.4c. 

Therein, the binding energy of 169.2 eV (S2p3/2 component) is close to the binding energy of for 

sulfonic acids or sulfonates.44,45 The overall atomic ratio of C, O and S in the PE-CQDs are ~48%, 

~42% and ~10% respectively. In addition, XPS analysis also confirmed the absence of any Mn-

based species (Figure 3.2.4d) in the PE-CQDs.  

Decorated with acidic groups, an aqueous PE-CQD solution exhibits a pH that lowers with increase 

in its concentration. Accordingly, and notably, we observed partial deprotonation of the acidic 

groups leading to pH values of ~3.6,~2.8 and ~2.7 for PE-CQD concentrations of 0.2 mg/ml, 2.5 

mg/ml, 5 mg/ml in aq. Medium respectively (Figure 3.2.5a). 

 

Figure 3.2.5 (a) pH of an aqueous solution containing different amounts of PE-CQDs. (b) UV–

visible absorption spectrum of an aqueous PE-CQD solution. The spectrum corresponding to the 

UV region is seen in the Inset. (c) Emission spectra of PE-CQDs under different excitation 

wavelengths (from 360 to 480 nm). (d) The time-resolved fluorescence decay plot of PE-CQDs at 

530 nm emission, obtained using TCSPC technique (excitation at 375 nm). The inset shows 

photoluminescence spectrum of PE-CQDs. 
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We studied the photophysical exciton properties of the PE-CQDs by using UV-Visible 

(UV-Vis) absorption and fluorescence (FL) spectroscopy. A solution of PE-CQDs exhibits an 

onset of absorption at ~550 nm (equivalent to a band-gap, Eg, of 2.59 eV) and other noticeable 

absorption features centered around 340, 370, 395, 430 nm (Figure 3.2.5b). PE-CQD solution 

appears bluish green under UV illumination and exhibits FL emission that varies with the 

excitation wavelength. We examined the emission behaviour in λex~370-480 nm range and found 

that a shift in λex was accompanied by a similar shift of the emission peak Figure 3.2.5c. The 

maximum fluorescence intensity was observed at 500 nm using λex= 420 nm (inset in Figure 

3.2.5d). The corresponding luminescence quantum efficiency was found to be 9.5% at 500 nm 

emission suggesting that only a minority of the photogenerated excitons recombine radiatively. 

The luminescence decay behaviour measured at room temperature by time-correlated single 

photon counting (TCSPC) method (Figure 3.2.5d) using excitation and emission wavelengths of 

375 nm and 500 nm respectively can be fitted to a triple-exponential function accounting for 

lifetime components of 10.68 ns, 4.15 ns and 0.81 ns, and a mean lifetime of 3.71 ns. 

We point out that the PE-CQD fabrication method has some similarities and at the same 

time, certain key differences with the Hummer’s method as seen from the following discussion. In 

fact, we show below that Hummer’s method using graphite as precursor cannot be extended for 

CQD synthesis. The main differences are: 1) PE-CQD method can be loosely considered as three 

step method: Step 1 is acid charring, step 2 is oxidation of the char, step 3 is the creation of 0D 

CQDs from the oxidized char (as shown in Figure 3.2.6). Thus CQD method has an extra step of 

dehydrogenation and charring. 

 

Figure 3.2.6 Steps involve in our synthesis and comparison with Hummer’s method. 
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However, there are key differences including rupturing of C-C covalent bonds in CQD 

method which does not take place in GO synthesis. Besides, PE-CQD method with graphite as 

starting materials does not yield CQDs highlighting the difference between them as shown in 

Figure 6. Hummer’s method is 3D→2D conversion involving only Vander Waals bonds rupture 

while PE-CQD method is 3D→0D conversion involving both covalent & Vander Waals bond 

rupture. 3) Graphite as a precursor does not work in PE-CQD method and this is a vital difference 

between with Hummer’s methods. To demonstrate the same we carried out the PE-CQD synthesis 

with graphite powder as a starting material. We kept the other reaction condition same. This did 

not result in any visible colour change, which confirms that CQDs formation did not occur 

appreciably. We have centrifuged the whole solution and washed with water followed by ethanol, 

dried at 90 ⁰C and collected the unconverted graphite powder. Out of 1 g of graphite powder used, 

0.91 g graphite powder was left-over as shown in Figure 3.2.7. 

 

 

 

Figure 3.2.7 Synthesis of CQDs using graphite powder as precursor. Barely any CQD was found 

after the reaction. Black powder was collected at the end of the reaction 

3.2.4.2 Oxygen adsorption of PE-CQDs 

Next, we examined our hypothesis of high oxygen affinity by PE-CQDs. We measured the O2 

uptake in a deaerated (obtained by purging with N2) 30 ml aqueous solution containing 25 mg of 

PE-CQDs by exposing it to air and compared the same with that in pure water (Figure 3.2.8a-b). 

Oxygen uptake in both the solutions is initially fast before slowing down until reaching saturation. 

The PE-CQD solution attained a much higher O2 saturation level of ~640 M as compared to ~320 

M in water. On the other hand, when N2 was purged through the O2 saturated solutions, oxygen 

concentration depleted and attained a minimum level of ~95 M in the PE-CQD solution and ~5 

M in water. The amount of TO was found to increase monotonously with increase in the 

concentration of PE-CQD, measuring 475 M and 705 M when 5 and 30 mg of CQD was 

dissolved (Figure 3.2.8c). Subtraction of the oxygen amount value in pure water from the total 
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oxygen content in the PE-CQDs solution, as seen from the modified y-axis in Figure 3.2.8c also 

shows a linear increase. In order to examine the reversible nature of oxygen enrichment in the PE- 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.2.8 Temporal variation of total oxygen content in (a) pure water and (b), aqueous PE-

CQD solution during purging with nitrogen and subsequently during spontaneous oxygen uptake 

from air by the nitrogen saturated solutions. Insets in a and b highlight the rates of O2 uptake and 

release. (c) Maximum and minimum amounts of O2 levels estimated in a normal and N2 purged 

solution containing different amount of PE-CQDs (the outer scales on both sides of the plot 

describe the increase in the TO level as compared to pure water). (d) Repeatability test for oxygen 

uptake and release using 25 mg of PE-CQDs in 30 ml water (measurements of oxygen content 

were carried out 0.5 mm below the aqueous surface having 20 cm2 surface area). 

 

CQDs solution, we have repeated the O2 uptake and N2 purging cycle for 5 times that showed 

nearly identical trends (Figure 3.2.8d). Since the PE-CQD solution is acidic in nature, the 

adsorption-desorption cycles were further carried out in water by maintaining a similar pH using 

HCl and H2SO4, which showed no appreciable differences in the O2 level.  
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In addition, we also compared the oxygen contents in water in presence of CQDs obtained 

by a known method using glucose as precursor,46 graphene oxide prepared by modified Hummer’s 

method47 and two other popular photocatalysts, TiO2 and BiOCl to verify that oxygen uptake is 

specific to the PE-CQDs. In all instances, the differences in the total O2 contents were not 

remarkable from that of pure water showed in Figure 3.2.9.   

Apart from the high saturation level, the uptake of O2 in the PE-CQD solution occurs at a 

faster rate than in water. To reach a level of 250 M requires about 5 minutes in water, while less 

than a minute in PE-CQD solution. Reaching 80% of the O2 saturation level takes about 7 min and 

3 min in those two solutions respectively. On the other hand, 80% expulsion of O2 in a constant 

flow of N2 requires about 2.5 minutes in both the solutions. Since only 0.025 g of PE-CQD is 

present in the 30 g of water containing ~20 mol of O2, the major fraction of water is expected to 

be free from the influence of PE-CQD and in there, O2 levels  

 

 

 

 

 

 

Figure 3.2.9 Temporal variation of total oxygen content in (a) TiO2 and (b), BiOCl aqueous 

solution during purging with nitrogen and subsequently during spontaneous oxygen uptake from 

air by the nitrogen saturated solutions. c, Total O2 content measurement of G-CQDs, GO, TiO2 

and BiOCl materials. 
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is expected to be similar to that of pure water, as per Henry’s law, containing ~11 mol O2. The 

remaining 9 mol O2 therefore should be associated with the PE-CQDs, suggesting ~0.01 g O2 per 

1 g of C-dot.  

We found that the rate of oxygen uptake depends, as expected, on the depth of the 

measurement region from the liquid surface exposed to air as well as on the exposure area. Figure 

3.2.10 depicts the O2 uptake measurements carried out 1 cm and 8 cm below the exposed aqueous 

surface of area 7 cm2. When we compared the ratio of the time taken by PE-CQD solution and 

water to attain 80% of overall oxygen saturation, the values were consistent within ±5% 

confirming a higher diffusion rate for oxygen in PE-CQD solution. An enhanced apparent O2 

diffusion in water by PE-CQDs is a new observation, to the best of our knowledge and can be 

attributed to a persistent high concentration gradient, since dissolved oxygen quickly associates 

with the CQDs depleting O2 level in the surrounding.  

The origin of oxygen uptake by dissolved PE-CQDs from air may be related to absorption 

in other carbon forms,48 nonetheless distinct due to exceptionally the high quantity that is 

comparable to metal organic frameworks and zeolites at ambient conditions.49 This is conjunction 

 

Figure 3.2.10 Temporal variation of total oxygen content in pure water and PE-CQD solution 

during oxygen uptake from air by N2 saturated samples at depths of 1 and 8 cm below the exposed 

surface. (Exposure area = 7 cm2) 

 

with photo-activity, solvent compatibility and high stability suggests that PE-CQDs should be 

highly active photocatalyst for oxidation reactions (while they have been primarily used for photo-

reduction reactions) where molecular oxygen is one of the reactants. 
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3.2.4.3 Photocatalytic performance 

In order to compare the photocatalytic properties of these sulfonyl group containing acidic PE-

CQDs with a wide range of photocatalysts, we first studied a well-known model reaction of 

Rhodamine B (RhB) photodegradation. Figure 3.2.11a shows the temporal evolution of UV-

Visible absorption spectra of the RhB solution exposed to light in presence of PE-CQDs. The 

recyclability of the PE-CQDs were found to be remarkable in comparison to many other efficient 

photocatalysts reported till date, when investigated for the degradation of Rhodamine-B (RhB) 

dye, a notable color pollutant. The high activity even after 100th cycle is comparable with most 

state-of-the-art catalysts (Figure 3.2.11b). Figure 3.2.12 shows the temporal evolution of UV- 

Figure 3.2.11 (a) UV-visible absorption spectra of Rh-B at different time interval during catalytic 

degradation using PE-CQDs. Inset is plot of ln(At/A0) vs. time of Rh-B photo-degradation (top) 

and photographic images of Rh-B dye solution after different light illumination time. (b) 

Photocatalytic efficiency of the PE-CQDs were tested for 100 catalytic cycles. The plot shows the 

efficiency of the 20th, 40th, 60th, 80th and 100th cycle. 

 

Visible absorption spectra of the RhB solution exposed to light in presence of PE-CQDs 1st cycle, 

after 40th and 100th cycle. The temporal UV-visible spectral changes of RhB aqueous solution 

during its photo-degradation using PE-CQD is shown in Figure 3.2.12a. The absorption 

corresponding to the λmax for RhB at 553 nm gradually decreased exhibiting a reaction rate-

constant of 0.22 min-1 and turnover frequency of 22.01 min-1g-1 (Figure 3.2.12b). As seen in these 

plots, the variation in these cycles are not extensive. The rate constant and TOF for the reaction 

after 100th cycle is 0.05 min-1. 5.0 min-1g-1 respectively, which is comparable to efficiencies of 
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fresh and efficient photocatalysts such as nanocrystalline TiO2, g-C3N4 and Ag/AgFeO2 exhibiting 

rate constants 0.0654 min-1, 0.0243min-1, 0.040 min-1 respectively and TOF of 2.6 min-1g-1, 0.81 

min-1g-1 and 1.6 min-1g-1 respectively. We have further carried out RhB degradation with 

commercial P-25 under identical conditions (i.e. weight of the catalyst, dye concentration, light 

intensity since there is considerable variation is reaction conditions in most literature reports). The 

rate constant and TOF values for P-25 were found to be 0.0956 min-1g-1 and 9.5 min-1g-1. The 

reaction mechanism in both cases appeared to be similar.  

  

 

 

 

 

 

 

 

 

 

 

Figure 3.2.12 UV-visible absorption spectra of Rh-B at different time interval during catalytic 

degradation using PE-CQDs for the 1st cycle (a), Plot of ln(At/A0) vs. time of Rh-B photo-

degradation for the 1st cycle (b). UV-visible absorption spectra of Rh-B at different time interval 

during catalytic degradation using PE-CQDs after 40th cycle (c), Plot of ln(At/A0) vs. time of Rh-

B photo-degradation after 40th cycle (d). UV-visible absorption spectra of Rh-B at different time 

interval during catalytic degradation using PE-CQDs after 100th cycle (e), Plot of ln(At/A0) vs. 

time of Rh-B photodegradation after 100th cycle (f). 
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The PE-CQDs were very stable over 100 catalytic cycles after an initial reduction in activity 

(Figure 3.2.12a). The rate constants after the 20th and 100th catalytic cycles were ~0.068 min-1 and 

0.05 min-1 respectively. With high photocatalytic activity and adsorbed O2, the PE-CQDs appeared 

as an ideal candidate to catalyze photo-oxidation reactions. 

Selective photocatalytic oxidation of benzyl alcohol: 

Selective oxidation of aromatic alcohols to carbonyl compounds using molecular oxygen as 

oxidant is an important functional group transformation which has been realized using a number 

of photocatalystsrecently.7,10,50,51 In this oxidation process, O2 acts as an oxidizing agent and 

reduced to H2O2 itself.11 Therefore O2 is purged into the reaction mixture to ascertain its high 

concentration on the catalyst surface. Moreover, such reactions are often carried out at elevated 

temperatures.  

We carried out photocatalytic oxidation of aromatic alcohols in presence of PE-CQDs in 

ambient conditions using direct sunlight as well as 400 W Xe-lamp and found that conversion 

efficiencies are nearly identical. Using 25 mg of PE-CQDs in acetonitrile solvent, conversion of 

benzyl alcohol (BA) to benzaldehyde (BD) was estimated to be 68% with selectivity of >90% after 

4 h. No oxidation product was obtained in dark even after 4 h, unlike the surface plasmon-based 

catalysts that drive the oxidation reaction in dark also.10 The conversion efficiencies were 29% and 

2% in the wavelength range of 500-600 nm and 600-700 nm respectively as compared to that in 

400-500 nm, resembling optical density in the PE-CQD absorption spectrum.  

 

Apparent Quantum Efficiency (AQE): In order to calculate the AQE for the photocatalytic BA 

oxidation, we considered the reaction in direct sunlight with a reaction yield of 67% in 4 h and the 

solar spectrum at the sea-level (Figure 3.2.13a). Our sun-light intensity may slightly vary and 

therefore the calculated efficiencies can be considered representative, with a minimal deviation 

from expected values. An additional complicacy arises because the estimated AQE can be further 

increased by using larger amount of PE-CQDs or benzyl alcohol or by considering conversion in 

the first few minutes only (the reaction becomes slow progressively as BA gets consumed). For 

calculation of overall efficiency, we counted the number of incident photons from higher energies 

till 500 nm where, based on the UV-Vis absorption spectrum of PE-CQDs, the absorption is >95%. 

For calculations of efficiencies in the 300-400 nm, 400-500 nm, 500-600 nm and 600-700 nm, the 
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photon numbers in the respective regions were calculated separately and yields were estimated 

using diode assemblies (Newport, USA) mimicking solar spectrum. The apparent quantum 

efficiency we report below, in all probability, is smaller than the actual quantum efficiency because 

the number of absorbed photons is expected to be lesser than that of incident ones.52 The incident 

power on the sample can be represented as: 

Pincident = ρincident (λ) x Asample 

Asample is the area exposed to incident light (12 cm2), ρincident (λ) is the incident power on the sample 

corresponding to photon of wavelength λ.  

The incident powers on the sample was estimated to be 168, 35 and 133 mW in the wavelength 

range of 300-500 nm, 300-400 nm, 400-500 nm (considering >95% photon absorption by PE-

CQDs), and 155 and 144 mW in 500-600 nm and 600-700 nm (considering remaining <5% 

absorption) respectively. The number of incident photons per second, as a function of wavelength 

can be expressed as: 

𝑁𝑝ℎ(𝜆) =
𝜌𝑖𝑛𝑐𝑖𝑑𝑒𝑛𝑡(𝜆)

𝐸𝑝ℎ(𝜆)
 

Where Eph(λ) = hc/λ is the photon energy for the corresponding wavelength. For example, the total 

number of photons incident on the sample per second within wavelength range of 400-500 nm can 

be calculated as:  

𝑁𝑝ℎ,𝑖𝑛𝑐𝑖𝑑𝑒𝑛𝑡(400 − 500) = ∫
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ℎ𝑐
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 𝑑𝜆 

The AQE can be derived from the following equation: 

𝐴𝑄𝐸 = 𝑛 (𝑁𝑜. 𝑜𝑓 𝑒𝑙𝑒𝑐𝑡𝑟𝑜𝑛 𝑜𝑟 ℎ𝑜𝑙𝑒) ×
𝑁𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑏𝑒𝑛𝑧𝑎𝑙𝑑𝑒ℎ𝑦𝑑𝑒 𝑚𝑜𝑙𝑒𝑐𝑢𝑙𝑒 𝑝𝑟𝑜𝑑𝑢𝑐𝑒𝑑

𝑁𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑖𝑛𝑐𝑖𝑑𝑒𝑛𝑡 𝑝ℎ𝑜𝑡𝑜𝑛𝑠

× 100 (%) 

For benzyl alcohol oxidation n is 2. 

(For 400-500 nm):  

𝐴𝑄𝐸 = 2 ×
0.0000425 

0.00182
× 100(%) 

                                                                = 2.3 % 

Similarly for 300-400, 500-600, 600-700 nm ranges, the calculated AQE are 4.8, 0.48 and 0.026 

% respectively (Figure 3.2.13b). Overall AQE <500 nm where light absorption of PE-CQDs is 

>95 % = 7.7 %. 
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Figure 3.2.13 a, Solar spectrum. b, The AQE (%) in different wavelength regions for the 

photocatalytic benzyl alcohol oxidation. 

 

It is to be noted that there was no change in temperature of the reaction aliquot during the reaction. 

Since Xe lamp and sun light contain IR radiation, we performed the following experiments which 

suggest that the reaction involves a photocatalytic process and not a photo-induced thermocatalytic 

process. First as a preliminary check, we have carried out all catalysis reactions using water-based 

IR-filter. The reaction temperature was constantly monitored and found to be constant throughout 

the reaction period (~33-35oC) (Table 3.2.2). Second, we have also carried out the reaction in 

absence of light, but no conversion was noticed, confirming that the process is not purely 

thermocatlytic and irradiation by visible light is mandatory.  

 

Table 3.2.2: Temperature of the reaction medium throughout the reaction period. 

 

 

To prove that this is reaction is actually not a photo-induced thermocatalytic process we have 

carried out the reaction using light having 400-500 nm wavelength range by using a 3-LED setup 

(Newport, USA). The reactants indeed showed conversion to products, given in Table 3.2.3 

inferring that the reaction is photocatalytic in nature.  
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Table 3.2.3: Conversion efficiency with different light sources. 

 

Further to check the relationship between oxygen content and photocatalytic activity, we 

(i) purged the reaction mixture with N2 and added PE-CQDs (which must be containing high level 

of oxygen) and (ii) in reverse order, first added PE-CQDs to the reaction mixture and then purged 

with N2, before exposing the aliquots to lights. The reaction yields were 51% and 26% respectively 

affirming high O2 level on PE-CQDs and its contribution to the oxidation reaction (Table 3.2.4, 

entry no.6a and 6b). The reaction was only marginally faster with O2 purging (~70% yield in 4 h) 

suggesting that unlike other catalysts, PE-CQD surface is saturated with oxygen even in ambient 

conditions (Table 3.2.4, entry no.5). We examined the oxidation reaction using various p-

substituted BA and found that the presence of substituent groups reduces the rate of the reaction 

moderately. A detailed comparison of the catalytic activity and substrate scope is given in Table 

3.2.5. In Table 3.2.6, we compare the conversion efficiency exhibited by the PE-CQDs with that 

by other heterogeneous catalysts, which shows that the current efficiencies are higher in spite of 

the use of air atmosphere and room temperatures. It is to be noted that the influence of oxygen 

atmosphere on BA oxidation has been studied earlier which showed that the conversion efficiency 

decreases by 70-90% in ambient air (Table 3.2.6).11,53,54 

 

Origin of activity: We have carried out 2 sets of experiments to demonstrate that high O2 content 

can indeed improve the reaction rate. Set 1 is based on CH3CN solvent and Set 2 is based on water 

as solvent (since O2 measurements were carried out in water only). 

Set 1: Herein we have used 4 reactions with different amounts of O2 content in CH3CN and 

water separately. The first one is by purging oxygen gas during reaction, as is usually done is other 

investigations from literature. The second was in air where O2 enrichment occurred only because 

 

 

Reaction  condition Time (hour) Conversion (%)

Xe-lamp with water circulation 4 68%

Reaction in dark 4 >1%

400-500 nm 4 17%
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Table 3.2.4: Aerobic oxidation of alcohols with the PE-CQDs photocatalyst under sunlight. 

 

 

 

of PE-CQDs. In third attempt, we thoroughly purged N2 in CH3CN and then added PE-CQD to it 

(here CQDs are already saturated with O2). In the fourth approach, we passed N2 in the PE-CQD 

solution to expel maximum possible dissolved O2. We expected, based on observations in water, 

that there should not be much difference in reaction yield between the first and the second reaction. 

Between the third and the fourth approach, 3rd should provide better yield since we added PE-

CQDs saturated with O2 which would lead to more O2 content. On the contrary, the 4th approach 

will drive away oxygen from the PE-CQDs as well as from solvent. We observed that the reaction 

yields varied accordingly, as given in the following Figure 3.2.14a.  

Set 2: To ascertain the role of oxygen present on the CQDs we have performed the reaction 

in water medium (a poor medium due to poor solubility of reactants) and results are shown below. 
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Entry catalyst Environment Light Time 
(h)

Conversion (%) Selectivity (%)

1 PE-CQDs Air Xe-lamp 4 68 >90

2 PE-CQDs Air Xe-lamp 2 50 >90

3 PE-CQDs Air Sunlight 4 67 >90

4 PE-CQDs Air Sunlight 2 48 >90

5 PE-CQDs O2 Xe-lamp 4 70 >90

6a PE-CQDs N2 Xe-lamp 4 51 >90

6b PE-CQDs N2 Xe-lamp 4 26 >90

7 PE-CQDs Air Dark 4 <1 -

8 TiO2-P25 Air Xe-lamp 4 7 >90

a = reaction mixture was purged with N2

& then PE-CQDs was added to it
b = PE-CQDs was added first to the 
reaction mixture & then N2 was purged 

a b

c

hν
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Table 3.2.5: Aerobic oxidation of alcohols with the PE-CQD photocatalyst under sunlight 

 

Reaction conditions: The reactions were carried out in acetonitrile solutions (10 ml), containing 

substrates (0.5 mmol), photocatalyst (25 mg) under the sunlight, the products were analysed by 

GC. 

 

 

For the sake of easy comparison, the maximum yields were considered as 100% yields. The actual 

yields in CH3CN solvents were 70%, 68%, 51% and 26%. The yields in water were 23%, 21%, 

15% and 6% for oxygen contents of >1000 M, 640 μM, 320 μM and 95 μM respectively (NOTE: 

>1000 μM and 640 μM is not expected to make much difference as in both cases, the CQD surface 
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Table 3.2.6: Comparison of BA oxidation activity reported in this study with that of other 

efficient heterogeneous catalysts. 

 

 

 

would be saturated, and the difference is only due to the oxygen dissolved in water, which is 

inconsequential). The data shows that the yield of the reaction is certainly dependent on the oxygen 

Sr. 

No. 

Catalyst Catalyst 

Amount 

Amount 

of BA 

(mmol) 

Time 

(h) 

Temp. 

(⁰ C) 

O2/Air Solvent Conv. 

(%) 

Select. 

(%) 

Ref. 

1. Carbon dots 25 mg 0.5 4 r.t Air CH3CN 68 >90 Our 

work 

2. mpg-C3N4 50 mg 0.65  3 100 O2 

Air 

Triflurotolu

ene 

57 

11 

>99 

>99 

 

55 

3. Ni-TiO2 80 mg 0.5 1 r.t O2 

Air 

BTF 86 

6 

99 

99 

 

56 

4. Au9–Pd1/LDH 24 mg 0.1 5 r.t O2 

Air 

BTF 91 

27 

>99 

>99 

 

57 

5. TiO2@CdS 8 mg - 2 r.t O2 BTF 55 95 58 

6. Ir/TiO2 300 mg 300 6 60 - Solvent free 8.9 92 59 

7. Porous BiOCl 50 mg 0.05  8 r.t - Toluene 70 - 60 

8. BiOCl-Au 50 mg 0.5 8 r.t O2 CH3CN 75 >99 61 

9. Dye -TiO2 8 mg & 

TEMPO 

0.1  18 r.t O2 BTF 80 98 62 

10. CdS-SnO2 50 mg 2  8 r.t O2 CH3CN 82 96 63 

11. Bi4O5Br2 200 mg 0.025  8 r.t O2 CH3CN 90 >99 64 

12. CsPbBr3/P-25 25 mg 0.0005  20 80 O2 Toluene 50 >99 65 

13. TiO2@NH2-(Ti) 

MOF 

50 mg 0.3 10.5 r.t O2 BTF 37 - 66 

14. CNx-Ni 5 mg 0.03 24 r.t - Phosphate 

buffer 

72 99 67 

15. AuPd-TiO2 20 mg 0.04 5 r.t O2 Toluene 87 >99 68 
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content in the solution. The results of SET 1 and SET 2 are compared in Figure 3.2.14b (for easy 

comparison, the maximum yields were considered as 100% yields). 

 

 

 

 

 

 

Figure 3.2.14 (a) Relative conversion efficiency of PE-CQDs in CH3CN under different 

oxygenated conditions confirming that the higher oxygen solubility can improve the photocatalytic 

oxidation efficiency. (b) Relative conversion efficiency of PE-CQDs in CH3CN and in water under 

different oxygenated conditions demonstrating that the O2 contents correspond to conversion 

efficiency. 

 

Investigations on the Reaction Mechanism 

We analysed the reaction mechanism for BA oxidation based on several controlled experiments. 

Besides confirmed participation of molecular O2, we found that both photo-generated electrons 

and holes contribute to the reaction. Since O2 alone could not oxidize BA in reasonable amounts,  

 

 

 

 

Figure 3.2.15 Efficiency of BA oxidation in presence of different photogenerated reactive species 

scavengers.  
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O2 activation by electrons is therefore vital. The activated O2 responsible for BA oxidation was 

found to be superoxide radicals (O2
•−), as the addition of benzoquinone as superoxide radicals 

scavenger suppressed the conversion (30% yield after 4 h, Figure 3.2.15). We further assumed 

that if we carry out the oxidation reaction in presence of increasing amount benzoquinone, more 

of O2
.- will be lost and the reaction will be progressively slower. We indeed found the same when 

we increased the amount of benzoquinone (1, 2 and 10 mmol) in the reaction mixture, conversion 

efficiency decreased systematically (~50%, ~40% and ~32% respectively). We have then carried 

out electron trapping experiment using silver nitrate and the percentage of conversion was found 

to be 29% after 4 h. These two similar reaction rates suggest that both the electron transfer to 

molecular O2 and O2
•−attack on BA are contributed comparably to the reaction rate.  

Figure 3.2.16 TEMPO was introduced into the reaction mixture for BA oxidation by PE-CQDs. 

HRMS spectra were recorded before the start of the experiment and after irradiation with light for 

2 h. Only [TEMPO+2H]+ was observed at the beginning in due to the acidic PE-CQD solution 

(top), while TEMPO formed an adduct with the carbon radical species after irradiation with light 

(bottom). 

(2,2,6,6-Tetramethylpiperidin-1-yl)oxyl
radical
[TEMPO + 2H]+, Mass is 158

[TEMPO + 2H]+ + = 265
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It has been previously established that the transfer of photogenerated holes to the BA molecules 

results in formation of a carbon centered radical. Using sodium sulfate as hole scavenger, the 

conversion was suppressed to a similar extent (8% yield after 4 h). Further, we have performed a  

Scheme 3.2.1 Schematic representation of the probable mechanism for oxidation of benzyl alcohol 

in presence of PE-CQDs. 

 

reaction in presence of butylatedhydroxytoluene as its scavenger. The BA conversion was 

suppressed to ~7% after 4 h suggesting that oxidation reaction indeed goes via formation of carbon 

radical species. We confirmed the generation of this radical by a trapping experiment using 

TEMPO ((2,2,6,6-Tetramethylpiperidin-1-yl)oxyl radical) and detecting the trapped radical by 

high-resolution mass-spectroscopy (HRMS, Figure 3.2.16).69 The formation of a carbon centered 

radical as a rate determining step was also envisioned from these experiments. With these 

observations, literature reports and direct detection of reaction intermediates, we propose a 

reaction mechanism as shown in Scheme 3.2.1. A superoxide radical anion, O2
•− (i) first forms 

using a photo-generated electron. This extracts a proton from a neighbouring BA molecule with 

assistance from a photo-generated hole, forming an oxygen radical species (iii). The same oxygen 

radical, with the help of another excited electron-hole pair, expels the adsorbed superoxide radical  
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Figure 3.2.17 The UV-Visible spectra recorded before and after addition of reaction aliquot in 

the KMnO4 solution. 

 

as H2O2 and converts itself to a carbon radical (iv). Generation of H2O2 in the reaction mixture was 

also detected colorimetrically by KMnO4 titration (Figure 3.2.17).70 Overall, two photons are used 

to oxidize one BA molecule to benzaldehyde and simultaneously reduce one oxygen molecule to 

H2O2. The PE-CQDs were recovered after the catalytic reaction by ethyl-acetate extraction and 

analysed which confirmed that the nature of the PE-CQDs do not change during the reaction 

(Figure 3.2.18).  

Figure 3.2.18 a, UV–Visible absorption spectra of PE-CQDs before and after the catalysis. Inset 

in b is photoluminescence emission spectrum (excitation wavelength 390 nm) of PE-CQDs after 

catalysis and b, FT-IR spectra of PE-CQDs before and after the catalysis. c, PXRD pattern of 

fresh and used PE-CQDs. d, A low magnification TEM image of the used PE-CQDs (inset is the 

particle size distribution) e, HR-TEM image of  an used PE-CQD.  
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3.2.5 Conclusions 

In conclusion, we have presented a rational design for the synthesis of graphitic carbon quantum 

dots in gram-scale quantities using pollution causing polyethylene as a starting material. This is an 

interesting example of chemical transformation from an alkane to graphene where acid-mediated 

dehydrogenation of a PE backbone results in the formation of alkenes, which then undergoes 

cyclization reaction forming benzene derivatives and finally tiny functionalized graphene chunks. 

Furthermore, we demonstrated that in presence of these PE-CQDs, the ability of water to dissolve 

and diffuse molecular oxygen increases remarkably. Such O2 enrichment is very useful in 

photocatalytic oxidation reactions because it offers the possibility of doing such reactions in air, 

without the need of creating an oxygen-rich environment. With these findings, we believe that PE-

CQDs will be considered as one of the most efficient catalysts for photo-oxidation reaction and an 

efficient oxygen enricher for chemical transformations. 
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CHAPTER 3.3 

Light-induced hypoxia in carbon quantum dots and ultrahigh photocatalytic 

efficiency 

 

 

 

Summary 

Carbon quantum dots (CQDs) represent a class of carbon materials exhibiting photo-response and 

many potential applications. Here, we present a unique property that the CQDs adsorb large 

quantities of molecular oxygen from the air when dispersed in solution, the quantity of which can 

be controlled by light irradiation. Thus, the O2 content can be varied between 1 wt.% of the CQDs 

in dark to nearly half of it under illumination, in a reversible manner. Moreover, O2 depletion is 

enhanced away from the air-solution interface as the nearby CQDs quickly regain them from air, 

creating a pronounced concentration gradient in the solution. We have elucidated the role of CQD 

functional groups in adsorbing O2 and show that excitons generated under light are responsible for 

their tunable oxygen content. Due to their high O2 content, we show that the photocatalytic 

efficiency of the CQDs towards controlled oxidation of benzylamine in ambient conditions is far 

higher than the existing photocatalysts. 

 

 

 

‡ Manuscript based on this work is under revision. 
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3.3.1 Introduction 

Increasing the adsorption of reactant molecules on the surface of a heterogeneous catalyst is 

necessary to attain high catalytic efficiencies for chemical transformations and energy harvesting 

applications. This is nonetheless rather difficult to achieve for gases such as O2 having low 

solubility and diffusion-rates in solutions.1Even though pre-saturation or continuous gas purging 

can improve the reaction rates, the process becomes expensive and unfriendly for the industry. 

Moreover, under photocatalytic conditions, the adsorption-desorption equilibrium of the gases on 

the catalyst surface may significantly vary because of the modified electronic structure of the 

catalyst in the presence of the photo-excited electrons and holes.2,3 However, the effect of light on 

the concentration of O2 or other reactants on a catalyst-surface has remained poorly explored, 

hindering the development of highly active photocatalysts and the use of the ambient air as an 

inexpensive oxidizing reagent.  

Semiconducting carbon quantum dots (CQDs), constituting of small functionalized 

graphene-layers, are a class of light-responsive materials with potential applications in 

photocatalysis, electrocatalysis, solar hydrogen generation, and also in biomedical diagnosis and 

therapeutic approaches where the interactions of O2 and graphene play a central role.4-9 

Recently, while developing a rational strategy for a residue-free, large-scale production of carbon 

quantum dots using waste plastic (PE-CQDs), we serendipitously observed that the ability of water 

to dissolve and diffuse molecular oxygen increases significantly in their presence.10 Using a tiny 

PE-CQD concentration of ~0.1 wt.%, the total oxygen content (TO) measures double that of pure 

water (320 µM) when the solution is exposed to air. The oxygen enrichment is reversible, shuttling 

between 640 µM and 95 µM in the air and N2 atmosphere. It was further proposed that the 

O2 enrichment ought to result in extraordinarily high efficiency for oxidation reactions while using 

PE-CQDs as photocatalysts, though these have primarily been utilized for photo-reduction 

reactions.11-15 

3.3.2 Scope of the present investigation 

The findings inspire several scientific inquiries that can lead to molecular O2 or ambient 

air being used as a sustainable oxidizing agent, such as the enrichment mechanism and the nature 

of involvement of the functional groups on PE-CQDs in oxygen enrichment. Moreover, since the 
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PE-CQDs absorb visible light to generate excitons that can interact with the surface adsorbed 

O2 (to form superoxide radical anions, making the CQD transiently a positively charged entity), or 

may accept electrons from reactants or solvent, it is also essential to examine as to how and to 

what extent does exposure to light influences the oxygen enrichment properties.16-19Past theoretical 

studies on the interactions of oxygen with graphitic-carbon have revealed their bonding 

possibilities from the hybridization of the O 2p orbitals and the bonding π orbital of graphene, 

further tunable by the presence of defects and surface functionalities.20-23 These studies, though 

form the basis of understanding oxygen enrichment in PE-CQDs, have considered the carbon 

structures to be in a vacuum while understanding the behavior of PE-CQDs in water requires the 

consideration of a dielectric surrounding mimicking the experimental design.   

         We present the origin of high oxygen adsorption on the PE-CQDs and the extraordinary 

effect of light illumination mimicking photocatalytic conditions on their O2 adsorption properties. 

The TO value of its aqueous solution exhibits a terse decrease in the presence of light from 640 

M to 540 M due to the desorption of O2. The variation in TO is reversible and regains the 

original value once the illumination ceases. The rate of TO depletion and the depleted saturation 

values are depth-dependent due to the variations in the diffusion path length of molecular O2 and 

CQDs from solution to air, yielding a remarkable TO gradient of ~4.5 M/cm. Using Density 

Functional Theory, we show that the –CO and the –OH groups are responsible for stabilizing the 

O2 molecules on PE-CQDs in the dark. However, if a PE-CQD acquires some charge under 

photocatalytic conditions due to the interactions of excitons with reactants, the O2 to PE-CQD 

binding further attunes so that a fraction of the O2 molecules desorbs from the surface. In contrast, 

the binding of another fraction synergistically improves in the vicinity of the -SO3H groups. By 

taking photo-oxidation of benzylamine derivatives as an example, we show that due to high 

oxygen content, the photocatalytic oxidation ability of the PE-CQDs is remarkably higher in 

ambient conditions and natural sunlight (apparent quantum efficiency ~35%) than the existing 

photocatalysts, including those containing noble metals that use harsh reaction conditions. The 

findings establish CQDs as a molecular O2 enricher in solution, paving the way for air as a 

sustainable oxidant in reactions. 
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3.3.3 Methods 

3.3.3.1 Measurement of oxygen content in the PE-CQD solutions 

Total oxygen content (TO)in pure water and aqueous dispersion of PE-CQDs were measuredat 

room temperature (25-27⁰C) using non-invasive Ocean Optics Neofox-Kit-Probe.24,9Prior to all 

measurement, the oxygen sensing kit was calibrated using a two-point reading (20.9% O2 in air & 

0% O2 in N2). 60 mL of water containing 50mg of the PE-CQDs (1mg/1.2 mL) was taken in a 

50mLglass round bottom flask (RBF, total capacity ~65 mL). The sensing patch was attached to 

the inner wall of the flask in such a way that it completely submerge in the solution. The RBF was 

left open (neck radius 1.5 cm, opening area 7 cm2) so that the PE-CQD solution was in contact 

with air in order to uptake O2 or release dissolved O2. During the O2 desorption measurements, the 

solution was kept still and N2 gas was bubbled through the solution a constant flow rate of 60-70 

sccm. When the TO value did not decrease any further under the N2 flow, the flow was stopped 

and the solution was then used to measure oxygen uptake properties from air. Under a constant 

stirring at 300 rpm for faster homogenization, the TO values of this solution were recorded at 

regular intervals of time. The effect of light illumination on TO was measured by exposing the 

same PE-CQD solution to light of appropriate wavelength using a Xe arc lamp (400 W, Newport 

and appropriate cut-off filters). The distance between the RBF and Xe Lamp was ~60 cm. TO data 

were recorded in 1,3 or5 minutes intervals depending on the rate of change. The oxygen sensing 

patch was covered from light for ~15 seconds before each measurement. When the TO values 

reached a minimum in presence of light, the lamp was switched off and the measurements were 

continued until the initial TO value was reached.The variation in data points in about 14-16 µM in 

presence of light and 8-10 µM in dark. 

3.3.3.2 Benzyl amine oxidation using PE-CQDs 

Selective photo-oxidation reactions of benzyl amine and its derivatives were carried out at room 

temperature (maintained at 32-33 ⁰C using a water bath) under the necessary atmospheres (air, O2 

or N2 purging) using 0.5 mmol of BA in a RBF containing 15 mg PE-CQDs in 30 mL acetonitrile 

under either a Xe-lamp (400 W, Newport attached with an aqueous IR filter) or direct sunlight. 

Repeatability test was carried out by performing the photocatalytic reaction again in the previously 

used solution by adding equal amount of reactant molecules. Nuclear magnetic resonance 
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spectroscopy (400 MHz BrukerBiospinAvance III FT-NMR spectrometer) was used to analyze the 

products of the photocatalytic oxidation reactions. 

3.3.3.3 Simulation studies 

Density Functional Theory (DFT) calculations were performed for the structural optimization of 

the different edge functionalized PE-CQDs with the Becke three-parameter Lee-Yang-Parr hybrid 

functional (B3LYP)25and 6-31G basis set26. Using the relaxed structures, we did calculations based 

on time-dependent density functional theory (TD-DFT)27,28 to obtain the theoretical UV-Vis 

spectra and study the optical properties of the excited states of PE-CQDs. We have considered a 

minimum of the first 50 lowest excited states in all the calculations. To simulate the experiments 

carried out in a water solvent, we have used the Polarizable Continuum Model (PCM)29,30. We 

have employed Gaussian09 software31 for all our first-principles investigations and Gaussview 

software32, version 5, to visualize the PE-CQD systems and their corresponding excited state wave-

functions.  

For our study, we have defined the adsorption energy (EA) according to the expression, 

EA = E(PE-CQD + Functional Group + O2) – E(O2) – E(PE-CQD+ Functional Group) 

WhereE(O2)is the total energy of an isolated oxygen molecule, E(PE-CQD + Functional Group) 

is the total energy of the optimized edge functionalized PE-CQDs in the absence of any adsorbing 

O2, and E(PE-CQD + Functional Group + O2) corresponds to the total energy of the same system 

upon adsorption of O2 molecule on its surface. Each term is obtained with background dielectric 

as defined by PCM. The adsorption energy is endothermic (exothermic), depending on whether 

EA is positive (negative). 

We have further investigated the role of visible-light illumination to tailor oxygen adsorption on 

edge functionalized PE-CQDs. Light interaction generates excited electrons and holes in the 

system, capable of carrying out reduction and oxidation reactions. Consequently, the PE-CQDs 

under light illumination can become either a negatively or positively charged entity. Hence, to 

incorporate this effect, we have carried out theoretical TD-DFT calculations for a charged PE-

CQD system by adding a positive and negative charge to the neutral quantum dots and study their 

optical properties. 
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3.3.3.4 Characterization 

All other characterization techniques except the ones noted aboveare discussed in chapter 2. 

3.3.4 Results and discussion 

The PE-CQDs form a stable dispersion in water which is stable for over three years so far without 

any remarkable changes in the properties. Transmission electron microscopic (TEM) imaging of 

the sample shows that the average size of the PE-CQDs remains 8.5 nm (Figure 3.3.1a,b). 

Furthermore, the PE-CQDs are soluble in a wide range of solvents such as water, methanol, 

ethanol, ethyl acetate, acetonitrile, acetone and isopropanol without forming precipitation for 

months to make them potentially useful in many catalytic applications (Figure 3.3.1c).The 

quantum dots contain C atoms attached to hydroxyl (-OH), carbonyl (-C=O), carboxyl (-COOH) 

and sulphonyl (-SO3H) groups with a relative abundance in the range of 8-15%, and with an overall 

atomic ratio of ~48%, ~42% and ~10% for C, O and S.9We found that the Fourier transformed 

infrared (FT-IR) spectrum, X-ray diffraction pattern, UV-Visible absorption and 

photoluminescence spectra of the old PE-CQDs powder remain similar to a fresh sample (Figure 

3.3.1d,e,f,g) suggesting their chemically-stable nature.  

The measurements on the total oxygen content of an aqueous PE-CQDs solution were 

carried out using a typical concentration of 1 mg PE-CQD/1.2 mL water and keeping all conditions 

identical, unless mentioned otherwise. The TO value of this solution decreases from 640 M in air 

to ~95M under continuous bubbling of N2 gas. Subsequently when the N2 flow is stopped, as 

seen in Figure 3.3.2a, oxygen diffuses again from air into the solution to attain the initial saturation 

value. The initial rise in TO is rapid, reaching half of the saturation value within 25 min. It took 

much longer, ~125 minutes thereafter for uptake of the remaining half of the oxygen molecules.  

Interestingly however, we found that the saturation value is significantly different when the uptake 

of O2 from air occurred in presence of light. As shown from Figure 3.3.2a, when the solution was 

irradiated with a 400 W Xe lamp, the saturation TO value became 540±10M, nearly 90 M less 

than the same in absence of light. The contrast becomes apparent when compared with the same 

measurements carried out in pure water wherein the saturation TO values remains ~310±8 M 

either in presence or absence of light (Figure 3.3.2b). The observations gave rise to a belief that 
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light, or probably the excitons generated by it in the PE-CQDs offer a possibility to control the 

total oxygen content in water. 

 

Figure 3.3.1 Three years old PE-CQDs: (a) TEM image and (b) particle-size distribution. (c) 

Photograph of solutions of the PE-CQDs using different solvents (1mg/2 mL), stable for several 

months: 1. water, 2. methanol, 3. ethanol, 4. ethyl acetate, 5. acetonitrile, 6. acetone, and 7. 

isopropyl alcohol. (d) FT-IR spectrum, (e) PXRD pattern, (f) UV-Vis spectrum and (g) PL emission 

spectrum. 

To examine the effect of light on total oxygen content in greater detail, we have exposed 

the aqueous PE-CQD solution continuously to irradiation from a 400 W Xe lamp and measured 

the TO values in regular intervals as shown in Figure 3.3.2c. The TO values exhibited a sharp 

drop initially within the first few minutes and continued to decline, though the variation became 

progressively slower until attaining a saturation value of 540±8M in 80 minutes. No further 

changes in the TO value was observed at this point, even upon prolonged light irradiation.  

The changes in the oxygen content is reversible in nature and the PE-CQD solution picks 

up oxygen again once the Xe-lamp is switched off (Figure 3.3.2c). The TO values begin to 

increase, initially rapidly regaining 25% and 50% of the lost oxygen in about 10 and 45 minutes 

respectively, and reaches ~620±8M in about 220 minutes. It takes about 10-12 h to reach the 

original TO value of ~640±8M. Figure 3.3.2d shows three such successive cycles with similar 

variations in presence and absence of light.  
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Figure 3.3.2 (a) Temporal variation in TO in a previously deoxygenated (by N2 purging) aqueous 

PE-CQD solution (1 mg/1.2 mL) by spontaneous oxygen uptake from the air, in dark and under 

light, reaching saturated TO values of 640 µM and 540 µM respectively. (b) Oxygen uptake in 

deoxygenated water in dark and under light, reaching identical saturated TO values of 310 µM. 

(c) Temporal variation in TO values in the aqueous PE-CQDs solution under constant irradiation 

of light (i), and the re-adsorption of O2 in the dark (ii). (d) Three repeat cycles showing a decrease 

in TO values of the PE-CQD solution under light and O2 re-adsorption in the dark. Note that the 

time taken to regain the saturation TO value in air is quite long, 12-15 h (deviation in TO from 

mean value: ± 5-8 µM). 

 

The origin of the variation in oxygen level in the PE-CQD solution was examined from the 

following controlled experiments. It was found that the extent of variation in the TO values is 

dependent on the wavelength of the irradiating light. As seen in Figure 3.3.3a, the saturated TO 

values increased from 540 M when exposed to the full-spectrum of light to become 580 M, 

625 M, and 640 M upon using 400 nm, 455 nm, and 495 nm cut-off filters respectively. The 

values did not change any further, as expected, using a 550 nm cut-off filter. Noting that the 

dependence of the TO values closely matches the UV-Vis absorption spectra of the PE-CQD 

solution (Figure 3.3.3b) where the absorption onsets at ~500 nm) and the fact that light irradiation 
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makes a difference in the TO values only when PE-CQDs are present in water, and not in pure 

water, we attribute the variation in the oxygen content to the excitons generated in the PE-CQDs 

by light irradiation. 

Furthermore, since the oxygen level reaches a depleted saturation value of 540 M upon 

light irradiation, we have presumed existence of an adsorption-desorption equilibrium on the PE-

CQD surfaces i. e. the light induces desorption of the oxygen molecules and subsequently, the 

deficient CQD reabsorbs oxygen from the air. To confirm this hypothesis, first, the light irradiation 

experiment was repeated in a closed and completely filled vessel so that the PE-CQDs cannot get 

exposed to air. As seen in Figure 3.3.3c, no changes in the TO values were observed under light  

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.3.3 (a) TO values observed in the PE-CQD solution under constant irradiation of the 

light using different cut-off filters. (b) UV-Vis absorption spectrum of the PE-CQD solution closely 

matching the variation in TO values in (a). Comparison of temporal variations in TO values in the 

aqueous PE-CQD solution under constant irradiation of light (c) in an open and a close vessel, 

(d)at two different depths from the solution-air interface: 0.2 cm and 8 cm in an open vessel 

(deviation in TO from mean value: ± 5-8 µM).  
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irradiation because even though the O2 molecules were released from the PE-CQD surface, they 

could not escape and remained within the solution. Second, we have measured the TO level under 

light irradiation and open-air conditions at a different depth inside the vessel. In our previous study, 

we have demonstrated that oxygen enrichment becomes slower at larger depths. This is because 

the oxygen-deficient PE-CQDs must reach the solution surface to pick up oxygen from air or 

alternatively, if they adsorb O2 from the surrounding water, oxygen from air must diffuse a longer 

distance to reach the CQD surrounding, both processes needing a longer time at larger depth. 

Figure 3.3.3d shows that TO depletion profiles at 0.2 cm and 8 cm below the solution surface 

under Xe-lamp irradiation. As expected, it took only 60 minutes to reach ~90% TO depletion at 

0.2 cm, but 250 minutes at 8 cm. In addition, since the uptake is slower at 8 cm, but the light-

induced O2 desorption rate is expected to remain similar, the depleted saturation TO value at 8 cm 

is ~505 M, 35 M less than the same at 0.2 cm, thereby implying a negative downward gradient 

of 4.5  M/cm in the TO values inside the solution. 

The light irradiation experiments demonstrate that (i) the adsorbed oxygen content on the 

surface of a photoactive material can significantly vary in presence of light, (ii) in case of PE-

CQDs, the surface bound oxygen contents are significantly high as compared to pure water and 

(iii) a depth dependent gradient in oxygen level may be created in a solution by containing a 

photoactive material using light. 

3.3.4.1 Origin of high oxygen adsorption and light-induced desorption (Experimental and 

theoretical studies) 

To theoretically study the light modulated oxygen adsorption property of PE-CQDs, we have taken 

a zigzag-edge planar carbon quantum dot structure arranged in 10 six-membered rings as our 

model system, as shown in Figure 3.3.4a. The edge carbons are saturated with hydrogen atoms. 

We have not considered the armchair edge PE-CQDs as it gets distorted upon functionalization.33 

We have estimated the oxygen adsorption energies (EA, see Table 3.3.1) in the presence of the 

various oxygen-containing functional groups, that is, -SO3H, -OH, -COOH, and -C=O, placed 

symmetrically along the edges of the quantum dots. We have chosen this edge functionalization 

route, as they are more reactive than the basal plane surface of PE-CQDs.20 
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Figure 3.3.4 (a) Top view of the molecular structure of a zigzag-edgePE-CQD functionalized with 

sulfonate group, containing one adsorbed oxygen molecule. (b) Side view of the system with a 

single oxygen molecule adsorbed on its surface. The contour plot depicts the Mulliken charge 

distribution. (c) The theoretical UV-Vis spectra of neutral PE-CQD system functionalized with -

C=O and -SO3H group. (d) and (e) denote the isosurfaces of HOMO and LUMO of the system, 

respectively (isovalue: 0.02). The subscripts 1 and 2 denote the neutral and negatively charged 

system, respectively. 
 

 

 

From our theoretical investigation, we have seen that O2 molecule preferentially adsorbs over the 

center of PE-CQDs, away from their reactive edges. The functionalized quantum dots get buckled 

on oxygen adsorption upon geometrical optimization (seeFigure 3.3.4b). The adsorption of the O2 

molecule is favorable at the center of the C-surface by forming a four-member ring (Figure 

3.3.4a,b) as in other carbon systems.20,34In this configuration, a partial charge-transfer takes place 
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Table 3.3.1 Adsorption energies of neutral, negatively and positively charged PE-CQDs, attached 

with different edge functional groups. One oxygen molecule is adsorbed on its surface. All the 

results are obtained in the presence of dielectric water solvent. “No Adsorption” refers to systems 

where we have not observed oxygen adsorption in PE-CQDs within the parameters of our 

theoretical optimization. 
 

PE-CQD System Adsorption Energy (EA) 

(in eV) 

(Functional Groups) Neutral Negatively 

Charged 

Positively 

Charged 

-SO3H 1.31 5.82 -7.07 

-COOH 1.36 0.18 -0.27 

-OH 1.09 No 

Adsorption 

-0.27 

-C=O -0.5 No 

Adsorption 

-0.29 

-SO3H  +  -COOH 1.25 5.83 -7.17 

-SO3H  +  -OH 0.97 6.01 -7.45 

-SO3H  +  -CO No 

Adsorption 

No 

Adsorption 

No 

 Adsorption 
 

 

from the PE-CQD to oxygen (see Figure 3.3.4b), leading to an increased O-O bond-length (~ 1.55 

Å) and a loss in the planarity of the C atoms beneath the O2 molecule. We further inferred that the 

solvent dielectric medium in which the PE-CQDs are dispersed also stabilizes the oxygen molecule 

to promote a high O2 uptake since the present EA values are lower in comparison to graphitic 

quantum clusters in vacuum.2 

In dark environment, we have observed that the adsorption is exothermic in the presence of the 

-C=O group due to an enhanced charge transfer, but endothermic for the other functional groups, 

suggesting a weaker O2 binding (see Table 3.3.1). The theoretical UV-Vis absorption spectrum 

for the PE-CQDs with -C=O functional group (seeFigure 3.3.4c) also matches closely with the 

experiment. Hence, the presence of the carbonyl group can be strongly linked to the unique oxygen 

enrichment in our synthesized PE-CQDs. Figure 3.3.4c also shows a close match of the theoretical 

UV-Vis absorption spectrum for the -SO3H functionalized PE-CQDs with the experiment, despite 

being less stable than the carbonyl group-containing system. Notably, the presence of the -SO3H 
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group is unique in our PE-CQDs as compared to most other carbon-dots as it originates from the 

sulfonation of the polyethylene backbone.10The Highest Occupied Molecular Orbital (HOMO) and 

the Lowest Unoccupied Molecular Orbital (LUMO) isosurfaceplots show that in the presence of 

the weakly O2 adsorbing functional groups (sulfonate groups in Figure 3.3.4d1,e1), the excited 

state wavefunctions are de-localized along the PE-CQD surface and the O2 molecule. On the 

contrary, the frontier orbital isosurfaces for the carbonyl group functionalized system show no 

contribution from the -C=O group. Such a difference becomes crucial for an adsorption event 

taking place in the proximity of mixed functional groups. Consequently, oxygen adsorption does 

not take place when another functional group such as -SO3H (Table 3.3.1) is attached to a PE-

CQD containing a carbonyl group. However, the EA values do not vary significantly in the 

presence of different combinations of other endothermic functional groups. Hence, even though 

the carbonyl group functionalized PE-CQD systems show enhanced stability on oxygen 

adsorption, we have chosen the sulfonate group for our subsequent investigation.  

We further investigated the role of visible-light illumination to tailor oxygen adsorption of the 

PE-CQDs since excited electrons and holes are generated in this process. Consequently, the PE-

CQDs under solar illumination can become either a negatively or positively charged entity by 

transferring one of the charge carriers to another species (such as H+, OH- or molecular O2.) 

present in the solution. In such a charged system, the oxygen adsorption significantly varies from 

a neutral one depending on the functional group. Our calculations show that the endothermic 

adsorption energy increases four-fold in a negatively charged PE-CQD containing –SO3H 

functional groups (see Table 3.3.1). Figure 3.3.4d2,e2 show the frontier orbitals isosurfaces for the 

negatively charged system, which is similar to the neutral PE-CQDs, with identical charge transfer 

from carbon to oxygen. The oxygen molecule still appears to form a four-member ring, but the 

high EA suggests that oxygen molecules are most likely to be present in the solution than near the 

system. Under light irradiation, oxygen desorbs from the PE-CQD surface to air when the 

experiment is conducted in an open vessel. Therefore, the TO value decreases in the presence of 

visible-light, to maintain the adsorption-desorption equilibrium.  

Now, in the presence of visible-light, the electron that goes from HOMO to LUMO can be 

captured by the oxygen molecule to form the superoxide anion radical (as experimentally inferred 

in the previous PE-CQD study) and result in a positively charged PE-CQD. In this scenario, the 
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adsorption energy becomes highly exothermic for most functional groups (Table 3.3.1),favoring 

a strong bond between the oxygen molecule and the PE-CQD surface. Moreover, the positively 

charged PE-CQD is stabilized by the surrounding dielectric water solvent, as evident from the 

exothermic nature of such process.  

Thus, the overall depletion of the TO content in the PE-CQD solution under light arises due to 

the interference from the excitons which may be attributed either to desorption of oxygen from the 

PE-CQD surface or to a very stronger adsorption so that O2 becomes a part of the C-dot and do 

not contribute to the TO measurement. However, in the experiments, since we observed no changes 

in the TO content under the closed conditions and light irradiation (Figure 3.3.3c), we conclude 

that the desorption as the primary mechanism for the TO decrease.  

3.3.4.2 Photocatalytic oxidation of benzylamine 

The as-synthesized PE-CQDs were used as photocatalyst for the selective oxidation of 

benzylamine(BA) and its derivatives to the corresponding imines using molecular oxygen present 

on the CQD surface as the oxidant. Recently, the development of amine to imine transformation 

methodologies that are mild and green has gained attention because of theiruse in functional 

organic and medicinal compounds.35,36Among these, the photocatalytic oxidation is particularly 

attractive due to its energy efficiency, leading to the development of many efficient 

photocatalysts.37-42 

The transformations wereperformed in ambient air and at room temperature, using 

acetonitrile as the solvent.The conversion efficiency was excellent (97%) with >99% selectivity 

within a period of 55 minutes (~1h) of sunlight irradiation (Table 3.3.2, Entry No. 1). A similar 

performance was obtained by using a 400 W Xe-lamp(Table 3.3.2, Entry No.2). In contrast, the 

conversion efficiency is negligible in dark in presence of the PE-CQDs, at room as well as elevated 

temperatures (Table 3.3.2, Entry No. 3, 4 and 5), signifying the photocatalytic nature of the 

reaction. The reactionyield in air and light was also negligible in absence of the PE-CQDs (<1%, 

Table 3.3.2, Entry No. 9), confirming its contribution as a photocatalyst.  
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Table 3.3.2: Optimization of benzylamine oxidation reaction at various conditions. 

 

 

 

 

 

 

 

 

 

 

 

Reaction condition: Acetonitrile solutions (30 mL), containing substrates (0.5 mmol), 

photocatalyst (15 mg), a; room temperature (23-26 ºC, b; 40 ºC, c; 50 ºC, d; reaction mixture was 

purged with N2 and then PE-CQDs added into it and e; PE-CQDs were first added to the reaction 

mixture then N2 purged. 

Usually, O2 purging is carried out in this reaction to improve its kinetics significantly due 

to oxygen enrichment in the reaction medium.43-46 This step is possible to be avoided with the PE-

CQDs due to their intrinsic oxygen enrichment properties. When we purged O2 during the reaction, 

the conversion efficiencies were nearly same as that in air i. e. ~63% and 98% (vs.58% and 98% 

in air) after 30 min and 1 h respectively. On the contrary, the PE-CQDs were expected to perform 

this reaction even under an inert atmosphere since adsorbed oxygen cannot be completely 

displaced by N2 even by prolonged purging.10 To examine the influence of surface adsorbed O2, 

we carried out the reaction by (i) purging N2 in the solvent and then adding the O2 saturated PE-

CQDs kept in air and (ii) the converse i. e. by adding the PE-CQDs to the reaction mixture first 

and then purging it with N2, assuming that the second reaction would be slower due to a reduced 

surface concentration of O2.As anticipated, the conversion efficiencies were rather decent after 1h, 

though dropped to ~70% and 45% in the first and the second case, asserting that the surface 

adsorbed O2 is primarily responsible for the oxidation reaction.  

Entry catalyst Environment Light Time (min) Conversion (%) Selectivity (%)

1 PE-CQDs Air Sunlight 55 97 >99

2 PE-CQDs Air Xe-lamp 55 98 >99

3a PE-CQDs Air Dark 55 <1 -

4b PE-CQDs Air Dark 55 <1 -

5c PE-CQDs Air Dark 55 <1 -

6 PE-CQDs O2 Xe-lamp 55 98 >99

7d PE-CQDs N2 Xe-lamp 55 70 >99

8e PE-CQDs N2 Xe-lamp 55 45 >99

9 - Air Sunlight 55 <1 -

10 TiO2-P25 Air Xe-lamp 55 20 >99

+
Catalyst

Sunlight
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The AQE under direct sunlight was estimated to be 34.5% for the BA oxidation reaction 

by considering all photons absorbed in the 300-500 nm range where the PE-CQDs absorb >95% 

of light.47For comparison, we have also carried out the reaction similarly using benchmark 

commercial TiO2 (P-25), where the conversion was merely ~20 % after 1 h (Table 3.3.2, Entry 

No. 10). The catalytic reaction was performed for five consecutive runs using the same catalyst 

and the conversion efficiency was 92% (1 h light irradiation) at the end of the 5th cycle, suggesting 

high stability of the PE-CQDs (Figure 3.3.5).  

Figure 3.3.5 Conversion efficiency during recycling of the PE-CQDs in five successive 

photocatalytic BA oxidation reactions. 

 

It is to be pointed out that the performance of the PE-CQD photocatalyst under various gaseous 

environments exhibited a remarkable quality not observed in any other photocatalyst so far. Earlier 

investigations showed that the conversion is negligible when the reaction occurs in an inert 

atmosphere due to the absence of oxidant in the reaction medium. By contrast, at least ~50 % 

conversion was found under inert atmosphere in our system. More importantly, activity of the most 

state-of-the-art catalysts are significantly poorer in open air as compared to an oxygen saturated 

atmosphere, requiring an additional oxygen flow in the reaction set-up while the activity of the 

PE-CQDs in air is as high as under O2 flow due to its intrinsic oxygen enrichment properties. Also, 

in many investigations, the reactionisneeded to be carried out at elevated temperatures to improve  
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Table 3.3.3: Comparison of amine oxidation activity of PE-CQDs with that of other reported 

heterogeneous catalysts. 

Sr.  

No. 

Catalyst Catalyst 

amount 

BA 

(mmole) 

O2/

Air 

Time 

(h) 

Temp. 

(⁰C) 

Solvent Conv. 

(%) 

Select. 

(%) 

Ref. 

1. PE-CQDs 15 mg 0.5 Air 1 r.t CH3CN 98 >99 This 

work 

2. Au/CeO2 - 0.2 O2 6 100 1,4 dioxane 96 97 48 

3. Au/Al2O3 100 mg 0.2 O2 24 100 Toluene 92 - 49 

4. Cd-organic 

framework 

10 mg 0.48 Air 6 r.t DMF 92 99 50 

5. BiVO4/g-C3N4 20 mg 0.35 - 16 r.t CH3CN 87 100 51 

6. [Au25]/TiO2  10 mg 0.2 O2 1.5 r.t CH3CN 98 99 52 

7. Mo/Ta/W ternary 

polyoxometalte 

1 mol% 0.2 Air 24 r.t CH3CN 96 - 53 

8. NH2-MIL-125(Ti) 5 mg 0.1 O2 12 r.t CH3CN 73 86 54 

9. TiO2 50 mg 0.2 O2 4 r.t CH3CN 76 98 55 

10. Nb2O5 100 mg 5 O2 50 r.t Benzene 99 98 56 

11. BiVO4 100 mg 0.1 O2 6 r.t CH3CN 99 99 57 

12. N-doped 

TiO2@N-doped C 

10 mg 0.2 O2 15 r.t CH3CN 99 - 58 

13. BiOBr 100 mg 0.1 O2 14 r.t CH3CN 100 100 59 

14. Fe based MOF 75 mg 4.8 O2 24 100 - 67 97 60 

15. WS2 NS - 0.1 O2 30 50 CH3CN 92 95 61 

16 mpg-C3N4 50 mg 1 O2 2 80 CH3CN 60 99 62 

17. Cu-graphene 100 mg 1  O2 6 40 CH3CN 99 93 63 

18. CQDs 25 mg - O2 12 90 - - - 64 
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Table 3.3.4: Aerobic-oxidation of different substituted amines with the PE-CQDs under sunlight. 

 

Reaction conditions: The reactions were carried out in acetonitrile solutions (30 mL), containing 

substrates (0.5 mmol), photocatalyst (15 mg) under the sunlight. 

 

the kinetics.16,65-67 By considering all such catalysts used in harse conditions, including the ones 

with noble metals, the activity of the PE-CQDs under the mild conditions of room temperature and 

ambient air is stillseveral times higher as shown in the comparison Table 3.3.3. 

The versatility of the PE-CQDs was examined by using p-substituted benzylamine 

withelectron-donating (-CH3, -OCH3, t-butyl) and electron-withdrawing (-F, -Cl, -CF3) 

groups(Table 3.3.4). The electron donating groupsimpart a somewhatbetter activity compared to 

the electron withdrawing groups. We have also examined the reactivity of aliphatic amines(Table 

3.3.4, entry no. 8) to find that the PE-CQDs are highly specific to the amines containing aromatic 

side groups only. 
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3.3.4.3 Mechanistic investigation 

Due to light irradiation,excited electrons and holes generated in the PE-CQDs activate the surface 

adsorbed O2 molecules to induce the oxidation reaction.39,68,69To developfurther insightinto the 

participating reactive species, several controlled experiments werecarried out by usingscavenger 

for excited electrons (K2S2O8), holes (ammonium oxalate) and superoxide radical anions, O2·
-

(benzoquinone). The conversion drastically reduced by ~75% and ~82% respectively in presence 

of K2S2O8 and (NH4)2C2O4 to suggest a strong participation of both the excitons in the reaction 

(Figure 3.3.6). The participation of O2·
- radical anion was also inferred from a slow (70%) reaction 

rate in presence of benzoquinone. 

 

 

 

 

Figure 3.3.6 Effect of different hole, electron and radical scavengers in the conversion efficiency 

of the oxidation reaction. 

 

 

 

 

 

 

 

 

Scheme 3.3.1 A plausible reaction mechanism for the photocatalytic BA oxidation using PE-

CQDs. 
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Accordingly and with some additional experiments, we propose the following steps are involved 

in BA photo-oxidation: (i) the excited electrons of the PE-CQDs transfer to the surface-adsorbed 

O2 to produce O2·
-, a,70 as shown in Scheme 3.3.1, (ii) an adsorbed BA molecule gets oxidize in 

the presence of a hole yielding a benzylamine cation radical intermediate, b, and HOO·.71,37 The  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.3.7 HRMS spectra were recorded before and after irradiation with sunlight. 

[TEMPO+2H]+ was observed at the beginning in acetonitrile solvent (a). TEMPO formed an 

adduct with the carbon radical species after sunlight irradiation for 1h (b). 

 

[TEMPO + 2H]++ 

= 264

(b)

(2,2,6,6-Tetramethylpiperidin-
1-yl)oxyl radical (TEMPO)
[TEMPO + 2H]+, mass= 158

(a)
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formation of intermediate b was confirmedby trapping it with TEMPO ((2,2,6,6-

Tetramethylpiperidin-1-yl)oxyl radical))and detecting the sameby HRMS (Figure 3.3.7), (iii) 

extraction of an H· radical by HOO· toproducebenzyliminium ion, c and H2O2 as by-product.72 

H2O2 formation was confirmed by KMnO4 titration during the light irradiation. (iv) ‘c’ couples 

with another neighbouring BA molecule to give final product d,benzaldimine.16 

 

3.3.5 Conclusions 

In conclusion, we demonstrate that the concentration of the surface-adsorbed oxygen molecules 

on carbon quantum dots is extremely high, aided by specific combinations of its surface functional 

groups that lead to profound photocatalytic efficiency for oxidative chemical transformations. The 

apparent quantum efficiency for controlled oxidation of benzylamine is ~35% along with a 

reaction rate that is significantly faster than the existing photocatalysts, including those using 

expensive noble metals, an oxygenated atmosphere, and harsh reaction conditions. Rather 

unusually, we also establish that the concentration of adsorbed O2 can be controlled by using an 

external light source so that a solution of carbon dot can have different oxygen contents at different 

portions of the solution. The effect arises due to the modulation of charge-transfer between the 

CQDs and the adsorbed O2 molecules in the presence of light that generates excitons in the CQDs 

and can make them behave as charged particles. Barely little is known on the concentration of 

reactants on a catalyst surface under photocatalytic conditions as against conventional 

heterogeneous catalytic conditions, therefore our findings will inspire such studies and the 

consequences on catalytic efficiencies. Moreover, the use of light and distance from the air-

interface offers an unusual possibility of creating a landscape of varied oxygen contents in a 

solution that may offer new opportunities in chemical reactions. 
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CHAPTER 3.4 

'Autophagy' and unique aerial oxygen harvesting properties exhibited by 

highly photocatalytic carbon quantum dots 

 

 

 

 

 

 

Summary 

Plastic pollution is a serious threat to the environment as they are not bio-degradable. Herein using 

waste-polyethylene to create wealth, we report two important findings. First that they can be 

converted completely into highly photocatalytic carbon quantum-dots with H2SO4 and H2O2 

treatment and they can enrich a reaction medium with molecular oxygen harvested from the air so 

that no separate oxygen source is needed while carrying out photocatalytic oxidation reactions. 

They enhance the diffusion rate of molecular oxygen in the water. Furthermore, they exhibit an 

ability to self-sensitized photo-oxidation to convert themselves completely to CO2 leaving behind 

no traces when exposed to sunlight for weeks, in the absence of reactants. Such extinction from 

the reaction media is unique as no other photocatalyst is known to do so and advantageous because 

the removal of carbon-dots from a solution is inefficient due to their high solubility. Moreover, 

waste-water treatment can be carried out with the notion that the photocatalyst will get eliminated 

by itself downstream. We demonstrate their high photocatalytic properties using photo-oxidation 

of benzyl alcohol derivatives and removal of pollutant dyes in ambient conditions with an 

efficiency better than the state-of-the-art photocatalysts, originating from their high oxygen 

enrichment ability.  

 

‡ Manuscript based on this work has appeared in Carbon,2021,181,16-27. 



112 
 

3.4.1 Introduction 

The copious amounts of waste-plastic produced per year pose a serious threat to the environment 

due to their non-biodegradable nature and a tendency to absorb other pollutants,1-3 menacing the 

marine life, soil, and freshwater quality, and the entire food cycle.4,5 Therefore, the reduction of 

plastic-waste has emerged as a research priority, leading to many innovative approaches to convert 

them into useful materials such as liquid-fuels and related materials.6-8 Recently, we have 

demonstrated a rational strategy to obtain carbon quantum-dots (CQDs) in large quantities using 

waste-polyethylene (PE) as a precursor.9 The PE-backbone was subjected to controlled, 

H2SO4 mediated and thermally induced dehydrogenation that thereafter undergoes cyclization to 

generate visible-light responsive CQDs (called hereafter as PE-CQDs) measuring 5-6 nm in size. 

The CQDs are a distinctive class of carbon-nanomaterials containing tiny graphene-sheets and 

soluble like fullerenes with potential applications in photocatalysis, optoelectronics, imaging, 

diagnostics etc.10-15 Our findings further added a unique property that the PE-CQDs are capable of 

adsorbing exorbitantly large quantity of molecular O2 (~1 wt.%) from air onto its surface under 

ambient conditions in a reversible manner, while suspended in a solution. Coupled this to their 

ability to absorb solar-light has resulted in high photocatalytic efficiency for oxidation reactions 

(while they have been primarily used for photo-reduction reactions) as well as waste-water 

treatment.16-18  

3.4.2 Scope of the present investigation 

This seemingly advantageous waste-to-wealth approach, however, it has two major concerns: (i) 

its synthesis requires toxic KMnO4 that gets converted to MnO2 and poses a serious health 

concern, while all other chemicals used in the process are potentially reusable, and (ii) the recovery 

of the PE-CQDs, as in the cases of other CQDs also, is difficult from a reaction medium due to 

high solubility and may eventually find its way to natural water bodies, when used in large 

quantities in industry. Therefore, it is necessary to improve the processing of the PE-CQDs by 

eliminating the use of KMnO4 and, at the same time, to analyse the impact of the used PE-CQDs 

left unattended in an open environment. 

We demonstrate an efficient route to produce the PE-CQDs from polyethylene using H2O2 

as a residue-free, non-toxic oxidant. These PE-CQDs exhibited an improved oxygen-harvesting 
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ability from the air and enhanced photocatalytic efficiency for the oxidative transformation of 

organic molecules and waste-water treatment. Furthermore importantly, we show that when these 

PE-CQDs are exposed to sunlight for several weeks, they completely disappear from the solution 

leaving no traces. They undergo a self-sensitized photo-oxidation process by using the reactive 

oxygen species generated from the molecular oxygen that they harvest from the air, to form carbon 

dioxide. As more CO2 forms, the colorof the sample fades away and disappears completely. This 

‘self-devouring’ nature appears to be unique to the PE-CQDs as no other material and ever 

molecular species is known to undergo similar transformations. In this context, it may be pointed 

out that ‘bleaching’ or color-fading of carbon-dot solutions have been widely observed and 

researched leading to several hypotheses.19-22 The findings here are an important benchmark that 

such hypotheses ought to be consistent with an eventual CO2 formation.   

We have demonstrated the high photocatalytic efficiency of the PE-CQDs from the 

controlled oxidation of benzyl alcohol (BA) and its derivatives to the corresponding aldehydes 

using ambient conditions. Semiconducting-material-driven photocatalytic reactions are emerging 

as a preferred process to utilize solar energy as a clean and renewable fuel.23-27 The oxidation of 

BA and its derivatives is an important chemical transformation where the reaction products are 

widely used in fine-chemical synthesis.28-31 Therein, the use of molecular O2 as the oxidant from 

a flowing gas, or even better, ambient air, is preferred due to its green nature and abundance. Hence 

it occurs that the O2 enriched PE-CQDs ought to be an outstanding photocatalyst for these selective 

oxidation reactions. The PE-CQDs induced ~75% conversion of benzylalcohol and its derivatives 

to the corresponding benzaldehydes with >90% selectivity under 4 h of natural sunlight exposure 

at ambient conditions. Apart from the high photocatalytic efficiency, the self-devouring nature of 

the PE-CQDs, a unique material property, is expected to be highly valuable to remove them from 

their site-of-use or in environmental remediation applications where their recovery is unfeasible.   
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3.4.3 Methods 

3.4.3.1 Synthesis of graphitic PE-CQDs 

The PE-CQDs were prepared by using H2O2 as oxidizing reagent after the carbonization of 

polyethylene. In a typical synthesis, 1g of small pieces of polyethylene sheets were added to 60 

mL of 18 M sulphuric acid in a 250 mL round bottom flask. The solution was refluxed at ~140-

150 oC with constant stirring at 600 rpm for 1 h. The PE sheets turned into black charred-mass. 

Thereafter, 1-2 ml of H2O2 was slowly added to the reaction mixture drop-wise resulting in a red 

colour solution (Figure 3.4.1). The reaction mixture was allowed to cool to room temperature. The 

solution was then diluted by adding 60 mL of water and then filtered by using cotton on the top of 

glass funnel. The transparent red coloured solution was then extracted repeatedly by adding ethyl 

acetate using a separating funnel. The organic phase was then passed through the Na2SO4 to 

remove moisture and dried using a rota-vapour under reduced pressure, yielding solid powder of 

the graphitic PE-CQDs.  

 

 

Figure 3.4.1 Synthesis scheme for the formation of PE-CQDs taking polyethylene as starting 

material. 

3.4.3.2 Oxygen content measurements in the aqueous solution of PE-CQD 

O2 contents in pure water and aqueous solution of PE-CQDs were measured using non-invasive 

Ocean Optics Neofox-Kit-Probe.32 50 mg of PE-CQDs dispersed in 60 mL of water was placed in 

a round bottom flask (RBF, capacity ~70 mL) where the air-water interface area was 7 cm2. The 

sensing patch, attached to the inner wall of RBF, was completely submerged by the solution. 

During O2 uptake, the solution was stirred at 300 rpm and during O2 desorption the solution was 

kept still with a constant N2 flow (60-70 sccm). The kit was calibrated before all measurements 

using a two-point reading (0% O2 in N2 and 20.90% O2 in the air).  

H2O2H2SO4 140-150 OC

400 rpm addition
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3.4.3.3 Photocatalytic benzyl alcohol oxidation using PE-CQDs 

The selective photo-oxidation of benzyl alcohol (BA) was carried out under direct sunlight as well 

as using a 400 W Xenon lamp (Newport) attached with an water-IR filter. Typically, 10 mg of PE-

CQDs and 0.5 mmol of BA were dissolved in 10 mL of acetonitrile in a 10 mL RBF. Before the 

photocatalytic reaction, the reaction mixture was kept in dark for 1 h under constant magnetic 

stirring to establish an adsorption-desorption equilibrium. The temperature during the 

photocatalytic reaction was monitored and found to be ~28-30 ⁰C throughout the reaction period. 

After 4 h light illumination, samples were analyzed by gas chromatography (GC). The same 

reaction was performed using 10 mg of commercial TiO2 (P-25, Aldrich) to compare the catalytic 

activities.  

3.4.3.4 Photocatalytic stability and self-oxidation tests for PE-CQDs 

Stability of the PE-CQDs was examined during the Rhodamine B (RhB) photo-degradation 

reaction under a 400 W Xe-lamp (attached with an water-IR filter) illumination. We have carried 

out the degradation reaction with PE-CQDs up to the 10th cycle by repeatedly adding the dye 

solution without intermittent cleaning of the photocatalyst. After completion of the 10th cycle, the 

same PE-CQD solution was kept under the Xe-lamp for 10 h without any further addition of RhB 

when it was observed that the colour of the solution (arising from PE-CQDs as there were no dye 

molecules left) becomes increasingly faint. On the other hand, two 50 mL glass beakers containing 

10 mg PE-CQDs (10 ml water) in each were added separately and one of them was kept on 

continuous stirring under direct sunlight for 30 days while the other beaker was kept in dark for 

the same time. The solution was filtered and then the water content was allowed to evaporate 

naturally by keeping it open at room temperature. 

The products of the self-sensitized photo-oxidation of PE-CQDs were investigated in a 

closed 50 mL RBF containing PE-CQDs aqueous solution with constant magnetic stirring at 300 

rpm under different atmospheres. The PE-CQD concentration was kept same as O2 adsorption-

desorption. A 400 W Xe-lamp attached with a water-IR filter was used as light source. The gaseous 

product so formed with regular time interval was analyzed through gas-chromatography 

(Shimadzu GC-2014). 
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3.4.3.5 Characterization 

All other characterization techniques except the ones noted aboveare discussed in chapter 2. 

3.4.4 Results and Discussion  

The PE-CQDs could be prepared using various high-density polyethylene (such as a kitchen-glove, 

Figure 3.4.2a,b). The small polyethylene pieces turned into a charred, black-colored carbon-mass 

after treatment with 18 M H2SO4 under reflux conditions for one hour. H2O2 was added drop-wise 

to this reaction aliquot for further oxidation, and the black-mass started disappearing almost 

immediately until a transparent, yellowish PE-CQD solution was obtained in about 2 minutes (See 

the schematic diagram in Figure 3.4.1). Transmission electron microscopy (TEM) images (Figure 

3.4.2c,d) revealed that the particles are spherical, measuring 1.5 to 7 nm in size and an average 

size of 4 nm as shown in Figure 3.4.2e. Their size is somewhat smaller than the PE-CQDs 

synthesized using KMnO4 (average size of 6.5 nm). The presence of the graphitic regions can be 

clearly observed in the high-resolution TEM (HRTEM) images (Figure 3.4.2f) having lattice-

fringes separated by 0.32 nm corresponding to the (002) planes. Energy-dispersive X-ray 

spectroscopy (EDS) shows the presence of sulphur in the sample (Figure 3.4.2g) due to the 

functionalization of the PE-CQDs by sulphuric acid.9 The nature of the various functional groups 

were examined by Fourier transform infrared (FT-IR) spectroscopy, as shown in Figure 3.4.3a, 

revealing the presence of several functional groups. The peak at 2900 cm-1 can be assigned to the 

C-H stretching vibration while the peaks at 1175 and 978 cm-1arise due to the S–O stretching 

vibrations of –SO3H. The sharp peaks at 1254, 1445, and 1723 cm-1 correspond to the C–O, C–O–

C, and C=O stretching vibrations, respectively, suggesting the formation of carbonyl and ether 

functional groups in PE-CQDs. X-ray photoelectron spectroscopic (XPS) analysis further 

confirmed the functional groups present on the PE-CQDs. Figure 3.4.3b shows the core-level XPS 

spectrum of C 1sthat could be fitted with 5 peaks. The peaks at 284.5 eV, 285.6 eV, 286.5 eV, 

287.8 eV and 288.9 eV have been assigned to the sp2 C–C, sp3 C–C, C–O– (hydroxyl) and C–O–

C (epoxy) groups, C=O (carbonyl) species COOH (carboxyl) groups respectively with a relative 

abundance of 31%, 19%, 25%, 13% and 11%. The amount of oxygen forming single and double 

bonds were also estimated by deconvoluting the O 1s peak as shown in Figure 3.4.3c. Since the 

peaks at 533.0 eV and 531.8 eV arise from the single-bonded and double-bonded oxygen species 

respectively,9 they have an atomic ratio of ∼40:60. A comparison with the KMnO4 generated PE-  
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Figure 3.4.2 Photograph of a typical polyethylene precursor (a kitchen-glove) (a) and the aqueous 

dispersion of the PE-CQDs prepared from it (b). (c, d) TEM image of the as-synthesized PE-CQDs. 

(e) Particle size distribution plot showing an average particle size of 4 nm. (f) High-resolution 

TEM image of a PE-CQD. (g) SAED pattern and (h) a typical EDS spectrum acquired on the PE-

CQDs. 

 

CQDs reveals that the present CQDs have less number of sp2 carbon (31% vs. 49%), but more 

number of C-atoms as parts of hydroxyl or epoxy groups (25% vs. 11%), suggesting a higher extent 

of oxidation by H2O2 and a possibility to control the extent of functionalization by adjusting the 

oxidation step.  

The aqueous solution of PE-CQDs exhibited novel optical properties as revealed by the 

UV-Visible (UV-Vis) absorption, photoluminescence (PL) spectroscopy, and time-correlated 

single-photon count (TCSPC) measurements. The UV-Vis absorption spectrum exhibited an 

absorption onset at ~550 nm (Figure 3d) and other prominent absorption features at 340, 375, 395, 

and 425 nm. A typical PL spectrum of the solution is plotted in inset of Figure 3.4.3d. We also  
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Figure 3.4.3 (a) FT-IR spectrum of the PE-CQDs. XPS spectrum of (b) the C1sand (c) the O 

1score-levels in the PE-CQDs. (d) UV-Vis absorption spectrum of the as-synthesized PE-CQDs 

dispersed in water. Inset is the PL emission spectrum of PE-CQDs. (e) Photoluminescence 

emission spectra of the PE-CQDs at different excitation wavelengths. 

 

recorded the PL spectra with different excitation-wavelengths (λex∼335–455 nm range) and 

observed that the emission peak wavelength (λem) is red-shifted with longer λex (Figure 3.4.3e). 

The most intense emission maximum was observed at 510 nm and λex = 395 nm, corresponding to 

an emission quantum yield (QY) of ~6.9%. In comparison, the PE-CQDs prepared with KMnO4 

exhibited an emission maximum at 523 nm with a QY of 9.5%.  

The shifts observed in the λem with changing λex are well-documented for many differentCQDs.33 

However, the luminescence-decay measurements at various λem unrevealed an interesting pattern. 

Figure 3.4.4a is the luminescence decay plot for the PE-CQDs at 510 nm (λex=375) corresponding 

300 400 500 600
0

1

2

3

4

5

A
b
s
o

rb
a

n
c
e

Wavelength (nm)

 PE-CQDs

450 500 550 600

P
L

 i
n

te
n

s
it
y
 (

a
.u

.)

Wavelength (nm)

 Emission spectrum

360 420 480 540 600 660
P

L
 i
n

te
n

s
it
y
 (

a
.u

.)

Wavelength (nm)

 335 nm

 345 nm

 355 nm

 365 nm

 375 nm

 385 nm

 395 nm

 405 nm

 415 nm

 425 nm

 435 nm

 445 nm

 455 nm

Excitation wavelength

(d)(a)

3750 3000 2250 1500 750
T

ra
n
s
m

it
ta

n
c
e
 (

%
)

Wavenumber (cm
-1
)

 PE-CQDs

(e)

(b)

282 285 288 291

In
te

n
s
it
y
 (

a
.u

.)

Binding energy (eV)

530 532 534 536

In
te

n
s
it
y
 (

a
.u

.)

Binding energy (eV)

(c)



119 
 

 

Figure 3.4.4 (a) The PL decay plot of the aqueous PE-CQD solution at 510 nm emission (λex=375 

nm). (b) The average emission lifetime of the PE-CQD solution at various emission wavelengths 

(λex=375 nm). (b1, b2, b3, b4, b5, and b6) are the time-resolved fluorescence decay plots at λem= 

400 nm, 450 nm, 480 nm, 550 nm, 580 nm, and 600 nm respectively, keeping the same λex, plotted 

for the first few nanoseconds to highlight the variations in the fast component of the decay profiles. 

 

to an average lifetime (τ) of 1.82 ns. Further, the sample was excited at 375 nm and the emission 

decay kinetics data were recorded at regular λem intervals in the 400-600 nm range. The data were 

fitted to a tri-exponential function and the typical fitting parameters are given in Table 3.4.1. The 

average lifetime (τ), was calculated using the following formula: 

𝐴𝑣𝑒𝑟𝑎𝑔𝑒 𝑙𝑖𝑓𝑒𝑡𝑖𝑚𝑒 (τ) =  (𝜏1𝐴1 +  𝜏2𝐴2 + 𝜏3𝐴3 )/( 𝐴1 + 𝐴2 + 𝐴3) 

where, τ1, τ2, and τ3are emission lifetimes in three different time stages and A1, A2, and A3are the 

amplitude of the different emission lifetimes. τ becomes maximum near the λem, max, but reduces at 

lower or higher λem (Figure 3.4.4b). The minimum value of τ= 0.62 ns was recorded at λem =400 

nm, which gradually increases to 1.82 ns until λem =510 nm or 520 nm and then goes on decreasing 

to 1.43 ns at λem =600. To underline the differences in τ, the decay traces for the same decay counts 
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are plotted at different λem within the first few nanoseconds where the fast decay component is 

clearly observed (Figure 3.4.4b1-b6). Recently we serendipitously observed that in the case of a 

light-harvesting semiconductor (g-C3N4), τ is λem dependent and gradually increases over ten times 

within the emission peak as λem becomes longer, thereby remarkably influencing the exciton-

transfer dynamics in the event of photocatalytic reactions.34 The effect was attributed to a 

vibrational relaxation process from the higher excited state to the band-edge. Surprisingly though, 

the behaviour of the PE-CQDs is quite different and probably complex in nature since the origin 

and the nature of the emission centers in CQDs are highly debatable.35-37 

Table 3.4.1: PL decay lifetime analysis of the PE-CQD aqueous solution at an emission 

wavelength of 510 nm (excitation wavelength = 375 nm). 

 

 

 

 

3.4.4.1 Total oxygen content in PE-CQDs 

Recently, it was shown that the PE-CQDs have the unique ability to capture oxygen molecules 

from the air and enrich the oxygen content of a solution. The molecular oxygen content per gram 

of the PE-CQDs is higher than those expected to be exhibited by the custom-made materials for 

gas adsorption such as zeolites and metal-organic frameworks.9,38 We evaluated the oxygen 

enrichment properties of the H2O2 generated PE-CQDs by measuring the total O2 content (TO) of 

an aqueous solution containing 0.83 mg PE-CQDs per mL of water. The TO value of the solution 

was ~652±8 µM, more than double of that in pure water (~340 µM, Figure 3.4.5a,b).  

Notably, the TO value is higher than the same exhibited by PE-CQDs prepared by using 

KMnO4 (640±8 µM).9 Furthermore, it was argued in the previous study that the O2 molecules are 

loosely bound to the CQD surface and therefore the O2 level can be easily adjusted by replacing it 

 

 

Tri-exponential 
Emission (nm)

<τ> ns X2 τ1

(ns)
τ2

(ns)
τ3

(ns)
A1 A2 A3

PE-CQDs 1.821 1.002 2.200 0.498 6.510 0.38 0.51 0.11
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Figure 3.4.5 (a) Temporal variation of the total oxygen content in (a) pure water, and (b) aqueous 

PE-CQD solution while purging with nitrogen and subsequently during the spontaneous oxygen 

uptake from the open air by the nitrogen saturated solutions. (c)Temporal variation of total oxygen 

content in pure water and PE-CQD solution (1mg/1.2 ml) during oxygen uptake from the air by 

N2 saturated samples at depths of 0.2 and 8 cm below the aqueous-air interface. (d) Repeatability 

test for oxygen uptake and release using the aqueous PE-CQDs solution.  (e) The TO contents 

estimated for aqueous solutions containing different amounts of PE-CQDs. 

 

with other gas molecules under high partial pressure. Thus, we studied the kinetics of O2 desorption 

under a continuous purging of N2 gas in the solution as shown in Figure 3.4.5a,b. The TO level 

decreases rapidly to 125 µM within the first 3 minutes and attained a saturated depletion value of 

~90 µM in ~5-6 minutes. In contrast, oxygen desorption from pure water is slower (Figure 3.4.5a), 

requiring ~20 minutes to reach a saturated depletion value of 5 µM. 
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The deoxygenated solution captures back the oxygen molecules from the air to attain the 

equilibrium value once the N2 flow is stopped. The O2 uptake features in the N2 purged pure water 

and aqueous PE-CQD solution in open air are also shown in Figure 3.4.5a,b, suggesting a much 

faster rate of O2 uptake (~3-4 times in the initial 2-3 minutes) in the case of the PE-CQD solution. 

Thus, by acting as carriers of O2 molecules from the air-water interface to the bulk of the solution, 

in addition to the typical diffusion of the gaseous O2 in the solution, the PE-CQDs are capable of 

inducing a markedly faster rate of O2 diffusion. The O2 uptake measurements were carried out at 

two different depths (0.2 cm and 8 cm) from the exposed air-aqueous interface to confirm the 

same. As expected (Figure 3.4.5c), the time taken by the solution to attain oxygen saturation is 

proportional to the depth, while the saturation levels remain the same. On the other hand, by 

considering the increase in the TO content per minute, the O2 diffused rate is much smaller in pure 

water. We have attributed this high diffusion rate in the PE-CQD solution to a persistently high O2 

concentration gradient across the air-water interface since the dissolved oxygen quickly associates 

with the PE-CQDs depleting the O2 levels in the surrounding. 

Finally, we show that (i) the oxygen enrichment properties of the PE-CQDs in the solution 

remain reversible, as shown in five successive N2 purging cycles in Figure 3.4.5d, and (ii) the 

enrichment is PE-CQDs concentration-dependent. Thus, the TO content of the solutions containing 

5 mg, 10 mg, 15 mg, 20 mg, 25 mg and 30 mg per 30 mL of water were 473, 522, 572, 611, 652, 

and 712 µM respectively (Figure 3.4.5e). Overall, the PE-CQDs obtained using H2O2 are similar 

to those prepared by using KMnO4 while exhibits an improved oxygen adsorption behaviour. The 

higher oxygen content in PE-CQDs generated with H2O2 is ascribed to the variation in functional 

groups from those prepared with KMnO4.  

3.4.4.2 Photocatalytic oxidation of Benzyl alcohol by PE-CQDs 

Selective photocatalytic oxidation of alcohols to the corresponding carbonyl compounds using 

molecular O2 as an oxidant has gained significant recent interest due to the greener synthetic 

approach.39-41 The high visible light response and the copious O2 content on the PE-CQD surface 

make them an ideal catalyst for the selective and controlled photo-oxidation of benzyl alcohol 

(BA) and its derivatives using molecular O2 from air and sunlight. BA oxidation was carried out 

in acetonitrile solvent in an open-air under direct sunlight and the conversion efficiency was found 
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to be 75% with >90% selectivity after 4 h of illumination. To confirm the role of molecular O2 in 

the reaction, we have performed the reaction by varying the O2 content in the reaction aliquot. 

Table 3.4.2 summarizes the result of the various oxidation reactions. Interestingly, we noted that 

the reaction yield barely increases when we purged O2 gas in the reaction vessel during oxidation, 

unlike other photocatalysts reported so far, suggesting that the PE-CQDs are sufficiently saturated 

with O2 molecules (Table 3.4.2, entry 2).42-44 To confirm this, two more sets of reactions were 

carried out by purging N2 through the reaction mixture before starting the illumination. In the first 

set, we have purged N2 through the reaction aliquot and then added PE-CQDs (which was kept in  

 

Table 3.4.2: Selective photocatalytic oxidation of BA under various conditions. 

 

 

a= First N2 was purged through the reaction mixture and then PE-CQDs were added to it. b= PE-

CQDs were added to the reaction mixture and then N2 was purged. 
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the air) to it, resulting in 54% conversion after 4 h (Table 3.4.2, entry 3a). In the second set, N2 

was passed through the solution containing PE-CQDs to remove maximum possible dissolved O2 

from the reaction mixture as well as the PE-CQD surface; where the resultant conversion efficiency 

was still quite high, though dropped to ~34% after 4 h (Table 3.4.2, entry 4b). We anticipated that 

between the first and the second set of reactions, 1st should give a better yield as we did not remove 

the O2 adsorbed on PE-CQDs surface, leading to a higher O2 content in the medium. In contrast, 

when oxygen was removed from the solvent as well as from the PE-CQDs surface in the 2nd set, 

the reaction efficiency decreased further by 20%. The findings are in stark contrast to the earlier 

reports, where the conversion becomes negligible under an inert atmosphere due to the lack of O2 

in the reaction aliquot. A ~54 % conversion, even in an inert atmosphere, was observed for the 

first time because of the presence of O2 molecule on PE-CQDs surface, earmarking the influence 

of their oxygen uptake ability in oxidation reactions. 

The conversion is negligible in the presence of PE-CQDs at room temperature under dark 

conditions inferring its photocatalytic nature. We then carried out the reaction by increasing the 

reaction temperatures to 40 ⁰C and 50 ⁰C under the dark conditions, but the yield did not improve 

(Table 3.4.2, entry 6&7). The conversion was negligible when the reaction was performed under 

sunlight in the open air in absence of PE-CQDs (Table 3.4.2, entry 8). Additionally, we have 

performed the same reaction using a 400 W Xe lamp (attached to an IR filter) and the conversion 

efficiency was found to be nearly identical to that of the reaction under direct sunlight (Table 

3.4.2, entry 9).  

The estimated AQE under direct sunlight was 8.36% for the BA oxidation reaction using 

the PE-CQDs at ambient conditions. The efficiency of the reaction was compared by using 

commercial TiO2-P25 as a photocatalyst and the conversion was ~23% under identical conditions 

(Table 3.4.2, entry 10). The BA oxidation efficiency of the PE-CQDs higher in comparison to the 

other recently developed photocatalysts and also the PE-CQDs previously prepared using toxic 

KMnO4. It is to be pointed out that such oxidation reactions are often carried out at elevated 

temperatures and high oxygen pressure using other photocatalysts to improve the reaction 

kinetics.40-48 In comparison, PE-CQDs exhibited a superior performance despite using ambient 

conditions and air as the source of O2. 
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The versatility of the PE-CQDs was studied by performing the reaction with various 

electron-donating (-CH3, -OCH3, t-butyl) and electron-withdrawing (-F, -Cl, -NO2) group-

substituted BA derivatives, as shown in Table 3.4.3. The reaction-rate is almost similar with the 

electron-donating substituent groups while slightly slower in the case of BA molecules with 

Table 3.4.3: Aerobic photo-oxidation of BA derivatives with the PE-CQDs under natural sunlight.  

 

 

 

 

 

 

 

 

 

 

Reaction conditions: The reactions were carried out in acetonitrile solutions (10 ml), containing 

substrates (0.5 mmol), photocatalyst (25 mg) under the sunlight, the products were analyzed by 

GC.  

 

electron-withdrawing groups. However, the reaction did not proceed even after 8 h of light 

irradiation when aliphatic alcohol was used, suggesting a high efficiency and selectivity of the PE-

CQDs for the oxidation of various substituted aromatic alcohols. 
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3.4.4.3 Mechanistic investigations 

Several controlled reactions were performed to clarify the mechanism of BA photo-oxidation and 

to find out the active intermediates. Molecular O2 as the oxidizing agent was confirmed by 

changing the reaction environment to N2 as discussed earlier. Upon light-illumination on PE-

CQDs, the photogenerated electrons and holes interact with O2 and BA. The scavengers used to 

find out the reaction mechanism are electron scavenger (K2S2O8), superoxide radical anion 

(benzoquinone), hole scavenger (ammonium oxalate), and carbon radical scavenger (butylated-

hydroxyl toluene). The addition K2S2O8 to the reaction-mixture induces a sharp decrease in the 

conversion efficiency to ~23% (Figure 3.4.6a). We have also observed a decrease in efficiency 

by adding benzoquinone to the reaction (Figure 3.4.6a,b). When we performed the reaction in the 

presence of ammonium oxalate, the conversion decreased drastically to 8%, indicating the major 

influence of holes during oxidation (Figure 3.4.6a). Further, we have performed a reaction in the 

presence of butylatedhydroxytoluene as a carbon-radical scavenger and the conversion was 

suppressed to ~7% after 4 h suggesting that oxidation reaction indeed goes via formation of carbon 

radical species.  

Figure 3.4.6 (a) BA photo-oxidation efficiency in the presence of different photogenerated reactive 

species scavengers. (b) The BA oxidation efficiency while adding the different amounts of 

benzoquinone as superoxide radical anion scavenger.  

 

Based on these observations, we propose a reaction mechanism as shown in Scheme 3.4.1. 

Briefly, an adsorbed O2 molecule takes one photogenerated electron and forms a superoxide 

radical anion, O2˙
− (a). Next, O2˙

− extracts a proton from a neighbouring BA molecule and a 

photogenerated hole, producing an oxygen radical species (c). Further, (c) converts to a carbon 
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radical species (d) with the help of another exciton and the adsorbed superoxide radical leaves in 

the form of H2O2. The in-situ generation of ‘d’ was confirmed by using a trapping reagent, TEMPO 

((2,2,6,6-tetramethylpiperidin-1-yl)oxyl radical) and detecting with high-resolution mass 

spectroscopy.49 The formation of H2O2 in the reaction aliquot was confirmed colorimetrically by 

KMnO4 titration.50  

 

 

 

 

 

 

 

Scheme 3.4.1 The probable mechanism of photocatalytic BA oxidation in the presence of PE-

CQDs. 

 

3.4.4.4 Of stability, light-induced oxidative elimination, or autophagy of the PE-CQDs 

To examine the stability of the PE-CQDs, we have performed the photocatalytic degradation of 

Rhodamine-B (RhB) dye as model-reaction up to the 10th catalytic cycle and followed it by 

recording temporal UV-Vis spectra (Figure 3.4.7 and Figure 3.4.8). 98% of degradation was 

observed in 14 minutes of light-illumination in the first cycle. It has become marginally slower 

with every cycle, though the degradation was >94% in 14 minutes at the end of the 10th cycle. The 

corresponding rate-constants observed in the consecutive cycles are given in Figure 3.4.9a, 

showing a minimal loss of efficiency. Notably, the RhB degradation follows the de-ethylation 

mechanism as confirmed by the formation of a new UV-Vis absorption peak at ~504 nm, which is 

hν-1

hν-1

hν-2

hν-2
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Figure 3.4.7 Time-dependent UV-Vis spectra for the RhB photo-degradation under 400 W Xe-

lamp using the PE-CQDs as photocatalyst: (a) 1st cycle and (b) 10th cycle. Plot of ln(At/A0) vs. time 

of RhB photo-degradation in 1st cycle (c), 2nd cycle (d), 4th cycle (e), 6th cycle (f), 8th cycle (g) and 

10th cycle (h). 

 

attributed to the formation of the Rhodamine 110 as an intermediate in the process and confirmed 

by using mass spectrometry.9 We point out that the degradation efficiency exhibited by the PE-

CQDs is extremely high, depicting at least 5-10 fold improvement over any state-of-the-art catalyst 

known to us, including the noble-metal based materials.  
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Figure 3.4.8 (a) Time-dependent UV-Vis spectra for the RhB photo-degradation under 400 W Xe-

lamp using PE-CQDs as photocatalyst in the 11th cycle. The 11th cycle was conducted after 

illuminating the PE-CQD solution with the same light for 10 h continuously, without adding RhB. 

(b) The plot of ln(At/A0) vs. time of RhB photo-degradation in the 11th cycle. 

 

The PE-CQDs under illumination, however, exhibited a rather unexpected behaviour in the 

absence of the reactant molecules. Even though their stability is high during photocatalysis (earlier 

we demonstrated that the efficiency is quite remarkable even up to 100 cycles using the KMnO4 

generated PE-CQDs), when we continued to irradiate the same PE-CQD solution at the end of the 

10th cycle for a prolonged period (10 h) without further RhB addition, a visible and gradual change 

in the solution color was noticed, as perceived from the photographs shown in Figure 3.4.9b (b1-

b3). The UV-Vis absorption spectra of the solution (Figure 3.4.9b and inset) show that the 

absorption intensities decrease steadily with irradiation time indicating the loss of light absorption 

sites, or probably the PE-CQDs themselves. The intensity of PE-CQD absorption peak decreases 

decreases during photocatalysis too, but slowly as indicated by the inflection point in the inset of 

Figure 3.4.9b. The PE-CQDs after catalysis (which took 2.5 h) were recovered and analyzed using 

TEM, UV-visible absorption, and PL measurements (Figure 3.4.10) to show that they remain 

unaffected by the catalysis process. The photobleaching on carbon-dots has been widely observed 

wherein the changes in their color (and luminescence intensity) are irreversible and occur at 

different rates in the presence or the absence of oxygen.19 Partial removal or changes in the 

structure of the fluorophore functional groups have been proposed as the origin of photobleaching, 
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Figure 3.4.9 (a) Plot of rate constants for the photocatalytic RhB degradation using PE-CQDs at 

different catalytic cycles. (b) UV-Vis absorption spectra of the PE-CQDs solution before the 1st 

cycle (0 h) and at different irradiation times after the 10th catalytic cycle (~2.5 h). (b1, b2, and b3) 

are the photographs of the PE-CQDs solution at different irradiation times.  

 

accompanied by an increase in –C-O functionalities indicating that a photo-oxidation process takes 

part in it.20,22 However, the extent of such an effect and if the same can be utilized usefully is not 

clear yet. To understand the origin of color change in our experiments, we illuminated an aqueous 

PE-CQD solution with the same Xe lamp in a closed-vessel and measured the variations in the TO 

content with illumination time. The TO content was nearly constant for the first 90 minutes and 

then started decreasing from 650 µM to 230 µM at a rate of ~40 µM/h, as shown in Figure 3.4.11a, 

indicating that O2 ought to be consumed in some process in the presence of light since it can not 
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Figure 3.4.10 (a, b) TEM images of the PE-CQDs collected after catalysis. UV-Vis absorption (c) 

and PL emission spectra (d) of the PE-CQDs before and after catalysis. 

 

 

 

 

 

 

 

Figure 3.4.11 (a) Plot of the total oxygen content in an aqueous PE-CQDs solution vs. irradiation 

time (Xe lamp, 450 W). Inset is the GC analysis of the gaseous product formed after light 

irradiation. (b) Amount of CO2 produced with different illumination times in different 

atmospheres. (c) Schematic representation of the CO2 formation during the measurements in the 

closed reaction vessel.  
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escape the vessel. Therefore, the air inside the vessel was analyzed before and after light-

illumination. The gas chromatography analysis of the air inside the vessel confirmed the formation 

of carbon dioxide inside the vessel (Figure 3.4.11a inset). The CO2 quantity steadily increases 

with irradiation time (Figure 3.4.11b) implying that the PE-CQDs self-oxidize to form CO2 in the 

solution. To examine if the CO2 formation is a consequence of aerial oxidation or at the expense 

of the oxygenated functional groups, we have further carried out the same experiment but first 

purging the PE-CQD solution thoroughly with N2. No appreciable amount for CO2 was found to 

be forming in that case even after 12 h (Figure 3.4.11b) suggesting that the photo-oxidation of the 

PE-CQDs occurs using the dissolved or surface-adsorbed O2 molecules (Figure 3.4.11c). It further 

implies that their photobleaching can be initiated or arrested by using an appropriate atmosphere. 

Thus, the PE-CQD photo-oxidation accelerates once the desired reaction is over, while on the other 

hand, it remains more-or-less intact while catalyzing it. 

 

Figure 3.4.12 Photographs of an aqueous PE-CQD solution (10 mg in 10 ml) irradiated under 

natural sunlight for several days (a1-a4) and a similar aqueous PE-CQDs solution kept in dark 

(b1-b4). (a5, b5) PE-CQDs recovered after the evaporation of the water-content. 

 

A probable reason for not detecting the CO2 formation by others so far is that the formation 

is a rather slow process and also, we could observe sufficient CO2only when using a larger quantity 

of CQDs. At the same time, the larger quantity makes it difficult to notice minute colour-changes. 

Therefore, we investigated as to what extent the photo-oxidation continues and does it stop at all. 
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As shown in Figure 3.4.12, we took 10 mg PE-CQD in 10 ml water in an open beaker and 

monitored it in natural sunlight for 38 days. The color slowly faded with each passing day and 

became nearly colorless on the 38th day. No color change was observed in a similar beaker kept in 

dark. The water-content was then allowed to be evaporated naturally, upon which it was observed 

that the PE-CQDs disappeared from the beaker exposed to sunlight, while those in the beaker kept 

in dark could be fully recovered. Therefore, we conclude that the PE-CQDs got oxidized to CO2. 

Uncommon photo-degradation pathways of self-sensitized photo-oxidation of organic pollutants 

in aqueous solution have been observed in certain compounds.51-53 Therein, degradation is 

mediated by the in-situ generated reactive species such as singlet oxygen, superoxide anion radical, 

hydroxyl radical, etc. We too have demonstrated that the O2 molecules adsorbed on PE-CQDs 

form superoxide radicals in presence of light, and this radical is responsible for the BA photo-

oxidation reactions, as discussed above.  

Therefore, given that the PE-CQDs are more stable in the presence of reactants, it seems 

that the superoxide radicals exert a choice between the reactant molecules or the carbon atoms on 

the PE-CQDs to react with and when left with no choice, it rapidly oxidizes the PE-CQDs to CO2. 

The self-sensitized photo-oxidation of CQDs is unique among nanomaterials as it does not leave 

behind any residue. No other nanomaterial is known to do so (or even organic molecules that 

completely convert to CO2), to the best of our knowledge. Considering that a PE-CQD eliminates 

itself rapidly from the system after completing its task, we propose that the process istermed as 

‘carbon-dot autophagy (CDA)’ (meaning ‘self-devouring’ or eating its own parts hungrily). CDA 

may be very useful because if the CQDs are exposed to or left unattended in the atmosphere, they 

will disappear with time and merge in air. 

 

3.4.5 Conclusions 

In summary, we have been able to convert waste polyethylene completely to carbon quantum dots 

in a greener way by a simple acid-mediated heat treatment method. The reagents used for this 

conversion may either be recovered back or leave behind no residue. The PE-CQDs enrich its 

solution with molecular oxygen harvested from the air with more than 1% of its weight under 

ambient conditions (and also induces a faster oxygen diffusion rate) which is higher than the same 
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expected from conventional materials such as zeolites, etc. The number of surface functional 

groups on PE-CQDs can be controlled by tuning the oxidation step of the carbon material derived 

from polyethylene to realize improved oxygen enrichment properties and photocatalytic oxidation 

efficiency. This was demonstrated using photo-oxidation of benzyl alcohols using ambient 

conditions, where the oxidation rate is higher than most state-of-the-art photocatalysts despite 

using the milder conditions. Similarly, the rate of pollutant dye degradation is at least five times 

better than other photocatalysts reported to date. Importantly, we observed that in the absence of 

the reactants, the PE-CQDs undergo self-sensitized photo-oxidation forming CO2 and leading to 

its complete removal from the system. The extinction process that is unlike any other photocatalyst 

known to date, maybe termed as ‘carbon-dot autophagy’ and is deemed advantageous as no 

separation process for the PE-CQDs is required. Particularly so because the separation of carbon-

dots from a reaction mixture is tedious as they are highly soluble and also when they may be used 

for waste-water treatment from where recovery is not desired. 
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CHAPTER 3.5 

Conclusions of part 1 & future directions 

 

Conclusions 

Plastic pollution is a serious threat to the environment as it is not bio-degradable. The reduction of 

plastic-waste has emerged as a research priority, leading to many innovative approaches to convert 

them into useful materials such as liquid fuels and related materials. Therefore, the development 

of carbon-based semiconductor photocatalyst (CQDs) from waste plastic with surface adsorbed O2 

is highly demanding. Chapter 3.2 and 3.3 are focused on the strategies to convert plastics into O2 

enriched CQDs and the effect of functional groups on O2 adsorption in CQDs. In addition, the 

effect of light energy on O2 enrichment has been also investigated. Chapter 3.4 discussed the 

improved synthesis of CQDs and the self-oxidation of CQDs into CO2. The key findings of 

Chapter 3 of the thesis are summarized below. 

Chapter 3.2 describes the noble large-scale synthesis strategy of CQDs from waste-

polyethylene. This is an interesting example of chemical transformation from an alkane to 

graphene where acid-mediated dehydrogenation of a PE backbone results in the formation of 

alkenes, which then undergoes cyclization reaction forming benzene derivatives and finally tiny 

functionalized graphene chunks. Furthermore, it was found that in the presence of these PE-CQDs, 

the ability of water to dissolve and diffuse molecular oxygen significantly increases. Therein, the 

PE-CQDs adsorbs molecular O2 from the air with more than 1% of its weight under ambient 

conditions which is higher than the same expected from conventional materials such as zeolites, 

etc. We show that such O2 enrichment is very useful in photocatalytic oxidation reactions because 

it offers the possibility of doing such reactions in the air, without the need of creating an oxygen-

rich environment. Therefore, it was observed that when the CQDs were used to catalyze photo-

oxidation of aromatic alcohols by sunlight, the efficiency was higher than in previous instances 

despite those employing high oxygen pressure, temperature, and expensive materials. 

 

Chapter 3.3 describes that surface-adsorbed oxygen molecules on CQDs are extremely 

high, aided by specific combinations of its surface functional groups that lead to profound 
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photocatalytic efficiency for oxidative chemical transformations. The apparent quantum efficiency 

for selective oxidation of benzylamine was found to be ~35% along with a reaction rate that is 

significantly faster than the existing photocatalysts, including those using expensive noble metals, 

an oxygenated atmosphere, and harsh reaction conditions. It was also established that the 

concentration of adsorbed O2 on CQDs surface decreases in the presence of light (called as 

‘hypoxia’) and the same can be tuned by using an external light source of different wavelengths 

so that a CQDs solution can have different oxygen contents at different portions of the solution. 

The effect arises due to the modulation of charge-transfer between the CQDs and the adsorbed O2 

molecules in the presence of light that generates excitons in the CQDs and can make them behave 

as charged particles.  

Chapter 3.4 narrates the complete conversion of waste polyethylene into CQDs in a greener 

way by a simple acid-mediated heat treatment method. In doing so, the nature of surface functional 

groups on PE-CQDs and their sizes can be controlled by tuning the oxidation step of the carbon 

material derived from polyethylene to realize improved oxygen enrichment properties and 

therefore enhanced photocatalytic benzyl alcohol oxidation efficiency at ambient conditions. Also, 

the rate of pollutant dye degradation is at least five times better than any other photocatalyst 

reported to date. Importantly, we observed that in the absence of the reactants, the PE-CQDs 

undergo self-sensitized photo-oxidation forming CO2 and leading to its complete removal from 

the system. The extinction process is unlike any other photocatalyst known to date, and termed as 

‘carbon-dot autophagy’, which is deemed advantageous as no separation process for the PE-CQDs 

is required.  

Even thought, I cannot give a cost-benefit analysis of our process at this stage, I feel it is 

fairly advantageous while comparing CQD synthesis by other approaches. This is for several 

reasons. First that the synthesis described in Chapter 3.4 uses H2SO4 and a few drops of H2O2 only. 

Since H2O2 decomposes and CQDs are extracted, the H2SO4 can be repeatedly used. Second, the 

purification process is significantly simpler and faster (as while PE-CQD synthesis is impurity 

free) because simple evaporation of the solvent gives back the PE-CQD powder. In comparison, 

the literature processes uses either column chromatography or dialysis membranes, where very 

large amounts of solvents have to be used and process time is very long. Besides, a large quantity 

of solvent has to be removed by evaporation to retrieve the CQDs.  
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Future directions 

The development of strategies to convert waste-polyethylene into useful carbon-based materials 

or fuel is generating extensive research interest in the present days. However, the limited approach 

for the conversion of plastics into useful materials hinders its use in industrial applications. 

Therefore, our new strategy to convert waste-polyethylene into O2 enriched CQDs (gram-scale), 

provides a platform in the field of heterogeneous photocatalysis. Besides, the O2 enrichment 

properties of CQDs open a new direction in the controlled oxidation of many organic compounds, 

in which molecular O2 harvested from air acts as the primary oxidizing source.  

It will now be important to examine the possibility of converting much larger quantities of 

waste polyethylene (kilogram quantities) for use in industrial-scale applications. In addition, even 

though polyethylene has been used in this studies, the scope of the conversion for other waste 

plastics such as PET, polystyrene, PVC, etc. can be investigated.  

Next, the extension of this new method by adding different hetero-atoms to the CQDs 

synthesis by adding suitable precursors along with the waste-polyethylene can become a promising 

approach to get hetero-atom doped CQDs. In addition, the use of different acids (such as HNO3) 

along with H2SO4 might result in different surface modified CQDs with different capabilities for 

surface adsorbed molecular oxygen.  

The photoluminescence quantum yield (QY) of the PE-CQDs is low compared to many 

other CQDs reported in the literature, limiting its prospects in metal atom sensing and imaging 

applications.1-3 Therefore, it will be interesting to investigate the PL properties by controlling the 

synthesis steps or by post-processing to increase the QY.4-6  

Apart from their use in benzyl alcohol and benzylamine oxidation reactions, these PE-

CQDs with the uniqueness of oxygen enrichment in solution may offer a much more facile route 

for various other oxidative organic transformation reactions such as photo-oxidation of 

cyclohexane, benzene etc. 

The absorption of the visible fraction of the solar light by the PE-CQDs is limited to ~500 

nm (and higher energy). This can be further tuned towards the lower energy visible light by 
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changing the size of the CQDs. Besides, CQDs in conjugation with plasmonic Au/Ag NPs may 

further enhance the visible light absorption via LSPR induced ‘hot-electron injection’.  
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CHAPTER 4.1 

Introduction 

 

4.1.1 Graphitic C3N4 

Two-dimensional (2D) materials have shown tremendous application in various fields such as 

energy storage and conversion, (opto)electronics, catalysis, sensors, and biomedicine due to their 

unique properties such as exceptional thermal and electric conductivity, ultrahigh carrier mobility, 

large specific surface area, and excellent optical transparency.1-6 2D nanomaterials are composed 

of thin layers having thicknesses of at least one atomic layer.7 Recently, 2D metal-free 

semiconductor photocatalysts have gained significant interest in the field of renewable energy 

harvesting, catalysis, and environmental remediation-related applications due to their high surface-

to-volume ratio. Graphene, graphene-oxide, g-C3N4, layered double hydroxide, hexagonal boron 

nitride, transition metal dichalcogenides etc., are few examples of 2D nanomaterials.  

The development of g-C3N4 based semiconductor photocatalysts is anticipated to assist in 

overcoming the issues of increase in fossil fuel depletion and environmental threats arising from 

the combustion of fossil fuels. Graphitic carbon nitride (g-C3N4) has gained attention in 2009, after 

demonstrating their efficiency it in photocatalytic H2 evolution reaction by Wang et al.8 Non-

toxicity, earth-abundant nature, excellent chemical and thermal stability, relative ease of synthesis, 

visible-light absorption, appropriate band-structure and electronic properties make this material a 

suitable photocatalyst to drive diverse chemical reaction. 

 

4.1.2 History of Carbon Nitrides 

In the early 19th century, Jöns Jakob Berzelius has synthesized carbon nitride material through the 

heating of Hg(SCN)2. Later, in 1834, Justus von Liebig has identified several compounds which 

are triazine and heptazine-based moieties such as melamine, melam, melem, and melon as shown 

in Figure 4.1.1.9 His synthesis method was based on the pyrolysis of mixtures of ammonium 

chloride and potassium thiocyanate, yielding a yellow, insoluble, and amorphous product named 
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‘melon’ which is a linear polymer of tri-s-triazine moiety interconnected through secondary 

nitrogen.10 However, the utilization of g-C3N4 in the field of heterogeneous catalysis has started 

around 15 years ago in 2006.11 In 2009, Wang et al. have discovered g-C3N4 as a non-metal 

semiconductor photocatalyst for the generation of H2 from H2O, which potentially switched the 

research exploration from inorganic to polymeric conjugated semiconductor photocatalysts.  

 

 

Figure 4.1.1 C and N containing 

materials: (a) melamine, (b) melam, (c) 

melem, and (d) melon obtained after 

the thermolysis of mercury (II) 

thiocyanate as presented by Liebig. 

Adapted with permission from [10]. 

 

 

 

4.1.3 Structure of carbon nitride 

Carbon nitride can be found in the form of several allotropes such as α-C3N4, β-C3N4, pseudocubic-

C3N4, cubic-C3N4, and graphitic-C3N4 (g-C3N4), having different properties.12 First-principle 

density functional theory (DFT) calculation showed that g-C3N4 has the lowest total energy (more 

stable under ambient condition) among all carbon nitride and hence, various forms of g-C3N4 were 

studied, including s-triazine-based hexagonal structure, tri-s-triazine (heptazine)-based structure, 

and s-triazine-based orthorhombic structure and it was found that among all, the tri-s-triazine-

based structure was the most stable one.g-C3N4 is a conjugated system with a polymeric network, 

which is comprising of tri-s-triazine or s-triazine units interconnected via tertiary amines (Figure 

4.1.2) forming a two-dimensional (2D) structure consisting of covalently linked carbon and 

nitrogen atoms in sp2 hybridized form. 13,14 
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Figure 4.1.2 (a) Triazine and (b) tri-s-triazine (heptazine) structures of g-C3N4. Adapted with 

permission from [10]. 

 

It is a layered structure and, in each layer, triazine or tri-s-triazine units are connected through the 

nitrogen atoms. In the structure, two non-equivalent C atoms and three non-equivalent N atoms 

are present, labelled as C1, C2, N1, N2, and N3 respectively as shown in Figure 4.1.3a.15 C1, C2, 

N1, and N3 are three-coordinated and N2 is two coordinated. In a g-C3N4 layer, atoms are arranged 

in a honeycomb configuration, connected through strong covalent bonds, and a weak Vander 

Waals force is present between the different layers. The bulk g-C3N4 is formed by the “AB-

stacking” of various layers. In addition, DFT calculations revealed that the valance- band (VB) 

edge of g-C3N4 mainly consists of the N 2p states whereas the conduction band (CB) edge is 

composed of hybridization of the C 2p and N 2p states (Figure 4.1.3b).16 Therefore, 

photogenerated holes appear at the N sites. Due to the hybridization of the N 2p and C 2p states in 

CB, the photogenerated electrons suffer from the high recombination of electron-hole pairs, which 

deteriorates their photocatalytic performance. 

4.1.4 Optical properties of g-C3N4 

Considering their extensive use in photocatalysis and prolific catalytic activity, the optical 

properties of the g-C3N4, as compared to the other properties, have been investigated in great 

depths in the last decade. In general, the optical properties of disordered carbon-based materials 

are associated with the transitions in the π bonding and π* antibonding states acting in the range 

of near-ultraviolet-visible energy.17 The photoluminescence (PL) property of g-C3N4 is mainly 
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Figure 4.1.3 (a) Geometric structures of a single layer of g-C3N4. The blue and gray balls are 

nitrogen and carbon atoms, respectively. (b) The energy-band structure diagram and DOS of g-

C3N4. Adapted with permission from [15,16]. 

 

affected by the size of the sp2 C-N clusters and the lone-pair (LP) of electrons present on N. There 

occurs the formation of the LP energy state as the LP electrons are located near the sp2 C-N π VB 

and do not take part in hybridization with carbon.18,19 The PL peak originates from multiple 

transitions involving the lone pair of nitrogen, the π, π*, σ, and σ* orbitals, and is usually centered 

around 440-470 nm with an average radiative recombination lifetime of 1-10 ns. The g-C3N4 

absorbs in the visible range with an optical band-gap of 2.7 eV. Therefore, the tunable PL 

properties of the g-C3N4 materials are proposed as follows: 

(a) The polymeric network of the g-C3N4 extends by connecting more tri-s-triazine, as the reaction 

temperature increases and the polymeric domains become bigger in size, and therefore optical 

band-gap decreases at high synthesis temperature. 

(b) During prolonged thermal condensation, the denser packing of the sp2 hybridized aromatic 

cluster is formed, and therefore a stronger orbital overlap appears which leads to a decrease in the 

band-gap of g-C3N4. 

In addition to that, it was also found that some distortion of the g-C3N4 structure may also 

enhance the optical properties by allowing more n to π* electronic transitions, leading to a new 

visible light absorption band beyond 460 nm. It is noteworthy that the monolayer distorted g-C3N4 

(a) (b)
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exhibits an enhanced visible light absorption with a new absorption band centered at ~450 nm.10 

Besides, the quantum confinement effect of nanosized g-C3N4 results in various extents of blue-

shifts of PL peaks for samples prepared at temperatures of 650, 675, and 700 °C. A new absorption 

 

Figure 4.1.4 (a) Synthesis process of layer distortion of g-C3N4 via H2 heating. UV-Vis absorption 

spectra of modified g-C3N4 samples synthesized by heating the pristine g-C3N4 under (b) H2 and 

(c) O2 atmosphere. Adapted with permission from [20]. 

 

peak at ~500 nm was also observed at temperatures above 650 °C, which was due to the n to π* 

transitions. Ho et al. utilized an H2 and O2 purge post calcination process to synthesize structurally 

distorted g-C3N4 layers (Figure 4.1.4) having tunable optical properties.20 The H2 modified g-C3N4 

in comparison to the O2 modified g-C3N4 shows an additional optical absorption ~460 nm which 

suggest that a smaller size of the H atom can easily access the channels among layers as compared 

to the O-atom which enhances the interaction with atoms present in g-C3N4. In general, when H 

atoms form a bond with the N atoms present in the g-C3N4 network, it results in the formation of 

amino functional groups. The presence of amino groups supported a stronger H-boding interaction 

between the layers of g-C3N4. Since in g-C3N4, the interplanar layer distance is 0.32 nm, which is 

much larger than the N-H bond length in the amino group (0.1 nm), it enables the formation of the 

amino group in between the layers. As a result of better hydrogen bonding interaction, distortion 

in the planar arrangement of g-C3N4 occurs consequently forming lone pairs on N atoms present 

at the edges in the tri-s-triazine rings inside the π-conjugated system, resulting in the n to π* 

electronic transitions. 
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4.1.5 Synthesis of g-C3N4 

Crystalline g-C3N4 can be easily prepared using nitrogen-containing precursor materials such as 

urea, thiourea, cyanamide, dicyandiamide, and melamine via a simple one-step thermal process as 

shown in Figure 4.1.5.10 However, the g-C3N4 obtained from the above process is bulk material 

with a very low surface area (less than 10 m2/g). The photocatalytic activities of the g-C3N4 

materials synthesized from different precursors are quite different and not easily comprehensible. 

Besides, the correlation of their photocatalytic activity with the physicochemical properties such 

as morphology, specific surface area, and optical properties is also unclear. In this context, Zhang 

et al. have employed the synthesis of porous g-C3N4 from urea, thiourea, and dicyanamide, 

suggesting the surface area and porous nature are the deciding parameters for enhanced 

photocatalytic H2 evolution from water-splitting under visible light.21 In another study, Martha et 

al. have prepared g-C3N4 from urea, melamine and using a mixture of both, and studied the 

photocatalytic activities.22 However, the trends were different and they argued that the charge  

 

 

 

 

 

 

 

 

 

 

Figure 4.1.5 Schematic representation of the synthesis process of g-C3N4 by thermal 

polymerization of several precursors.23,24,25,26 The black, white, blue, red, and yellow balls denote 

C, H, N, O, and S atoms, respectively. Adapted with permission from [10]. 
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separation is the main factor for the high catalytic activity, not the surface area. Likewise, Yan et 

al. have prepared g-C3N4 photocatalyst by heating melamine at various calcination temperatures 

and observed an increase in the C/N ratio and smaller bandgap in g-C3N4 with an increase in the 

calcination temperature.23 Mo et al. investigated the effect of calcination temperature in the crystal 

structure, morphology, and band-gap tuning in g-C3N4 photocatalyst prepared from the thermal 

treatment of melamine.27 It was noticed that at 450⁰C, the material shows the presence of melem-

like derivatives in PXRD pattern, whereas at 500⁰C pure g-C3N4 was formed and a further increase 

in temperature led to the structural loss of the parent g-C3N4. 

2D g-C3N4 has attracted attention in photocatalysis due to their exceptionally high surface 

area, high light absorption coefficient, high charge mobility, and improvable exciton separation. 

Niu et al. (Figure 4.1.6A) have developed a simple route to prepare g-C3N4 nanosheets (NSs) from 

the bulk g-C3N4 by thermal oxidation (etching) process in air.28 The thickness of the nanosheets is 

about 2 nm with an increased bandgap compared to the bulk g-C3N4. The basic of this route is the  

 

Figure 4.1.6 (A) Schematic of the structures of the bulk g-C3N4 and the g-C3N4 nanosheets. A 

comparison of the volume of 50 mg powder of bulk g-C3N4 and g-C3N4 nanosheets is provided. (B) 

Schematic illustration of liquid-exfoliation route from bulk g-C3N4 to ultrathin nanosheets (a). 

Photograph of bulk and suspension of ultrathin g-C3N4 nanosheets (b). A theoretically crystal 

structure of the g-C3N4 projected along the z-axis (c). (C) Calculated DOS of the single-layered 

g-C3N4 NS and bulk g-C3N4. The shadow part indicates the increase of DOS at the CB edge of the 

g-C3N4 NS. Adapted with permission from [28,29]. 

(A) (B)

(C)
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hydrogen bond association between two melon units present in layers that are unstable during the 

thermal aerial oxidation process, leading to a decrease in the thickness of the sheets. Moreover, 

the g-C3N4 nanosheets exhibited higher photocatalytic H2 evolution for water-splitting as 

compared to the bulk powder. The higher activity in nanosheets originated from their higher 

surface area (306 m2/g), longer lifetime of the photoexcited carriers, and enhanced electron transfer 

ability. In another study, Zhang et al. developed a greener method to prepare ultrathin g-C3N4 from 

the bulk g-C3N4 using a simple liquid exfoliation method.29 The sonication of the bulk g-C3N4 in 

water solvent (0.15 mg/mL) led to the formation of transparent ultrathin g-C3N4 sheets which are 

very stable in both alkali and acidic medium and not aggregate even after several months (Figure 

4.1.6B). From the DFT calculations, it was revealed that single-layered g-C3N4 nanosheets showed 

an obvious increase of density of states (DOS) at the CB edge with respect to the bulk g-C3N4, 

which indicates the presence of more charge carriers in ultrathin g-C3N4 nanosheets (Figure 

4.1.6C). Moreover, the ultrathin g-C3N4 NSs exhibited enhanced photo-absorption and extremely 

high photoluminescence QY up to 19.6%. 

0D g-C3N4 nanomaterials such as quantum dots have also received a great deal of interest 

in photocatalysis. Unlike 2D sheets which can be as big as a micrometer even though only of 

nanometer thickness, the 0D g-C3N4 is just a few nanometer in size. Wang et al. demonstrated a 

controllable route for direct conversion of 3D bulk g-C3N4 into 2D nanosheets, 1D nanoribbons, 

and 0D g-C3N4 quantum dots by a thermal/chemical etching method.30 The thermal treatment of 

bulk g-C3N4 results in the formation of nanosheets. Next, acidic etching of the nanosheets produces 

nanoribbons, and finally, hydrothermal treatment of nanoribbon results in g-C3N4 quantum dots 

formation with an average diameter of 6.7 nm. In another study, Wang et al. have designed a 

heterostructure of Sb2S3/ultrathin g-C3N4 sheets embedded with g-C3N4 quantum dots (CNS) and 

studied the photocatalytic activity.31 It was inferred that the CNS composite has an enhanced light 

absorption and fast electron transfer compared to the Sb2S3/ultrathin g-C3N4 sheets. Furthermore, 

the CNS composite shows a significant photocatalytic activity for photo-degradation of methyl 

orange (MO) in the near-infrared (NIR) range due to the efficient separation of electron-hole pairs, 

improved absorption in the NIR wavelength range, and the up-converted photoluminescence 

property of g-C3N4 quantum dots. 
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One-dimensional (1D) g-C3N4 nanostructures are also promising photocatalytic candidates 

as compared to the bulk due to their intrinsic light-harvesting properties. The increase in optical 

absorbance in the case of the 1D nanostructure is primarily due to the high aspect ratio 

(length:diameter), which allows more interaction with light. Moreover, it also exhibits fast charge-

carrier transport through long distance. The above desirable properties make them suitable for 

photocatalysis applications. Pawar et al. demonstrated a template-free synthesis strategy to make 

nanoporous g-C3N4 microrods at room temperature using concentrated sulphuric acid.32 The acid 

ions intercalation and uneven bonding within bulk particles induced 1D morphology formation 

with interconnected nanopores. The porous 1D microrod structure exhibited remarkable 

photocatalytic performance (five times higher) under visible light for methylene blue (MB) 

degradation as compared to the bulk g-C3N4. The improved catalytic activity was attributed to the 

efficient separation of excitons and fast transport, more active sites for the catalytic reaction, and 

a broad spectral absorbance range in case of nanoporousg-C3N4 microrods. In another study, Zhou 

et al. prepared 1D g-C3N4 microtubes via a template-free simple hydrothermal-assisted thermal 

polymerization of cyanuric acid-melamine complex under an inert atmosphere.33 The as-

synthesized 1D g-C3N4 microtubes showed improved photocatalytic H2 evolution under visible 

light, which was nearly 3.1 times higher than the bulk g-C3N4. The improved catalytic activity of 

the 1D g-C3N4 microtubes originates from the large surface-area of the 1D tubular structure, which 

provided more active sites for H+ reduction and facilitated the charge transfer processes. 

Furthermore, three-dimensional (3D) nanomaterials open an extensive and complex design 

for developing a new catalyst system. Tian et al. described a novel strategy to prepare mesoporous 

ultrathin 3D g-C3N4 via precursor re-crystallization.34 The 3D g-C3N4 showed higher 

photocatalytic H2 evolution under visible light irradiation as compared to conventional thermal-

derived g-C3N4. In another study, Luo et al. synthesized 3D porous g-C3N4 with high yield by both 

thermal oxidation and acid treatment.35 The porous 3D g-C3N4 exhibited an enhanced rate of H2 

evolution compared to the pristine g-C3N4. The significant increase in activity was attributed to 

the improved surface areas and facile separation of charge carriers and migration efficiency. 

4.1.6 Applications of g-C3N4 

The unique optical and electronic properties, exceptional chemical and thermal stability, ultrahigh 

carrier mobility, and large surface area of g-C3N4 enable their application in various fields such as 
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energy storage and conversion, (opto)electronics, photocatalysis, sensors, bio-imaging and 

biomedicine. Among all, the photocatalysis field has gained tremendous research attention in 

recent years. 

Photocatalytic applications: Their above-mentioned unique property makes g-C3N4 a suitable 

material for efficient photocatalysis under visible light irradiation for various reactions (Figure 

4.1.7).10 The photocatalytic efficiency of g-C3N4 is inhibited by the fast rate of photo-generated 

electron-hole recombination and low visible light absorption ability. However, to date, several 

strategies have been employed to enhance the photocatalytic activity and stability, such as noble 

metal incorporation as co-catalyst, plasmonic metal loading, and the combination with other 

semiconductor photocatalysts. For example, Cao et al. (Figure 4.1.8a) demonstrated that loading 

of Pt nanoparticles on the g-C3N4 surfaces with different shapes has a significant influence on the 

rate of H2-evolution.36 The Pt nanoparticles with different shapes (spherical, cubic, and octahedral) 

were ex-situ deposited on the g-C3N4 surface using a colloidal adsorption-desorption route. Among 

all different shaped Pt nanoparticles, spherical shape nanoparticle composite exhibited the highest 

catalytic activity due to the favourable exposed facets, energies developed by the spherical shape. 

 

Figure 4.1.7 Various photocatalytic applications of g-C3N4 photocatalyst. Adapted with 

permission from [10]. 

g-C3N4
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Li et al. found that the photocatalytic H2 evolution rate under visible light increased when g-C3N4 

surface was uniformly loaded by Pt-nanoparticles, which demonstrate that the enhancement in 

activity is possible due to the trapping of the photogenerated electrons by Pt nanoparticles.37 The 

Pt-nanoparticles acted as co-catalysts. 

 

 

 

 

 

Figure 4.1.8 (a) Photocatalytic H2 evolution activities of bare g-C3N4 and g-C3N4 modified by Pt 

co-catalysts with different shapes under visible light. (b) Synthesis procedure of porous PCN-S. 

Adapted with permission from [36,38]. 

 

Ran et al. (Figure 4.1.8b) prepared porous P-doped g-C3N4 nanosheets (PCN-S) by simple 

thermal exfoliation strategies and performed photocatalytic water-splitting under visible light.38 

The as-synthesized PCN-S shows an outstanding photocatalytic H2-production activity of 1596 

µmol h-1 g-1 and an AQE of 3.56% at 420 nm. This excellent photocatalytic activity is suggested 

to have originated from the mid-gap states (-0.16 V vs. SHE) created by P-doped conjugated 

system, which significantly extends the light-responsive wavelength region up to 557 nm. The 

experimental studies were supported by and the density functional theory. Besides, the 

macroporous nanosheet morphology promotes the mass transfer process which further enhances 

the photocatalytic performance. Similarly, Zhou et al. described the synthesis of nitrogen-doped 

g-C3N4 using urea and citric acid as the precursors for thermal polymerization.39 The H2 production 

rate on these N-doped g-C3N4 was found 64 µmol h-1, which is nearly 4.3 times higher than the 

pure g-C3N4. The incorporation of N as dopant into the g-C3N4 planar framework greatly enhances 

the photocatalytic H2 evolution activity under visible light irradiation. 

(a) (b)



154 
 

The photocatalytic performances of g-C3N4 have also been enhanced through localized 

surface Plasmon resonance (LSPR) by incorporating plasmonic metal nanoparticle (Au, Ag etc.) 

with g-C3N4. Xue et al. have reported Au/Pt/g-C3N4 hetero-structure by a facile calcination photo-

deposition route.40 The as-synthesized hetero-structure exhibited an enhanced photocatalytic 

performance for antibiotic degradation with a catalytic rate 3.4 times greater than that of bare g-

C3N4 under visible light. The enhanced activity has been attributed to the LSPR effect of Au NPs 

and the co-catalytic effect of Pt NPs that synergistically improve the optical absorption property 

and decrease the recombination of photogenerated charge carriers. In another study, Zhang et al. 

designed a plasmonic and up-converted photocatalyst (Au NPs and NaYF4:Yb3+, Er3+, Tm3+ 

(NYF) microsphere loaded g-C3N4 nanosheets by a simple one-step hydrothermal method. The 

Au-NYF/g-C3N4 hetero-structure showed high stability, wide range photon absorption from the 

UV to visible and near-infrared regions, which greatly enhanced photocatalytic performance 

compared with the pure g-C3N4 sample (5-fold enhancement). 

Maeda and co-workers (Figure 4.1.9a) reported a photocatalyst consisting of Ru-complex 

decorated on g-C3N4 by physical mixing of both the materials in methanol solution at room 

temperature.41 The composite materials exhibited an excellent photocatalytic reduction of CO2 into 

formic acid. The high activity originated due to the transfer of electrons from g-C3N4 into Ru-

complex, aided by a stronger interaction between them. It has been found that the catalytic 

performances can be further improved (AQY ~5.7% at 400 nm) by using a suitable solvent (N,N-

dimethylacetamide). Li et al. constructed a multi-component hetero-structure (Figure 4.1.9b-d) of 

AgBr nanoparticles (NPs) supported on g-C3N4 decorated nitrogen-doped graphene ternary 

nanocomposites (ACNNG-x) via a multistep process, exhibiting very high efficiency for 

photocatalytic removal of pollutant and reduction of CO2 into methanol and ethanol under visible 

light.42 ACNNG-x ternary photocatalytic system has overcome the drawbacks due to the effective 

charge separation, long-term stability, and strong redox potential as compared to the single 

components. In general, coupling of g-C3N4 with other semiconductor materials leads to improved 

separation of photogenerated carriers and thereby, enhancing the photocatalytic performances of 

the composite materials. In this context, Ismael et al. synthesized a composite of ZrO2/g-C3N4 by 

a calcination method and checked for photocatalytic activity for MO photo-degradation.43 The 

improved catalytic activity was attributed to the facile charge separation by the interfacial 

connection between g-C3N4 and ZrO2. Other metal oxides such as SnO2, TiO2 and bimetallic  
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Figure 4.1.9 (a) Schematic illustration of CO2 reduction using a Ru complex/C3N4 hybrid 

photocatalyst. (a) Synthetic strategy of AgBr NPs supported on g-C3N4 decorated N-doped 

graphene ternary nanocomposites (ACNNG-x). Photocatalytic performance for the CO2 reduction 

of ACNNG-x nanocomposite under visible light irradiation (c), and the corresponding apparent 

quantum efficiencies (d). Adapted with permission from [41,42]. 

 

oxides (SnNb2O6 nanosheets, CuFe2O4, NaNbO3, and Ag3VO4) were also used to make hetero-

structures with g-C3N4 and the improved catalytic activity was observed in each of these composite 

nanostructures. To get an overview of various heterojunctions engineered for g-C3N4, I refer to the 

Table 4.1.1.  

Moreover, it was noticed that control in morphology has a vital role in enhancing the 

performance of g-C3N4 photocatalysts. For example, Liu et al. prepared horn-like mesoporous 

ultrathin g-C3N4 hollow tubes with a very high surface area which drastically improved the charge 

separation, surface charge transfer efficiency, and carrier density, which results in an enhanced 

photocatalytic activity for the H2 evolution reaction and CO2 reduction into CO and CH4.
67 More  

 

 

(a) (b)

(c) (d)
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Table 4.1.1: g-C3N4 based heterojunction photocatalysts for photocatalytic applications. 

Photocatalysts Type of hetrojunction Photocatalytic application Ref. 

TiO2/g-C3N4 Type II H2 production and degradation of ciprofloxacin 44 

TiO2/g-C3N4 Semiconductor-

semiconductor Z-scheme 

Degradation of toluene 45 

N-doped TiO2/g-C3N4 Type II H2 evolution and degradation of rhodamine B 46 

C-N-dopedTiO2/g-

C3N4 

Type II H2 evolution 47 

N-doped TiO2/g-C3N4 Type II CO2 reduction to CO and CH4 
48 

TiO2-B/g-C3N4 Type II Type II 49 

Ag3PO4/g-C3N4 Type II Degradation of rhodamine B 50 

Ag2CO3/g-C3N4 Type II Degradation of methyl orange and rhodamine B 51 

AgBr/g-C3N4 Type II Degradation of methyl orange and 4-

chlorophenol 

52 

Bi20TiO32/g-C3N4 Semiconductor-

semiconductor Z-scheme 

Degradation of rhodamine B and 4-chlorophenol 53 

Bi2WO6/g-C3N4 Semiconductor-

semiconductor Z-scheme 

CO2 reduction to CO 54 

BiOBr/g-C3N4 Type II Degradation of rhodamine B 55 

Bi2WO6 quantum 

dots/g-C3N4 

Semiconductor-

semiconductor Z-scheme 

Degradation of rhodamine B 56 

CaIn2S4/g-C3N4 Type I H2 evolution and degradation of methyl orange 57 

BiVO4/g-C3N4 Semiconductor-

semiconductor Z-scheme 

Degradation of rhodamine B 58 

CeO2/g-C3N4 Type II CO2 reduction to CO and CH4 
59 

CdS QDs/g-C3N4 Type II H2 evolution 60 

Cu2O/g-C3N4 Type II H2 evolution 61 

CdS/Au/g-C3N4 Semiconductor-conductor- 

semiconductor Z-scheme 

H2 evolution and CO2 reduction to CO 62 

g-C3N4/B-doped g-

C3N4 

Type II H2 evolution and degradation of methyl orange 

and phenol 

63 

MoS2/g-C3N4 Type II H2 evolution 64 

Fe2O3/g-C3N4 Type II Degradation of rhodamine B 65 

Red phosphor/g-C3N4 Type II H2 evolution and CO2 reduction to CH4 
66 

 

details on the investigations of photocatalytic activity of g-C3N4 can be found in a few recent 

reviews as given in Table 4.1.2. 
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Table 4.1.2: Review articles related to the g-C3N4 photocatalyst. 

Sr. No. Reference 

1 Ong et al., Graphitic Carbon Nitride (g-C3N4)-Based Photocatalysts for Artificial Photosynthesis and 

Environmental Remediation: Are We a Step Closer To Achieving Sustainability? Chem. Rev., 2016, 

116, 7159−7329. 

2 Khan et al., Recent developments in emerging two-dimensional materials and their applications. J. 

Mater. Chem. C, 2020, 8, 387. 

3 Miller et al., Carbon nitrides: synthesis and characterization of a new class of functional materials. 

Phys. Chem. Chem. Phys., 2017, 19, 15613. 

4 Dong et al., A fantastic graphitic carbon nitride (g-C3N4) material: Electronic structure, photocatalytic 

and photoelectronic properties. Journal of Photochemistry and Photobiology C: Photochemistry 

Reviews. 2014, 20, 33–50 

5 Tan et al., Novel two-dimensional crystalline carbon nitrides beyond g-C3N4: structure and applications. 

J. Mater. Chem. A., 2020, DOI: 10.1039/d0ta07437c. 

6 Zhou et al., Recent advances in non-metal modification of graphitic carbon nitride for photocatalysis: 

a historic review. Catal. Sci. Technol., 2016, 6, 7002. 

7 Fu et al., g-C3N4-Based Heterostructured Photocatalysts. Adv. Energy Mater. 2017, 1701503 

8 Maeda et al., Z‑Scheme Water Splitting Using Two Different Semiconductor Photocatalysts. ACS 

Catal. 2013, 3, 1486−1503. 

 

4.1.7 Concluding remarks 

g-C3N4 is a conjugated system with a polymeric network, which is comprising of s-triazine or tri-

s-triazine units interconnected via tertiary amines forming a 2D structure consisting of covalently 

linked carbon and nitrogen atoms in sp2 hybridized form. They got attention in 2009, after the 

discovery of their photocatalytic H2 evolution activity from splitting of water. Non-toxicity, earth-

abundant nature, excellent chemical and thermal stability, relative ease of synthesis, visible-light 

absorption, high-surface area, high charge mobility, improvable exciton separation, appropriate 

band structure and electronic properties make this material a suitable photocatalyst to drive diverse 

chemical reactions. Although bulk g-C3N4 can be easily synthesized by thermal polymerization of 

N-rich precursors, but these have disadvantages in regards to photochemical efficiency due to low 

surface area and partial utilization of a solar spectrum. To solve these aforementioned issues and 

enhance the photocatalytic activity of g-C3N4, several strategies have been developed, including 

noble metal loading, metal and non-metal doping, porous nanostructure generation, and coupling 

with other semiconductor photocatalysts, etc. g-C3N4 based materials have been widely applied in 

solar energy conversion (H2-production and reduction of CO2) and environmental remediation 
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(degradation of organic pollutants). However, further improvements and investigation need to be 

done in their synthesis and application in other photocatalytic reactions. 
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CHAPTER 4.2 

Wavelength-dependent luminescence decay kinetics in g-C3N4 NSs; plasmonic 

enhancement 

 

 

 

Summary 

Serendipitous observations offer newer insights into materials properties. Here we describe the g-

C3N4 NSs exhibiting remarkably blue-shifted PL within the 390-580 nm range centring at 425 nm 

which matches more closely its ‘quantum-dots’, and yet excitation-wavelength independent. 

Moreover surprisingly, the luminescence decay becomes increasingly slower at higher emission 

wavelengths, by upto 10 times. The nanosheets absorb only a fraction of visible-light. To improve 

this, when we designed a nanocomposite of g-C3N4 and Au NPs, it retained the PL characteristics 

and also exhibited excellent light-harvesting and photocatalytic efficiency for benzylamine (BA) 

oxidation. The SPR of the Au NPs is responsible for high visible-light response and assisting the 

reaction by ‘hot-electron’ injection mechanism, while an uncharacteristic, pronounced co-catalytic 

effect by them further improves the efficiency. The conversion is 98% with >99% selectivity under 

1.5 h of natural sunlight and open-air. Even though such a dual role by plasmonic NPs has 

remained unscrutinized, we argue that the charge-transfer processes for the ‘hot-carrier’ injection 

and co-catalytic events are well-separated in time due to a much slower photon incident frequency 

on a catalyst particle, enabling both to occur simultaneously in the same particle. 

 

‡ Manuscript based on this work has appeared in Journal of Materials Chemistry A, 2021, 8, 20581. 
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4.2.1 Introduction 

Graphitic carbon nitride (g-C3N4) has exhibited tremendous potential as a sunlight responsive 

photocatalyst by assisting large number reactions.1-6 While a low cost, non-toxic nature and high 

chemical stability of g-C3N4 is promising, its unfavourable optoelectronic properties such as the 

rapid exciton recombination and partial absorption of visible light have created a fertile ground for 

many fundamental studies. The size and excitation energy dependence of its luminescence 

properties is another such example. The photoluminescence (PL) peak originates from multiple 

transitions involving a lone pair of nitrogen, the π,  π*, σ and σ* orbitals,andis usually centred 

around 440-470 nm with an average radiative recombination lifetime of 1-10 ns.7-10This emission 

exhibits a significant shift to a higher energy (emission maxima ~430-440 nm) when the size of g-

C3N4 becomes just a few nanometers, referred to as quantum dots (QDs), which may occur due to 

different reasons and is rather arbitrarily attributed to ‘quantum-confinement’ effects.11-13 

Moreover, the PL emission of the QDs has been suggested to be size-selective and dependent on 

the excitation wavelengths.12,14 Similar kind of emission properties have not been observed in 

nanosheets of g-C3N4 yet and in the absence of a thorough understanding, PL blue-shift and the 

effect of the interplay of the different radiative emissions pathways on exciton recombination 

kinetics has remained unpredictable in them.  

An efficient way of extending optical response of g-C3N4 to radiation with lower energies 

than the band-gap limit of 2.7 eV (~460 nm) is to decorate the nanosheets with metal nanoparticles 

(NP) having a Localized Surface Plasmon (LSP) band in that visible range of light.15-17LSP 

resonance (LSPR) refers to the coherent oscillation of conduction band electrons in the metal NP, 

in response to an external electromagnetic radiation and can be tuned to absorb all frequencies of 

visible light with high absorption cross-section by using NP, usually of Au, of appropriate sizes 

and shapes.18-20 The decay of LSPR generates a short-lived electron−hole pair separated by the 

resonance energy. However, if the NP is in contact with a semiconductor such as TiO2, ZnO, CdS, 

g-C3N4 etc., these electrons and holes with appropriate energies get injected in to the 

semiconductor, called as ‘hot-carrier’ injection. A large number of recent investigations have 

demonstrated that such excited electrons and holes on the semiconductor induce a variety of 

photocatalytic reactions such as water-splitting, abetment of pollutants and various organic 

transformations.21-25 
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4.2.2 Scope of the present investigation 

In recent past, many researchers have proposed to improve the efficiency of Au loaded 

semiconductors further by using another noble metal (e. g. Pt), which would act as a co-catalyst to 

the reaction, suggesting that in their understanding, Au doesnot or poorly contribute as a co-

catalyst.21,22,26Contrary to this, PL quenching has been frequently observed in plasmonically 

coupled semiconductors, including g-C3N4, indicating that there exists a noticeable transfer of 

photo-excited electrons from the semiconductor to the Au nanoparticles.22,27 Therefore the role of 

the plasmonically coupled Au nanocrystals as a co-catalyst, in addition to injecting hot-electrons, 

may not be negligible under white light irradiation, provided these two events are well separated 

in time. In that respect, average photon count under 1 Sun condition is estimated to be 1 in ~10 

microseconds in an area of 100 nm2 of the semiconductor. The decay lifetimes of the excited 

electrons and holes in the Au NP (tens of femtoseconds) and the semiconductor (a few 

nanoseconds) are much shorter than photon fall frequency and therefore, the dual role of Au NP 

during photocatalysis should be permissible in time. However, their co-catalytic activityvs. hot-

electron injection prowess has not been clearly established yet, which could have helped a more 

systematic design and optimization of catalytic properties.   

The absence of such optimization and the rather poor catalytic ability of g-C3N4 for photo-

oxidation of amines to imines,28 despite its high efficiency for a large number of other organic 

transformations has been surprising. Controlled amine photo-oxidation has gained attention 

because of the versatile applications of the products in pharmaceuticals and in organic chemistry 

such as in neucleophilic addition, cycloaddition and condensation.29,30In addition, imines are also 

important intermediates in the synthesis of natural products, and biologically active 

heterocycles.31,32 This inspired the development of many photocatalysts for amine oxidation such 

as organometallic compounds, metal-organic frameworks, semiconductor oxides (i.e. TiO2, WO3, 

Nb2O5, BiVO4, LDH, BiOCl), sulfides (WS2, CdS), and other carbon materials.33-38,23 In spite of 

extensive studies, the conversion efficiencies of theses catalysts are still quite poor. Besides, many 

catalysts require high reaction temperatures and oxygenated atmosphere to increase the oxygen 

content on the surface of the photocatalyst, making the process economically less promising.39,40,28 

There is another reason specific to this transformation that requires rapid product formation. The 

imines produced in these reactions are susceptible to hydrolysis in ambient conditions and 
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therefore efficient photocatalysts should be able to complete the conversion in minimal time 

improving the product yield.  

Herein, we describe the ‘quantum-confined’ g-C3N4 nanosheets with highly blue-shifted, 

excitation-energy independent PL emission centred ~425 nm. Surprisingly the PL emission decay 

exhibits an increase in lifetime by up to 10-fold, from 0.3 ns to 3.1 ns, in the 400-500 nm range. 

Au loading (1 wt%) on the nanosheets retains these properties but induces a decrease in the decay 

time due to the transfer of excited electrons from the nanosheets to Au NPs. Such behaviour, we 

believe, has not been observed in other materials so far. The LSP in the Au led to good visible-

light response of the Au-g-C3N4 composite that resulted in high efficiency for photocatalytic 

oxidation of various benzylamine derivatives to the corresponding imines. The optimal design of 

this material features a significant contribution from the Au NP as a co-catalyst for the reaction 

(>30%), from using the excited electrons transferred from the nanosheets, apart from their usual 

role as ‘hot-carrier’ injector. A key reaction intermediate has been detected for the first time in 

support of a reaction mechanism for BA photo-oxidation.  

 

4.2.3 Methods 

4.2.3.1 Synthesis of ‘quantum-confined’ g-C3N4 nanosheets 

The synthesis of g-C3N4 powder was carried out using melamine as precursor materials. Typically, 

6 g of melamine was taken in a crucible and covered with a led. The crucible was placed in a 

muffle furnace and heated at 520 °C in air for 4 h and naturally cooled to obtain a yellow-coloured 

powder of g-C3N4. The powder (1 g) was dispersed in 250 ml distilled water (the dispersion was 

not stable and the particles accumulated at the bottom of the container within few minutes) and 

sonicated for 30 minutes. The solution was then kept undisturbed for 12 h when the bigger g-C3N4 

particles settled down. The upper part of the light-yellow dispersion (which was stable and didnot 

settle down even after days) was centrifuged at 11000 rpm to recover the thin g-C3N4 sheets (15-

20% yield) and used for further studies. 
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4.2.3.2 Deposition of Au NPs on ‘quantum-confined’ g-C3N4 nanosheets (Au/g-C3N4) 

The deposition of metal on g-C3N4 was done photochemically in a 50 ml round bottom flask using 

a 400-W Xenon lamp. It was believed that unlike using pre-synthesized metal nanoparticles having 

a stabilizer layer on its surface, photo-deposition will provide the most intimate contact of the 

metal and semiconductor. In a typical synthesis, 100 mg g-C3N4 was dispersed in 30 ml water 

containing 10 ml methanol and sonicated for 5 minutes. The solution was first bubbled with N2 for 

30 minutes and then the inert atmosphere was maintained during rest of the reaction. To deposit 1 

wt% of Au, 0.2 ml of 25.4 mM gold(III) chloride trihydrate solution was slowly added by a syringe 

within 5 min and the vessel was illuminated under constant stirring at 600 rpm for 4 h. After 

addition of the gold solution, the colour of the g-C3N4 dispersion gradually changed from yellow 

to brown (indicating the deposition of Au on the g-C3N4). Au/g-C3N4so obtained was collected by 

centrifugation at 11000 rpm. The leftover liquid was colourless and therefore it was assumed that 

all of Au salt has deposited on g-C3N4. The powder was then washed twice with water and once 

with ethanol and dried overnight at 55 oC. 

4.2.3.3 Photocatalytic Oxidation of Benzyl amine 

25 mg of the photocatalyst was suspended in acetonitrile (30 ml) containing benzylamine (BA, 0.5 

mmol) in a 50 ml beaker. Subsequently, the solution was kept in dark with constant stirring for 

half an hour before light irradiation to ensure an adsorption/desorption equilibrium. Then the 

reaction aliquot was kept under the direct sunlight (summer noon time) in open air for 1.5 h. Since 

sunlight intensity can vary, to benchmark the reaction efficiency, the same reaction was also 

carried out under LED solar-simulator (400-800 nm, NEWPORT) and a 400W Xe-lamp attached 

with a water-filter to remove the IR radiation and heating of the reaction medium. The reactions 

were performed at room temperature (around 25o C). The temperature was monitored throughout 

the reaction period and the obtained range was found to be 25-28 ⁰C.To estimate irradiation 

wavelength dependent conversion efficiencies, the reactions were carried out using LED 

irradiation in the 400-500, 500-600, 600-700, 700-800 nm ranges by maintaining an irradiation 

power of 0.12 kW/m2.The catalyst particles were separated from the reaction mixture by 

centrifugation and the solvent in rest of the reaction aliquot was evaporated using rotavap to collect 



166 
 

the crude reaction product. The crude products were analysed using NMR spectroscopy. To find 

out the apparent quantum yield, an LED solar simulator (VERSAPOLE, NEWPORT) was used.  

4.2.3.4 Characterization 

All other characterization techniques except the ones noted aboveare discussed in chapter 2. 

4.2.4 Results and discussion 

Theg-C3N4 nanosheets prepared by sonication of its powder in water exhibited remarkable 

differences in optoelectronic properties and also retained them upon loading with Au NPs. The 

fraction of the sample that got dispersed in water upon sonication did not settle down for days 

(while the as-synthesized sample took just a few minutes to settle), as was observed previous 

studies also, and appeared relatively pale when collected by centrifugation as (Figure 4.2.1a,b).  

Figure 4.2.1c shows the XRD pattern of the g-C3N4 sample obtained by sonication, revealing its 

hexagonal crystal structure (JCPDF#87-1526), free of impurities. The peak at 2θ= 27.5ᴼ 

corresponds to (002) plane and stacking of the C3N4 layers with an interlayer distance of d=0.32 

nm. The XRD pattern remained similar upon loading the sample with Au NPs (Figure 4.2.1c). 

However, there were additional diffraction peaks at 2θ= 38.2ᴼ and 44.4ᴼ corresponding to the 

(111) and (200) planes of Au respectively (JCPDF#89-3697), indicating that Au NPs were 

successfully deposited on g-C3N4.   

Figure 4.2.1 (a) Photograph of the stable dispersion of g-C3N4 powder in water after sonication 

and (b) the corresponding powder collected by centrifugation(i).(ii) The settled g-C3N4 powder 

after sonication. (c)XRD patterns of the g-C3N4 powder recovered from the stable dispersion and 

the same after Au photo-deposition. 
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Transmission electron microscopy (TEM) images showed that sonication leads to the formation of 

thin g-C3N4 Sheets. Figure 4.2.2adisplays a few such images of g-C3N4 nanosheets measuring 

100-300 nm and relatively transparent to the electron beam. Photo-deposition of Au (III) salt has 

led to a uniform decoration of Au NPs with an average size of 5-8 nm on the g-C3N4nanosheets as 

seen in the Figure 4.2.2b,c.The average distance between two adjacent Au NPs is about 10-12 nm 

(inset in Figure 4.2.2c) suggesting that about 100-150 nm2 area of g-C3N4 contains a single Au 

NP. From the high-resolution (HR) TEM investigations, we confirmed that the NPs are spherical 

and single-crystalline, exhibiting the lattice fringes for the (111) planes (Figure 4.2.2d). Figure 

4.2.2e is typical selected area electron diffraction (SAED) pattern acquired on a nanosheet 

containing the Au NPs. Figure 4.2.2f is a lime map of energy-dispersive X-ray spectroscopy 

(EDS) signal from the sample showing three Au particles separated by about 20 nm. A careful 

TEM and EDS analysis of the entire sample confirmed that there were no g-C3N4 quantum-dots in 

both the samples.  

 

Figure 4.2.2 (a) Typical TEM images of g-C3N4 nanosheets obtained after sonication in water. (b) 

TEM images of Au/g-C3N4 nanosheets. Inset in (b) shows the size distribution of the Au NPs. (c) 

STEM image of the Au/g-C3N4 nanosheets. Inset in (c) shows the average distance between two 

neighbouring Au-NPs. (d) HRTEM image of an Au NP on Au/g-C3N4 showing the (111) and (200) 

planes of Au NPs. (e) SAED pattern acquired on the Au/g-C3N4 nanosheets. (f) EDS line scan on 

the Au/g-C3N4 nanosheets. The scan position is displayed in bottom of the Fig. (f) with an arrow.  
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The surface areas (SAs) of the g-C3N4 nanosheets and Au/g-C3N4 composite were found 

to be 102 and 106 m2/g respectively from the Brunauer-Emmett-Teller (BET) method (Figure 

4.2.3). The increase in SA after Au-deposition may be attributed to the extra undulation they create  

Figure 4.2.3 N2 gas adsorption-desorption plots for pure g-C3N4 nanosheets (a), and Au/g-C3N4 

nanosheets (b). Multi-point BET surface area plots for pure g-C3N4 nanosheets (c) and Au/g-C3N4 

nanosheets (d). 

 

on the surface. In comparison, the surface area of the bulk g-C3N4 was found to be rather small 

(10-20 m2/g) suggesting a high efficiency of exfoliation in the sonication process. The yield of the 

nanosheets was ~20 wt% and further sonication of the settled sample did not yield any NSs. It is 

noteworthy that a simple sonication approach has yielded the thin nanosheets with high surface 

area while most other methods use acid mediated exfoliation. We believe that in our case, the 

exfoliation occurred upon sonication of the as-synthesized powder because the top few layers of 

g-C3N4 in the bulk crystallites were poorly held to the bottom layers. We further found that if the 

un-exfoliated sample is heated further and sonicated, g-C3N4nanosheets with slightly different 

optical properties can be generated again with yield >60%. This is an exciting approach for high 

yield synthesis of the g-C3N4nanosheets deserving extensive studies on the mechanism. 
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Figure 4.2.4 The high-resolution XPS spectra for the Au/g-C3N4 nanosheets, C 1s (a), N 1s (b) 

and Au 4f (c). 

 

X-ray photoelectron spectroscopy (XPS) was used to analyze the chemical states and 

composition of Au/g-C3N4 nanosheets. The high-resolution C 1s, N 1s and Au 4f peaks were 

deconvoluted in order to examine chemical bonding of C, N and Au. As in Figure 4.2.4a, the C 

1s spectrum contains three peaks at binding energies of 284.4, 285.6 and 287.8 eV respectively. 

The 285.6 and 287.8 eV peaks can be attributed to the sp2 C-atoms bonded to the nitrogen in an 

aromatic ring (C-N-C) and sp2-hybridized carbon in the aromatic ring attached to the NH2 group 

(C-(N)3) respectively. The peak at 284.4 eV is graphitic carbon.22,41 Figure 4.2.4b is N1s spectrum 

consists of three peaks at binding energies 397.5, 398.9 and 400.1 eV that are ascribed to (C-N-

C), N-(C)3 and N-H configuration respectively. The Au 4f spectrum in Figure 4.2.4c consists of 

four peaks. The peaks with binding energies 83.3 and 86.9 eV are for 4f7/2 and Au 4f5/2 respectively 

of metallic Au(0). The higher binding energy peaks at 84.6 and 88.5 eV correspond to the same 

transitions for Au (I) state indicating either some charge transfer to the nanosheets or the presence 

of surface oxidized Au atoms(about ~20%). 
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4.2.4.1 The unusual optical properties of the nanosheets 

The UV-visible diffuse reflectance spectra (DRS) of the bare and Au loaded g-C3N4 nanosheets 

(Figure 4.2.5) show the onset to a strong absorption band at ~460 nm. In addition, Au/g-C3N4NSs 

 

 

 

 

 

 

Figure 4.2.5 UV-Visible diffuse reflectance spectra of bare and Au-loaded (1wt%) g-C3N4 

nanosheets. 

 

exhibited another broad absorption band centered at ~550 nm due to the LSPR of the Au NPs18,21,22 

indicating, as desired for the intended photocatalytic applications, a wholesome response to the 

entire spectrum of visible light. 

Photoluminescence (PL) properties of the bare and Au loaded g-C3N4 nanosheets are rather 

distinct and unexpected. The PL spectrum of nanosheets showed an emission band centred at 425 

nm, which is blue-shifted in comparison to the as-prepared sample (Figure 6a,b,c,d). The PL 

excitation (PLE) spectra of these samples are also given in Figure 4.2.6e,f. 

The emission peak could be fitted to three major bands centred at 425nm, 450 nm and 

480nm representing the σ* to lone-pair (LP), π* to LP and π* to π transitions respectively (Figure 

4.2.7a).9,42 The Au loaded g-C3N4nanosheets retained the same features in the PL and PLE spectra. 

However, Au loading resulted in a lower emission intensity due to the transfer of excited state 

electron from σ* and π* to the Fermi level of Au (Figure 4.2.7a, pathway iv), as discussed in 
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Figure 4.2.6 (a) The blue-shifted PL spectrum of g-C3N4 nanosheets. (b) The PL spectra of the top 

and the bottom parts of the sonicated g-C3N4 sample highlighting the blue-shift. (c) PL spectra of 

as-prepared g-C3N4 sample showing the emission maxima at ~440 nm with 390 nm excitation 

wavelength. The inset of (c) is the corresponding PLE spectrum. (d) The PL spectra of g-C3N4 

nanosheets at different excitation wavelengths, showing the unshifted emission maxima at ~425 

nm. Inset shows a tiny PL peak emerging at ~370 nm corresponding to a trace amount of melem 

present in the sample. (e,f) The PLE spectra of g-C3N4 nanosheets at different emission 

wavelengths corresponding to the nanosheets and tiny fraction of melem, showing that the two 

peaks originate broadly of independent excitations. Notably there is a distinct shift in the PLE 

spectra of the as-prepared sample and the nanosheets. 
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detail in the ‘co-catalytic vs. plasmonic enhancement of activity’ section. The transfer of ‘hot-

electrons’ from the Au NP to the nanosheet may also be pointed out here when the Au/g-C3N4 

sheets get exposed to light with λ ≥ 460 nm and matching the LSP frequency of the Au NPs (Figure 

4.2.7a, pathway v). A careful analysis of the PL spectra also show a tiny shoulder at ~370 nm, 

indicating that a small amount of melem may be present in the sample.43 

Blue-shifted PL spectra of exfoliated g-C3N4 nanosheets have been commonly observed 

with emission maxima centred at ~435-465 nm.44-47Acid induced exfoliation is highly effective in 

such transformation. Zhang et al could obtain g-C3N4 nanosheets by exfoliation in water exhibiting 

one of the highest shifts to emission peak at ~440 nm.45 In contrast, the blue-shift in our samples 

to 425 nm is significantly larger and matches more closely the g-C3N4 quantum dots (QDs). QDs 

usually emit in the range of 430-440 nm due to confinement effects,48,44,11  (though QDs with more 

blue-shifted PL, even matching that of melem have also been observed at times49,50) and can be 

 

Figure 4.2.7 (a) A Schematic representation of the various emissive electron transitions in g-C3N4 

nanosheets during light irradiations (i, ii, iii,) and potential electron transfer processes when 

loaded with Au. (b) PL spectra of g-C3N4 nanosheets when excited with different energies in the 

270-380 nm range.  
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sample also exhibited a similar behaviour (Figure 4.2.8). These experiments suggest that the 

presentg-C3N4 nanosheets exhibit the largest blue-shifted PL emission or ‘quantum-confinement’ 

effect among the nanosheets and even closely match their QDs. 

Since the nanosheets have multiple excitation decay pathways, each having a potentially 

different decay kinetics and interaction with the plasmonic field of the Au NPs,25,51 we have further 

analyzed their behaviour by using time-correlated single photon count (TCSPC) measurements at 

different emission wavelengths. The sample was excited at 375 nm (the maximum of the PLE 

spectrum) and emission decay kinetics were analyzed at regular wavelength intervals in the 400-

500 nm range. Typical PL decay profiles of pure and Au loaded g-C3N4nanosheets at the emission 

maxima (425 nm) are shown in Figure 4.2.9a. 

 

Figure 4.2.8 PLE spectra of Au/g-C3N4 nanosheets at different emission energies (a, b). The PL 

emission spectra of Au/g-C3N4 nanosheets at different excitation wavelength (c,d). The peak 

position remained same (~425 nm) at all excitation wavelengths. 
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The data were fittedto a triple-exponential function (fitting parameters are given in the Table 4.2.1) 

and the average lifetime (τ), was calculated using the formula:  

𝐴𝑣𝑒𝑟𝑎𝑔𝑒 𝑙𝑖𝑓𝑒𝑡𝑖𝑚𝑒 (τ) =  (τ1𝐴1 +  τ2𝐴2 + τ3𝐴3)/(𝐴1 + 𝐴2 + 𝐴3) 

where, τ1, τ2, and τ3 represent emission lifetimes in three different time stages and A1, A2, and A3 

represent the amplitude of different emission lifetimes. The average emission lifetime of the g-

C3N4(~1.68 ns) is marginally longer than the Au/g-C3N4 (~1.58 ns). 

Table 4.2.1:PL decay lifetime analysis of pure and Au loaded g-C3N4 nanosheets at an emission 

wavelength of 425 nm. 

 

There were however marked changes when we measured the luminescence decay lifetime 

at different emission wavelengths. For the pure nanosheets, the τ is much shorter (~0.3 ns) at em= 

405 nm, but increases quickly to 2.2 ns at em= 435 nm and then gradually reaches a value of 3.1 

ns at em= 495 nm (Figure 4.2.9b,c), a total 10 fold increase in the τ. 

A similar study was found on Cu(In,Ga)Se2 showing much lesser changes in , though the 

underlying reasons were not clearly outlined.52 Longer τ at higher em is most likely due to 

involvement of multiple emissive states as the initially photo-excited population relaxes from 

higher excited state to the band-edge via vibrational relaxation as well as internal conversion. In 

comparison, though Au/g-C3N4 nanosheets also showed a similar behaviour, the τ values were 

consistently lower than the pure nanosheets. Moreover, the increase in τat the red side of emission 

is relatively slower for Au/g-C3N4 nanosheets (Figure 4.2.9d). 

 

Tri-exponential 
Emission (nm)

<τ> ns X2 τ1

(ns)
τ2

(ns)
τ3

(ns)
A1 A2 A3

425 (g-C3N4 nanosheets) 1.679 1.244 3.278 13.700 0.728 0.29 0.02 0.70

425 (Au/g-C3N4) 1.581 1.234 3.056 12.653 0.699 0.28 0.02 0.70
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Figure 4.2.9 (a) The PL decay plots for g-C3N4 and Au/g-C3N4 nanosheets at 425 nm emission (ex 

= 375 nm). (b) Similar decay plots for g-C3N4 nanosheets at 405 nm and 495 nm emission. (c) The 

average emission lifetime, () of g-C3N4 and Au/g-C3N4 nanosheets at various emission 

wavelengths. (d) Plot highlighting differences in  values of the two samples (τg-C3N4-τAu/g-C3N4) at 

different emission wavelengths. 

Figure 4.2.10 displays the TCSPC plots for all different wavelengths. To further highlight the 

differences in τ, we have plotted the decay traces (for the same decay counts) for pure and Au NPs 

 

Figure 4.2.10 Typical TCSPC decay plots of g-C3N4 and Au/g-C3N4 nanosheets at different 

emission wavelengths when exited with a 375 nm laser.  
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loaded nanosheets at 405, 445 and 495 nm within the first few nanoseconds where the fast decay 

component is prominent (Figure 4.2.11). A faster decay in the case of Au/g-C3N4 nanosheets can 

be clearly observed in all plots. The decrease inτ in presence of the Au NP is attributed to the 

transfer of the excited state electrons from g-C3N4 to the Fermi level of Au. In such a scenario, 

preferential transfer of long-lived excited electrons would result in lower τ in the Au loaded 

sample. 

 

 

Figure 4.2.11 The time-resolved fluorescence decay plots for pure and Au loaded nanosheets at 

405 nm (a), 445 nm (b) and 495 nm (c) within the first few nanoseconds. 

Mott-Schottky analysis was performed to calculate the flat band potential of the materials. 

The obtained flat-band potentials (Vfb) were-0.79 V, -0.73V (vs. RHE) for g-C3N4 and Au/g-C3N4 

nanosheets respectively (see Figure 4.2.12). 

 

 

 

 

 

 

Figure 4.2.12 Mott-Schottky plots for the nanosheets of g-C3N4 (a) and Au/g-C3N4 (b). 
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4.2.4.2 Photocatalytic oxidation of Benzylamine and its derivatives 

Since the previous attempts to carry out this reaction by g-C3N4 resulted in rather poor 

efficiencies,28 we attempted to improve it by using the Au/g-C3N4 nanosheets. This reaction is 

usually carried out at elevated temperatures to improve the kinetics,40,39,53 using molecular O2 

whichacts as an oxidizing agent. We attempted two major modifications: using (i) ambient air 

instead of a stream of O2 since oxygen harvesting is expensive and (ii) natural sunlight containing 

44% of visible and 3% of UV light as the source of inexpensive energy.54 The performance was 

benchmarked using a 400 W Xe lamp and solar simulator.  

Table 4.2.2: Selective oxidation of BA under various conditions. 

 

The conversion efficiency using 1 wt% Au loaded g-C3N4 nanosheets in ambient air was 

found to be extremely high with 96-98% yield and >99% selectivity after 1.5 h of reaction under 

natural sunlight (Table 4.2.2, entry 1 and 2). The conversion was,nonetheless, negligible in the 

absence of light or the catalyst asserting the photocatalytic nature of this reaction (Table 

4.2.2,entry 3 and 4). As a control experiment, the reaction was furtherchecked using a 400 W Xe-

Entry Catalyst Enviro

nment

Light Time Conv.

(%)

Select.

(%)

1 Au/g-C3N4 Air Sunlight 1.5 h 98 >99

2 Au/g-C3N4 Air Xe-lamp 1.5 h 99 >99

3 Au/g-C3N4 Air Dark 1.5 h <1 -

4 No catalyst Air Sunlight 1.5 h <1 -

5 g-C3N4 Air Sunlight 1.5 h 21 >99

6 g-C3N4 Air Xe-lamp 1.5 h 25 >99

7 Au/g-C3N4 O2 Sunlight 1.5 h 98 >99

8 Au/g-C3N4 N2 Sunlight 1.5 h 9 >99

9 Au/g-C3N4 Air Sunlight 15 min 24 >99

10 Au/g-C3N4 O2 Sunlight 15 min 27 >99

11 TiO2-P25 Air Sunlight 1.5 h 17 >99
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lamp attached with an IR filter and maintaining a constant temperature of 35 ⁰C. This and a few 

other experiments (Table 4.2.3) demonstrated that the reaction is photocatalytic and not photo-

induced thermocatalytic in nature. We also examined the efficiency of the 0.5 wt%and 1.5 wt% 

Au loaded g-C3N4 nanosheets for the photooxidation reactions, yielding 48% and 98% products. 

Since a 1 wt% sample exhibited the best efficiency with a lower Au loading, further investigations 

were carried out using this sample. 

Table 4.2.3: Temperature profile of the reaction medium monitored throughout the reaction under 

sunlight. 

 

The performance of the catalyst in various gaseous environments showed a remarkable 

quality not observed in other photocatalysts so far. The conversion after 1.5 h in sunlight dropped 

to a mere 10%, as expected, when the reaction was carried out in a N2 atmosphere (Table 4.2.2, 

entry 8). However, surprisingly, we didn't observe a notable change in the reaction rate when it 

was carried out under an O2 atmosphere (99% conversion yield in 1.5 h). The corresponding 

conversions after 15 min ofreaction were 23% (air) and 27% (O2 purging), suggesting that unlike 

other catalysts, oxygen in open air is sufficient to saturate the catalyst surface (Table 4.2.2, entry 

9 and 10). We propose that the graphitic C present in the sample, as observed from XPS studies, 

or probably defects in the g-C3N4 framework are responsible for high O2 adsorption by the 

photocatalyst.58–61 The oxidation efficiencies of the bare g-C3N4 NSs and the bulk g-C3N4 sample 

were also examined to understand the effect of exfoliation and high surface area. As seen in Table 

4.2.4, bulk sample exhibited noticeably poorer catalytic activity. The difference is even more 

prominent when we performed thecatalytic reaction after loading 1 wt% Au on bulk g-C3N4 and 

the nanosheets (51% and 98% conversion, respectively, after1.5 h of light irradiation). The 

catalytic activity of the nanosheets was benchmarked using commercial TiO2 (P-25). 

Underidentical conditions, the conversion efficiency after 1.5 h of sunlight irradiation was found 

to be only 15% (Table 4.2.2, entry11). We have also examined the effect of the loading of AuPNs.  

 

Reaction 
time

20 min 30 min 40 min 50 min 60 min 70 min 80 min 90 min

Temperature 
(ᴼC)

30 31 30 31 32 29 31 31
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Table 4.2.4: Comparison of photocatalytic activities for the amine oxidation reaction under 

ambient conditions by the bulk g-C3N4 sample and the NSs. 

 

 

 

 

 

 

The activity of bare g-C3N4 nanosheets was nearly 4 times lower thanthat of Au/g-C3N4 (Table 

4.2.2). The apparent quantum efficiency (AQE), defined as the number of all incident photons 

(UV-800 nm range) vs. the number that was utilized by Au/g-C3N4 for catalysis, was found to be 

6.3%. Recyclability tests showed that the catalyst is very stableand exhibits minimal loss of 

catalytic activity in each successive cycle (Figure 4.2.13 and Figure 4.2.14). 

 

 

 

 

 

Figure 4.2.13 Reusability data showing the efficiency of Au/g-C3N4 nanosheets tested for five 

successive photocatalytic BA oxidation reactions under sunlight.(The catalysts were recovered by 

centrifugation, washed with acetonitrile and ethanol and dried at 60 ⁰C before reuse).  

Material Reaction time Conversion (%)

Bulk g-C3N4 1.5 h 17 
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We felt that Au NPs have not only improved the optical response of the material, but also 

offered a facile transfer of electrons between itself and g-C3N4 nanosheets as they must retain an 

intimate electrical contact which was necessary for the deposition of the NPs. Electrochemical 

impedance spectroscopy (EIS) measurement was performed to investigate the charge transfer 

property of the photocatalysts. The Nyquist plots of Au/g-C3N4 and the pure g-C3N4 nanosheets 

are given in Figure 4.2.15a. The diameter of the semicircle in the highfrequency region can be 

correlated to the charge transfer resistance (Rct) at the electrode and electrolyte interface.59 The 

Au/g-C3N4 nanosheets has a low Rct (73 ohm) as compared to pure g-C3N4 (91 ohm), 

demonstrating that there was indeed improved charge-transfer property in the Au/g-C3N4 

nanocomposite.The photocatalytic reactions demonstrate a remarkable improvement in oxidation 

efficiency by C3N4 when loaded with Au.  

 

Figure 4.2.14 XRD pattern of the used Au/g-C3N4 nanosheets infive successive catalytic cycles. 

(b) SEM-EDS spectrum of the used Au/g-C3N4 nanosheets for catalysis reaction. (c) TEM image 

(i), HR-TEM image (ii) of the Au/g-C3N4 nanosheets obtained after catalysis. 
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4.2.4.3 Co-catalytic vs. plasmonic enhancement of activity 

To further investigate the origin of high catalytic activity we have studied wave-length specificity 

of the photocatalyst. The activity of the catalyst was tested by irradiating the reaction mixture with 

lights of different wavelengths (400-500, 500-600, 600-700 and 700-800 nm). The Au loaded and  

 

 

 

 

 

 

 

 

 

 

 

Figure 4.2.15 (a) EIS Nyquist plots of g-C3N4 and Au/g-C3N4 nanosheets. (b) Plot of relative 

conversionof amines under illumination with different wavelengths using g-C3N4 and Au/g-C3N4 

nanosheets. (c) AQE of g-C3N4 and Au/g-C3N4 nanosheets under direct sunlight and solar 

simulator. (d) PL emission intensities (425 nm emission band) at different excitation wavelengths 

showing the intensity quenching in case of Au/g-C3N4 (after 4 h deposition) as compared to the 

pure g-C3N4 nanosheets. 

 

bare catalyst exhibited very different behaviour at higher wavelengths. The conversion is 

maximum in the 500-600 nm region while using Au/g-C3N4 and ~300 times more than bare g-

C3N4. In comparison to the maximum conversion, the relative conversions for the Au/g-C3N4 (bare 
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g-C3N4 nanosheets) in the wavelength ranges of 400-500, 600-700 and 700-800 nm were estimated 

to be 30% (18%), and 14% (0.1%) and 8% (0%) respectively as shown in Figure 4.2.15b. For 

Au/g-C3N4, the conversion in 500-600 nm range is higher compared to 400-500 nm range, showing 

that the efficiency is majorly boosted by the Au SPR. In addition, the conversion in the wavelength 

range 300-400 nm was also estimated to be substantially higher (~3 times) than that of the g-C3N4 

nanosheets, suggesting a major co-catalytic contribution by the Au NPs. The overall co-catalytic 

contribution appears to be about ~35% for BA oxidation reaction. This is of special important in 

view of the calls by previous researchers for newer designs to improve plasmonically active 

photocatalysts by adding a separate co-catalyst while we find that Au itself can have a significant 

co-catalytic contribution.19,20,24AQE in the range of 300-800 nm for both under solar simulator and 

solar light is shown in Figure 4.2.15c. 

We performed PL quenching studies to further verify the co-catalytic phenomenon. PL is 

related to the extent of radiative recombination of the photogenerated electron-hole pairs which 

would be suppressed if the excited electrons in g-C3N4 migrate to the co-catalyst particles.60-62 

Thus, first we recorded PL emission spectra from the sample during the course of Au photo-

deposition. It was observed that as the deposition of Au increased with time, the PL intensity of 

the sample progressively reduced confirming transfer of excited electrons from g-C3N4 to Au. We 

have also recorded the PL spectra of the g-C3N4 and Au/g-C3N4 nanosheets using the various 

excitation wavelengths (in the 250-400 nm range found to be active in the PLE spectrum). As 

given in the Figure 4.2.15d, the PL intensity for Au/g-C3N4 is much lower thang-C3N4 nanosheets 

at all excitation energies, confirming a suppressed recombination of photogenerated electron-hole 

pairs in Au/g-C3N4 and the co-catalyst role of Au during photocatalysis. 

4.2.4.4 Mechanistic investigations 

The suppressed reaction yield in inert N2 atmosphere (Table 4.2.2) confirmed the role of molecular 

O2 from air as the oxidant in the reaction.The same in dark showed that the photogenerated 

electrons and holes are responsible for the oxidation reaction in the g-C3N4 nanosheets. 

Additionally, for Au/g-C3N4, hot-electrons generated on Au-NPs are also transferred to the 

conduction band of g-C3N4. To confirm the respective roles, we performed several controlled 

experiments using scavengers for these electrons, holes and the superoxide radical anion obtained 

byoxidation of O2.
25,63 
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Figure 4.2.16 Role of different scavengers in the photocatalytic BA oxidation. 3.0 mmol of 

scavengers were used in each set of reaction, keeping all other parameters same. 

 

The conversion efficiency reduced to 19% after 1.5 h reaction by adding an electron 

scavenger (K2S2O8), indicating their strong influence in the reaction rate (Figure 4.2.16). We 

further carried out the reaction in the presence of benzoquinone and the conversion efficiency saw 

a sharp decrease to ~26%, suggesting in-situ O2·
-formation and its participation in the reaction 

(Figure 4.2.16). The contribution of the holes was checked by adding ammonium oxalate and the 

conversion drastically dropped to 29%, implying that the reaction is hole mediated as well. 

Accordingly, we have proposed a reaction mechanism and tried to prove it by directly detecting 

some of the reaction intermediates (Scheme 4.2.1). The steps involved in the reaction are: (i) the 

excited electron was first captured by O2 attached to the catalyst surface to produce a superoxide 

radical anion (O2·
-), A, as shown in Scheme 4.2.1. (ii) Somewhere nearby, a photogenerated hole 

oxidizes an adsorbed benzylamine molecule to gives benzylamine radical intermediate, B, and 

HOO..We confirmed the formation of intermediate B by using radical trapping reagent TEMPO 

((2,2,6,6-Tetramethylpiperidin-1-yl)oxyl radical)) and detecting it by high-resolution mass-

spectroscopy. We underline that eventhough this intermediate was proposed earlier, it was never 

been trapped so far. (iii) HOO· extracts one hydrogen radical (H·) and yielding benzyliminium 

ion, C and hydrogen peroxide as by-product. The formation of H2O2 as a by-product was detected 

by spectroscopically after adding KMnO4 solution.(iv) The benzyliminium ion couples with 

another neighbouring benzylamine molecule to give benzaldimine, D as the final product. 
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Scheme 4.2.1 A proposed reaction mechanism for BA oxidation. 

 

The versatility of the catalyst was examined by using various p-substituted benzylamine 

having various electron-donating (-CH3, -OCH3, t-butyl) and electron-withdrawing (-F, -Cl, -CF3) 

groups (Table 4.2.5). We found that the reaction is comparatively slow for both electron-donating 

as well as withdrawing groups (Table 4.2.5, entry 2, 3, 4, 5, 6 and 7) with conversion efficiencies 

of ~85-90% with 99% selectivity after 3-4 h reaction time (corresponding turn over frequencies 

(TOF) are in the range of 5.7-16, Table 4.2.5). However, electron-withdrawing group shows better 

activity compared to the electron-donating groups. We have also examined the reactivity of 

aliphatic amines (Table 4.2.5, entry 8) and found that our catalyst is specific to amines containing 

an aromatic group only. These results show that the Au/g-C3N4nanosheets is a very promising 

photocatalyst with very high efficiency and selectivity for controlled oxidation of amines using 

molecular oxygen.  
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Table 4.2.5: Oxidation of various amines with the Au/g-C3N4 nanosheets. 

 

Reaction conditions: Reactions were carried out in acetonitrile (30 ml) using 0.5 mmol of 

substrate, 25 mg photocatalystunder natural sunlight in air. 

 

4.2.5 Conclusions 

In conclusion, we have realized new g-C3N4 nanosheets exhibiting highly blue-shifted, excitation-

energy independent photoluminescence centred at ~425 nm. Within the emission band, however, 

the PL decay kinetics becomes progressively slower by up to 10 times towards the red side of 

emission. When the g-C3N4 nanosheets are loaded with Au nanoparticles, the composite retains 

the PL characteristics but the slowdown of its decay kinetics became less pronounced due to 

transfer of the long-lived photoexcited electrons in g-C3N4 to the adjacent Au NPs. The Au/g-C3N4 

nanosheets exhibited excellent photocatalytic efficiency for benzylamine oxidation, emanating not 

only from a typical Surface Plasmon induced ‘hot-electron’ injection mechanism, but also from a 

less-cared-for, pronounced co-catalytic effect by the Au NPs. The new findings on the 

semiconductor exciton dynamics in the vicinity of a plasmonic NP and the subsequent dual role 



186 
 

offered by the NP towards realizing high photocatalytic activity will inspire the design of other 

superior photocatalysts for a wide range of organic transformations driven by sun-light. 
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CHAPTER 4.3 

Enhanced catalytic activity of Pd NPs towards Suzuki Cross-Coupling by g-

C3N4 photosensitization 

 

 

 

 

Summary 

The Suzuki coupling reactions are one of the most important class of catalytic C-C bond formation 

reaction. The development of new means of activating molecules and bonds over traditional 

catalysts for C-C bond formation is highly desirable for industrial application. Here, we report an 

effective strategy to improve the efficiency of traditional Pd catalysts for the Suzuki-Miyaura 

cross-coupling reactions by visible light irradiation using g-C3N4 nanosheets as sensitizer. Pd NPs 

loaded onto g-C3N4 NSs become electron-rich under visible-light irradiation due to generation 

excited electrons in g-C3N4which get transferred to the Pd NPs and thereby accelerates the rate-

determining step by facilitating the oxidative addition of aryl halides. The Suzuki-Miyaura cross-

coupling reaction was carried out in environmentally friendly aqueous media at room temperature. 

As synthesized Pd/g-C3N4 NSs exhibited a very high turnover frequency of 1700 h−1 for 

photocatalytic cross-coupling reactions as compared to the previously reported photocatalysts. 

Thecatalyst also demonstrated high recyclability for Suzuki cross-coupling reactions. The findings 

provide a facile design strategy for various C-C coupling reactions driven by visible light and 

sensitized by g-C3N4. 

 

‡ Manuscript based on this work is under preparation. 
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4.3.1 Introduction 

Cross-coupling reactions are versatile and powerful tools inorganic synthesis for the carbon-carbon 

bond formation.1-5 The Suzuki cross coupling reactioninvented by the 2010 Nobel laureate Akira 

Suzuki is one of the most important reactions among all other C-C coupling reactions which has 

great significance in synthetic chemistry for production of biaryl compounds.6 There in, less 

reactive functionalized aryl halides are reacted with innocuous boronic acids,which are in 

thermally stable, and moisture-stable, as well as non-toxic which is one of the major practical 

advantages of the Suzuki reaction. The Suzuki coupling reactions aregenerally performed using 

homogeneous catalysts such as palladium containing phosphine ligand,which has demonstrated 

relatively high activity as well as selectivity.7-12 However, the recovery and separation of the 

molecular catalysts represent a major issue for sustainable development of the chemical 

industry.13,14 Therefore,enormous efforts have been put to develop heterogeneousPd based 

catalysts for Suzuki coupling reactions, including the stabilization or immobilization of Pd NPs on 

various supports, such as carbon nanotubes, high surface-area silica, polymers, double hydroxides, 

dendrimers, magnetic nanomaterials and metal oxides.15-19 For instance, Au-Pd bimetallic NPs 

were reported as efficient catalysts for Suzuki coupling reactions.20 Recently from our group, Pd 

NPs have been reported as an efficient catalyst towards Suzuki coupling reaction with very high 

TOF value.21,22 Moreover, many of the processes with heterogeneous catalysts require relatively 

high temperature and prolonged reaction time. However, an elevated temperature induces the 

aggregation of Pd NPs dispersed on solid supports and thereby damages the recyclability of the 

catalysts. In somecases, the reactants molecules are not readily accessible to the active sites on the 

porous solid supports. Thus, catalyst systems with high reactivity, easy recyclability, in 

combination with the use of environment friendly solvents under mild reaction conditions are still 

considered as an important objective for Suzuki-Miyaura cross-coupling reactions. 

4.3.2 Scope of the present investigation 

Visible light driven photocatalysis is an attractive and greener approach to chemical 

transformations in various bond formation, cleavage and degradation reactions because the 

common organic reagents rarely absorb visible light, leaving it all to the photocatalysts, leading to 

a high degree of reaction yield and selectivity.23-25 Suzuki cross-coupling reactionscan also be 

triggered by photocatalysis route in the presence of suitable photocatalysts under visible light.26-30 
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Besides, the reaction temperature for Suzuki-Miyaura cross-coupling can be lowered to room 

temperature by maintaining a high yield byusing a light-harvesting catalyst or photocatalyst. The 

visible light generates excited electrons and holes in a photocatalyst, are which can be transferred 

to a reactants molecule to initiate the C−C coupling reactions. Such photochemical reactions for 

C−C bond formation can be carried out by using inorganic semiconductors that absorbs visible 

light and has good stability. Xiao et al. reported Au-Pd bimetallic nanostructured photocatalyst for 

the C-C coupling reaction and obtained ahigh yield.20 In this Au−Pd system, Au nanoparticles 

absorb visible light through localized surface plasmon resonance (LSPR) and transfers energetic 

electrons to Pd, thereby an enhanced reaction yield. Many semiconductor photocatalysts such as 

ZrO2, SiC, WS2, CeO2, TiO2 etc. were used as the support material for loading of Pd NPs.31-33 

However, metal free semiconductors are very limited and have not been used widely for the C-C 

coupling reactions.  

Two-dimensional (2D) g-C3N4 NSs have gained enormous attention in various fields, 

including catalysis, energy storage and conversion, electronic devices and sensing because of their 

outstanding physical and chemical properties and excellent stability.34-36 2D g-C3N4 NSs are good 

candidates as photocatalysts for Suzuki coupling reaction because they have band gaps ranging 

from 2.5 to 2.7 eV, falling in the visible range.37-40 Till now there is only one report where Pd NPs 

loaded g-C3N4 nanorod composite was used for the Suzuki coupling reactions.29 However, their 

Pd loading was done by chemical reduction method and the catalytic activity was also very low. 

Therefore, 2D g-C3N4 NSs, owing to their higher surface area and better carrier mobility, could be 

a better candidate for the support photocatalyst materials for Suzuki coupling reaction. 

We report an effective photocatalyst system (Pd/g-C3N4 NSs) for the efficient Suzuki-

Miyaura cross-coupling reactions under visible light irradiation. Pd NPs loaded onto g-C3N4 NSs 

become electron-rich under visible light irradiation due to generation excited electrons which get 

transferred to the Pd NPs and thereby accelerates the rate-determining step by facilitating the 

oxidative addition of aryl halides. The Suzuki-Miyaura cross-coupling reaction was carried out in 

environmentally friendly aqueous media at room temperature. As synthesized Pd/g-C3N4 NSs 

exhibited a very high turnover frequency of 1700 h−1 for photocatalytic cross-coupling reactions 

as compared to the previously reported photocatalysts. This material also demonstrated high 

recyclability for Suzuki cross-coupling reactions. The findings provide an efficient photocatalytic 
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route for the preparation of biaryl compounds and a facile strategy to design novel photocatalysts 

for various organic transformation reactions driven by visible light. 

 

4.3.3 Methods 

4.3.3.1 Synthesis of g-C3N4 nanosheets 

The synthesis of bulk g-C3N4 has been done using melamine as precursor materials. Typically, 6 

g of melamine was taken in a crucible and covered with a lid. The crucible was placed in a muffle 

furnace at 525 °C for 4 h. Yellow coloured powder sample of bulk g-C3N4 was obtained. The solid 

sample was then ground using a mortar and pestle. The bulk g-C3N4 powder was then exfoliated 

by adding conc. sulphuric acid (20 ml) and then stirred for 5 minutes at 400 rpm. 50 ml of water 

was added to the bulk g-C3N4-acid mixture. The temperature of the solution increases due to the 

exothermic process and the yellow-coloured solution turns into pale yellow. After 1 minute of 

water addition, 50 g of ice was added into the reaction mixture to stop further exfoliation. The 

sample was then washed several times with water followed by ethanol. The sample was dried in 

oven at 50 ⁰C overnight. 

4.3.3.2 Synthesis of Pd (3 wt%)/g-C3N4NSs 

The deposition of Pd on g-C3N4 NSs was done photo-chemically in a 100 ml round bottom flask 

using a 400 W Xenon lamp. Typically, 100 mg g-C3N4 NSs was dispersed in 90 ml of water 

containing 8 ml methanol and sonicated for 5 minutes. The solution was first bubbled with N2 for 

45 minutes and then maintained an inert atmosphere during rest of the reaction. To deposit 3 wt% 

of Pd, palladium chloride solution was slowly added by a syringe and was illuminated under 

constant stirring at 600 rpm. After addition of the palladium solution, the colour of the g-C3N4 

powder changed from light yellow to brown, indicating the deposition of Pd on the g-C3N4. The 

solution was then washed two times with water followed by ethanol and then centrifuged at 10000 

rpm. The product was then dried overnight at 55 oC. Similarly, 1, 2, 4 wt % of Pd loading were 

performed by adding the respective palladium chloride solution of suitable concentration.  
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4.3.3.3 Photocatalytic SuzukiMiyaura cross-coupling reaction 

In a typical reaction, 1:1 (ethanol:water, 5 mL) mixture was chosen as reaction medium. The 

reaction was carried out in a 10 mL round bottomed flask with 1 mmol of aryl halides, 1.2 mmol 

of phenyl boronic acid, 2 mmol of potassium carbonateand 0.9 mg of Pd/g-C3N4 NSs. The mixture 

was irradiated under sunlight for 130 minutes under magnetic stir. The temperature of the reactant 

aliquot was monitored during the reaction (27-30 oC). Thin Layer Chromatography (TLC) was 

used to analyze the reaction progress after every 5 min interval. After desired time of light 

irradiation, the resulting mixture was centrifuged to remove the photo-catalyst. The product was 

extracted with ethyl acetate and water mixture and then purified by silica column-chromatography. 

1H &13C NMR confirmed the products by comparing the spectral data of the pure compounds. 

4.3.3.4 Characterization 

All other characterization techniques except the ones noted aboveare discussed in chapter 2. 

4.3.4 Results and Discussion 

Powder X-ray diffraction (PXRD) was used to investigate the crystallinity and the phase purity of 

the samples. Figure 4.3.1 shows the XRD pattern of the bare g-C3N4 NSs and Pd NPs deposited  

 

 

 

 

 

 

Figure 4.3.1 PXRD patterns of the bare g-C3N4 and Pd loaded g-C3N4 NSs. 
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g- C3N4 NSs. The two typical peaks in the XRD pattern of bare g-C3N4, located at 13.1 and 27.6, 

can be ascribed to the (100) and (002) planes of g-C3N4 respectively (180870-ICSD). The XRD 

pattern remained similar uponloading the sample with Au NPs (Figure 4.3.1). However, there 

were additional diffraction peaks with nearly low intensity at 2θ = 39.5⁰corresponding to the (111) 

planes of Pd NPs (JCPDF#87-1526), suggesting that Pd NPs were successfully loaded on g-C3N4 

NSs, as confirmed later transmission electron microscopy analysis. 

 

 

 

 

 

 

 

 

 

Figure 4.3.2 (a) Typical FESEM images of the Pd loaded g-C3N4 NSs obtained after photo-

deposition. (b) EDS spectra of the Pd/g-C3N4 nanosheets.  

 

The morphologies of the as-synthesized samples were investigated by FESEM. As shown in 

Figure 4.3.2a, g-C3N4 possesses a sheet like structure and the Pd NPs were uniformly loaded on 

the g-C3N4 surface. Energy-dispersive X-ray spectroscopy (EDS) suggests the presence of 3 wt % 

Pd loading on the sample (Figure 4.3.2b). For better understanding of the nanostructures, the 

samples were characterized by TEM. The micrographs in Figure 4.3.3a, clearly shows the thin 

nanosheet morphology of the exfoliated g-C3N4 sample. Photo-deposition of the Pd(II) salt leads 

 

(a)

(b)
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to a uniform dispersion  of Pd NPs with anaverage particle size of ~5.5 nm on the surface of g-

C3N4 nanosheets as seen in Figure 4.3.3a-d. Figure 4.3.3e displayeda high-resolution TEM 

(HRTEM) image of a Pd NP deposited g-C3N4, confirming that the NPs are spherical and single-

crystalline with an inter planner distance of 0.23 nm, which corresponds to the (111) plane of Pd. 

Figure 4.3.3f displays a typical selected area electron diffraction (SAED) pattern acquired on a Pd 

NPs loaded g-C3N4 NSs.  

Figure 4.3.3 (a,b,c) Typical TEM and STEM images of Pd NP loaded g-C3N4 NSs. (d) the particle 

size distribution of the Pd NPs. (e) HRTEM image of a Pd NP on Pd/g-C3N4 NSs showing the (111) 

planes of Pd NPs. (f) SAED pattern recorded on the Pd/g-C3N4 NSs.  

 

BET N2 adsorption–desorption measurement was conducted to find out the specific surface 

area (SA) of the synthesized bulk and exfoliated g-C3N4 NSs and Pd loaded g-C3N4 NSs. The BET 

surface area of exfoliated g-C3N4 NSs (40 m2/g) is nearly five times higher than that of bulk g-

C3N4. The surface area of the Pd deposited g-C3N4 NSs composite was found to be similar (38 

m2/g) to the exfoliated g-C3N4 NSs. A high SA of the catalyst is highly desirable for any chemical 

reaction (adsorption of organic substrates) and efficient deposition of Pd NPs. 

The UV-visible diffuse reflectance spectra (DRS) and Tauc plot of the bare and Pd loaded 

g-C3N4 NSs (Figure 4.3.4a,b) show that the band gap of Pd/g-C3N4 NSs is marginally lower (2.57 

eV) than the bare g-C3N4 NSs (2.65 eV).  Photoluminescence (PL) properties of the bare and Pd  
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Figure 4.3.4 (a) UV-Vis DRS of bare and Pd-loaded g-C3N4NSs. (b) Tauc plot of bare and Pd-

loaded g-C3N4NSs. (c) PL emission intensities showing the intensity quenching in the case of Pd/g-

C3N4 NSs (. (d) The PL decay plots for bare g-C3N4 and Pd/g-C3N4 NSs at 425 nm emission 

(λex=375 nm). 

 

loaded g-C3N4 NSs are displayed in Figure 4.3.4c, showing a significant decrease in the emission 

intensity in case of Pd/g-C3N4 sample as compared to the bare g-C3N4 NSs. The emission 

maximum is centred at 425 nm for both the samples. However, the decrease in the emission 

intensity corresponds to the decrease in the charge-recombination in Pd/g-C3N4 NSs system due 

to presence of Pd.Further, we have analyzed average life-time of these two samples by using time-

correlated single photon count (TCSPC) measurements.The sample was excited at 375 nm and 

emission decay kinetics were analyzed at 425 nm emission wavelength. Typical PL decay profiles 

of the bare and Pd loaded g-C3N4 NSs are shown in Figure 4.3.4d. The data were fittedto a triple-

exponential function (fitting parameters are given in the Table 4.3.1) and the average lifetime (τ), 

was calculated using the formula:  

𝐴𝑣𝑒𝑟𝑎𝑔𝑒 𝑙𝑖𝑓𝑒𝑡𝑖𝑚𝑒 (τ) =  (τ1𝐴1 +  τ2𝐴2 + τ3𝐴3)/(𝐴1 + 𝐴2 + 𝐴3) 
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where, τ1, τ2, and τ3 represent emission lifetimes in three different time stages and A1, A2, and A3 

represent the amplitude of different emission lifetimes.  

Table 4.3.1: PL decay lifetime analysis of bare and Pd NPs loaded g-C3N4 NSs at an emission 

wavelength of 425 nm. 

 

The average emission lifetime of the g-C3N4 (~1.61 ns) is longer than the Pd/g-C3N4 (~0.71 ns). 

The decrease in τ in presence of the Pd NPs is attributed to the transfer of the excited state electrons 

from g-C3N4 to the Fermi level of Pd. In such a scenario, preferential transfer of long-lived excited 

electrons would result in lower τ in the Pd loaded sample. 

Electrochemical impedance spectroscopy (EIS) measurements were performed to 

investigate the charge transfer property of the materials. The Nyquist plots of Pd/g-C3N4 and bare 

g-C3N4 NSs are shown in Figure 4.3.5. The diameter of the semicircle in the high frequency region 

can be correlated to the charge transfer resistance (Rct) at the electrode and electrolyte interface. 

The Pd/g-C3N4 NSs has a low Rct (109 ohm) as compared to bare g-C3N4 (123 ohm), suggesting 

that there was improved charge-transfer property in the Pd/g-C3N4 nanocomposite system. 

Figure 4.3.5 (a) EIS Nyquist plots of the bare g-C3N4 and the Pd loaded g-C3N4 nanosheets. 
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4.3.4.1 Photocatalytic Suzuki cross-coupling reaction 

The photocatalytic activity of the Pd/g-C3N4 NSs was investigated using Suzuki-Miyaura cross-

coupling reaction at room temperature under visible light irradiation (400-W Xenon lamp) as given 

in Table 4.3.2. The cross-coupling of 4-iodotoluene and phenylboronic acid were carried out in 4 

ml solvent mixture using K2CO3 as base in the presence of required amount of Pd/g-C3N4 NSs. 

The reaction mixture was irradiated under visible light with continuous magnetic stirring for a 

necessary time period. The reactivity of Pd-based nanostructures for Suzuki-Miyaura cross 

coupling reaction has been shown to get influenced greatly by the solvent of the reaction mixture. 

We choose to carry out the reactions in aqueous media (water-ethanol mixture) as it is 

environmentally safe and industry-friendly. The ratio of the ethanol and water in the solvent 

mixture was found to significantly affect the catalysis rate as shown in Figure 4.3.6a. The reaction 

was relatively slower in either pure water or ethanol. The reaction rate increases when mixture of  

Table 4.3.2: Photocatalytic Suzuki-coupling reaction under different conditions. 

 

 

 

 

 

 

water and ethanol were taken as solvent and reaches maximum with 1:1 volume mixture of 

water:ethanol as compared to the other ratios. The enhanced reaction kinetics in 1:1 volume 

mixture can be attributed to higher solubility of reactants as K2CO3is more soluble in water 

andphenylboronic acid and iodobenzeneare better soluble in ethanol. Pd loading on g-C3N4 NSs 

were optimized further to investigate the effect of surface coverage of Pd NPs on g-C3N4 NSs for 

Suzuki-Miyaura cross coupling reaction. The Pd loading was varied from 0.5 to 5 wt% on g-C3N4 

NSs by varying the ratio of palladium salt and g-C3N4 NSs. 3 wt % Pd loaded g-C3N4 NSs yielded 

the highest activity after 120 min of light illumination under similar reaction conditions. The 
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reaction time decreases with increasing the Pd loading up to 3 wt%. With further increase of the 

Pd loading, the reaction took longer time (140 min) for completion. This could be due to higher 

surface coverage of Pd NPs at higher loading which reduces the light absorption capacity of g-

C3N4 NSs by shielding it. Further, we have optimized the Pd loading in the reaction mixture for 3 

wt% Pd loaded g-C3N4 NSs. With increasing the Pd content, the reaction time considerably 

reduced from 260 min (15 µg of Pd) to 75 min (57 µg of Pd). However, a maximum turnover 

frequency (TOF) of 1692 h-1 was achieved using 0.9 mg of Pd/g-C3N4 NSs (Pd loading ~27 µg). 

At this concentration, the cross-coupled product 4-phenyltoulne was isolated with a yield of 94% 

(Figure 4.3.6b). However, the reaction did not proceed using bare g-C3N4 or in the absence of 

Pd/g-C3N4 NSs even under visible light irradiation. The reaction yield was less than 40% in the 

absence of light irradiation (dark condition) using Pd/g-C3N4 NSs in similar reaction condition 

(Table 4.3.2). The enhancement in the catalytic activity under visible light irradiation clearly 

indicates that the Suzuki coupling reaction was photo-sensitized by g-C3N4 NSs. 

Figure 4.3.6 (a) Conversion efficiency with different solvent ratios. (b) Optimization of the catalyst 

concentration for the Suzuki-coupling reaction. 

 

 In order to investigate the catalytic activity towards substitutes aromatics, the coupling-

reaction of various substituted aryl halide and arylboronic acid were performed under the 

optimized reaction condition. As given in Table 4.3.3, the aryl iodide containing electron donating 

groups showed the highest reactivity with TOF of 1692 h-1 and 1620 h-1 for 4-iodotolne and 4-

idodanisole respectively as compared to the unsubstituted analogues. On the other hand, the aryl 

halide containing electron withdrawing group, 4-iododacetophenone and 4-iodophenylnitrile 

demonstrated slightly lower reactivity as compared to the methyl and methoxy substituents. The 
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coupling of 1-iodo-4-nitrobenzenewith phenylboronic acid was the slowest (TOF ~ 500 h-1). The 

photocatalytic Suzuki-coupling of aryl bromides in the presence of Pd/g-C3N4 NSs were relatively 

slower (TOF ~ 300 h-1) than that of the aryl iodides, as expected.  

4.3.4.2 Mechanistic investigation 

To elucidate the mechanism forthe Suzuki-coupling reactions under photocatalytic condition by 

Pd/g-C3N4 NSs, several controlled experiments using different scavenging reagents such as 

electron scavenger (p-benzoquinone) and hole scavenger (ammonium oxalate) were carried out 

during the photocatalytic reaction. When the reaction was performed by adding electron scavenger 

in the reaction aliquot of methyl iodobenzene and phenylboronic acid, negligible product (~2-3%) 

was formed (Figure 4.3.7a), suggesting the restriction of the electron transfer from Pd to methyl 

iodobenzene. Moreover, when hole scavenger was added to the reaction aliquot to inhibit hole 

transfer to the borate salt,which generallysuppress the reaction inother reported literature, we still 

observed~67% conversion yield (Figure 4.3.7a). Hence, we hypothesize that the decreased yield 

might bedue to the strong chemisorptions of AO on the active sites of Pd NPs loaded on g-C3N4 

NSs, hindering the oxidativeaddition of 4-iodobenzene during the photocatalytic reaction 

condition. The plausible mechanism for the photocatalytic Suzuki-coupling reaction on Pd/g-C3N4 

NSs is shown in Figure 4.3.7b. 

Figure 4.3.7 (a) Role of various scavengers during the photocatalytic Suzuki-coupling reaction. 

(b) A plausible reaction mechanism of Suzuki-coupling under photocatalytic condition using Pd/g-

C3N4 NSs photocatalyst. 
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The photo-stability and recyclability of the Pd/g-C3N4 NSs were examined under similar 

reaction conditions to investigate the stability of the material. The Pd/g-C3N4 NSs were separated 

from the reaction mixture by centrifugation after the completion of reaction, washed several timein 

water, ethyl acetate and ethanol in order to remove the reactant molecules from the surface of Pd/g-

C3N4 NSs and reused for the 

Table 4.3.3: Photocatalytic performances of Pd/g-C3N4 NSs for Suzuki coupling reaction of aryl 

halides with phenylboronic acids. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Reaction conditions: 1 mmol of iodobenzene or one of its derivatives, 1.2 mmol of phenylboronic 

acid, 2 mmol of K2CO3, 4 mL of solvent (1:1 ethanol and water), 0.9 mg of 3 wt % Pd/g-C3N4 NSs 

catalyst. 
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follow-up cycle. The reusability of Pd/g-C3N4 NSs were studied using 4-iodotoluene and 

phenylbronic acid as substrates for a fixed time period (130 min). The Pd/g-C3N4 NSs 

demonstrated remarkable stability with minimal loss catalytic performance in the successive 5 

catalytic cycles (~12-14 % loss, Figure 4.3.8a). The PXRD pattern recorded for the used Pd/g-

C3N4 NSs further confirmed the stability of composite material (Figure 4.3.8b). The size of the 

Pd NPs on g-C3N4 remains same (average size ~5.5 nm) even after photo-catalysis as observed 

from the TEM images (Figure 4.3.8c).  

Figure 4.3.8 (a) Reusability data showing the efficiency of Pd/g-C3N4 nanosheets tested for five 

successive photocatalytic Suzuki-coupling reactions under natural sunlight. (b) PXRD pattern of 

used catalyst recovered after five cycles. (c) TEM image (i-iii), inset of ‘ii’ is the Pd particle size 

distribution plot. HR-TEM image (iv) of the Pd/g-C3N4 nanosheets obtained after catalysis. 

 

When the photo-catalytic performance of Pd/g-C3N4 NSs was compared with the highly active 

photo-catalysts developed in the recent past for Suzuki-Miyaura cross-coupling reaction, the 
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obtained for coupling of 4-iodotoluene and phenylboronic acid using Pd/g-C3N4 NSs at room 
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accessible surface area due to uniform decoration of Pd NPs and better contact between Pd and g-

C3N4 for facile electron transfer. The strongly bonding between Pd NPs and g-C3N4 NSs prevents 

the agglomeration or leaching of the Pd species during catalytic cycles, leading to high stability. 

Figure 4.3.9 Comparison of the TOF value of Pd/g-C3N4 NSs with those of previously reported 

photocatalysts for Suzuki reactions.20,26-30,41-46 

 

4.3.5 Conclusions and further studies 

In conclusion, we have designedan effective g-C3N4 based photocatalyst system (Pd/g-C3N4 NSs) 

for the efficient Suzuki-Miyaura cross-coupling reactions under visible light. Pd NPs loaded onto 

g-C3N4 NSs via a photo-deposition method become electron-rich under visible-light irradiation 

dueto the generation of excited electrons which get transferred to the Pd NPs and thereby accelerate 

the rate of the C-C coupling reaction. The Suzuki-Miyaura cross-coupling reaction was carried out 

in an environmentally friendly aqueous media at ambient condition. As synthesized Pd/g-C3N4 

NSs exhibited a very high turnover frequency of 1700 h−1 for photocatalytic cross-coupling 

reactions when compared with previously reported photocatalysts. This material also demonstrated 

high recyclability for Suzuki cross-coupling reactions.  
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reaction conditions such as solvents, light source and intensity are different. It is also needed to 

perform light-intensity dependent catalytic study to find out the relation between intensity and 

reaction yield. Besides, atomic absorption spectroscopic (AAS) measurements need to be done to 

find out the leaching of Pd during the reaction under dark as well as photocatalytic condition. 

Finally, detailed X-ray photoelectron spectroscopy (XPS) studies on the catalyst-materials have to 

be performed to find out the oxidation states of various elements and catalyst-sensitizer 

interactions. 
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CHAPTER 4.4 

One-step high-yield synthesis of high surface-area g-C3N4 NSs for enhanced 

light absorption and solar H2-evolution  

 

 

Summary 

Visible-light driven hydrogen (H2) evolution from water (H2O) for renewable energy harvesting 

has triggered an extensive search for carbon-based semiconducting photocatalysts, as the 

traditional metal based semiconducting photocatalysts suffer from limited H2 evolution efficiency 

due to low surface area and fast recombination of photogenerated excitons. 2D g-C3N4 is a highly 

promising metal-free H2-evolution photocatalyst. However, due to its low surface area, they are 

further exfoliated using laborious, energy-consuming processes that gives high surface 2D 

nanosheets (NSs), but in low yields. Moreover, g-C3N4 absorbs only part of the solar radiation due 

to a high band-gap of 2.7 eV. Herein, we report a strategy for one-step synthesis of high surface-

area, red-shifted visible light active, high surface-area g-C3N4NSs. The NSs were synthesized by 

simple calcinations of melamine and diethyleneglycol mixture at 520⁰C for 4 h under N2 

atmosphere. The specific surface area of the synthesized sample was found to be ~3 times higher 

than the bulk g-C3N4, thereby offering more active sites for the catalytic reactions and eliminating 

the need for an extra, low-yield preparation step involving the high temperature or chemical 

exfoliation. The as-synthesized g-C3N4 NSs showed an enhanced H2 evolution rate (530 µmol h-

1g-1) under visible light irradiation compare to the as-synthesized conventional g-C3N4 (87 µmol h-

1g-1). 

 

‡ Manuscript based on this work is under preparation. 
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4.4.1 Introduction 

Avoidance of fossils fuels as an energy resource has been an urgent callin order to fight against 

not only energy environmental issues but also gradually increasing global energy crisis due to the 

depletion of conventional energy resources.1-3 Hence, a search for an alternative to conventional 

energy resources has been of utmost importance in current time. Due to high energy capacity and 

being non-toxic, the utilization of hydrogen in fuel cell shows promising potential in this regard.4 

As the atmospheric content of hydrogen is very less, therefore solar energy-driven water-splitting 

has grown interest among researchers to build a sustainable way of producing hydrogen.5-

9However, the existing catalysts are still not sufficient as good enough to realize the above-stated 

potential on an industrial scale because of their low durability under light irradiation and 

dependence on toxic metal-based systems.10-13Furthermore, nanostructuring of semiconducting 

materials bring more options in utilization in industries due to high surface area as compared to 

bulk.14,15 Therefore, metal-free substitutes of present catalysts with enhanced energy conversion 

efficiency are highly desirable.16-18 The photocatalytic activity has been realized using many metal-

free materials like graphene oxide, carbon nanotubes, carbon quantum dots, hexagonal boron 

nitride, graphitic carbon nitride etc. as a component in photocatalyst system.13,19-24 

 

Among the above metal-free semiconducting materials, graphitic carbon nitride (g-C3N4) has 

drawn immense attention to their application in various photocatalytic processes.25-29 However, its 

bulk form limits high solar-to-hydrogen conversion efficiency because of its charge transport, 

restricted mass transfer to active sites due to multi-layered stacking, and low visible light 

absorption. In this broad context, significant improvement of g-C3N4efficiency can be achieved 

upon making nanosheets out of the layered structure to realize high surface-area and engineering 

some defect states in the intrinsic band structure either employing dopant or tuning its synthetic 

strategy.  

 

4.4.2 Scope for the present investigation 

Several strategies have been adoptedto reduce the rate of the electron-hole recombination and 

facilitate the transfer of photogenerated excitons to reactants such as loading of noble metal 

nanoparticles as plasmonic materials and co-catalysts,23,30-32non-metal elemental doping (e,g-N, 

O, B, C, S, P, F doping),33-38 isotype heterojunction,39-42 heterojunction/Z-scheme with other 
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semiconductors etc.43-46 On the other hand, there are multiple approaches to make a facile mass 

transfer by using exfoliated g-C3N4 nanosheets instead of multi-layered catalysts. Niu et al. showed 

a strategy forexfoliation by thermal oxidation etching of bulk g-C3N4 at 500 0C for 2 hr at 5 0C/ 

min in static air.47 Yang et al. has demonstrated liquid exfoliation by treating dispersion of bulk g-

C3N4 in different solvents (IPA/NMP/Acetone) in sonication bath for 10 h.48High yield (60%) 

exfoliation strategy was achieved for the first time by Zhu and co-workers. 10 volume % aqueous 

solution of 98 wt% H2SO4 was employed for chemical etching of layered bulk g-C3N4 to get 60% 

nanosheets with large surface area (>200 m2 g-1).49 Zhang et al. employed another greener 

approach to yield g-C3N4 nanosheets at large scale by sonicating aqueous dispersion of bulk g-

C3N4 for 16h.50 

 

But those approaches mentioned above are multistep processes involving using long time 

and energy-consumption. Therefore, there is a high demand for a single-step synthesis procedure 

for making high surface-area g-C3N4 nanosheets. A solution can potentially be achieved by finding 

out such a single-step synthetic method where after synthesis of g-C3N4 layers, they don’t get 

stacked too much so that nanosheets can be generated when dispersing the as-synthesized material 

in solvent/water without further processing. Vu et al. showed that under Ar atmosphere heat 

treatment leads to self-exfoliation of the layered structure into nanosheets after the 

polycondensation of precursors of g-C3N4 (e,g- melamine, urea, thiourea etc.) to yield the thin 

carbon nitride structure.51 Despite this work shows a single step synthetic strategy to get 

nanosheets but its low yield and low absorption in the visible still limit its application in visible 

light photocatalysis.Herein, we report a facile one-step synthesis of red-shifted g-C3N4 nanosheets 

by a simple calcination of melamine and diethyleneglycol mixture under Ar-atmosphere. 

 

4.4.3 Methods 

4.4.3.1 Synthesis of bulk g-C3N4 

The synthesis of bulk g-C3N4 has been done using melamine as precursor materials. Typically, 3 

g of melamine was taken in an alumina boat. The boat was placed in a tube furnace at 520 °C for 

4 h under Ar atmosphere. Yellow coloured powder sample of bulk g-C3N4 was obtained. The solid 

sample was then ground using a mortar and pestle and washed with water and ethanol. The sample 
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synthesized under Ar atmosphere is termed as g-C3N4-A and bulk sample synthesized without 

purging any inert gas is termed as g-C3N4-B. 

4.4.3.2 One step synthesis of nanosheets of g-C3N4 

The nanosheets of g-C3N4were synthesized by a one-step calcinations route using a mixture of 

melamine and diethyleneglycolas starting materials. Typically, 3 g of melamine was mixed with 

1ml of diethyleneglycol by using a mortar and pestle. Next, the mixture was transferred in an 

alumina boat and placed in a tube furnace at 520 °C for 4 h under Ar atmosphere. Brown coloured 

powder sample was obtained. The solid brown sample was then ground using a mortar and pestle 

to get fine powder and washed with water and ethanol. 

4.4.3.3 Photocatalytic H2-evolution reaction 

Reactions were carried out in a glass top-irradiation reaction vessel. Photo-reduction of water to 

H2 was performed in an aqueous dispersion of catalyst containing 10 volume% of triethanolamine 

(TEOA) as a sacrificial reagent. A typical photocatalytic hydrogen evolution reaction was 

performed by dispersing 10 mg of g-C3N4 catalyst powder in a 30 ml aqueous solution containing 

TEOA. In the case of deposition of Pt, an appropriate amount of H2PtCl6 was dissolved in the 

reactant solution. The reactant solution was purged with N2 gas for 1 h to remove air completely 

prior to irradiation under a 400 W Xe-lamp. The wavelength of the incident light was controlled 

by using an appropriate cut-off filter attached with a water circulation to remove heat. The evolved 

gases were analyzed by gas chromatography. The experimental error in the rate of H2 evolution 

was within 15 %. To study the stability of the material, after 1st cycle, the same solution was 

degassed and then performed the 2nd cycle of the reaction. 

4.4.3.3 Characterization 

All other characterization techniques except the ones noted aboveare discussed in chapter 2. 

4.4.4 Results and discussion 

The photographs of as-synthesized samples CN-B, CN-A and CN-R is displayed in Figure 4.4.1a, 

showing that CN-B, CN-Aare light yellow, dark yellow coloured respectively whereas CN-R is 

brown coloured indicating absorption of a larger fraction of solar radiation.Figure 4.4.1b shows 
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X-ray diffraction (XRD) patterns of CN-B, CN-A and CN-R samples. CN-B and CN-AXRD 

pattern has two peaks at 13.1⁰and 27.6⁰, which are assigned to in-plane repeating units (100) of 

the tri-s-triazine matrix and the interlayer distances of parallel conjugated aromatics (002), 

respectively. The characteristic diffraction peaks of CN-R are located at 13.1⁰ and 27.6⁰, indicating 

that CN-R has the same structure as CN-B and CN-A. The most intense peak of CN-Rat 27.6 

degrees becomes less pronounced, indicating that the number of layers in the structure is reduced 

to form a thinner structure, which agrees with surface-area studies and TEM studies.Both the 

reduction in thickness and the nanosheet morphology are beneficial for facial mass transfer during 

photocatalysis to enhancing the activity.  

Figure 4.4.1 (a) Photographic images of the samples after the synthesis showing the changes in 

colour in the three samples CN-B (a1), CN-A (a2) and CN-R (a3) respectively. (b) PXRD pattern 

of the as-synthesized samples CN-B, CN-A and CN-R.  

 

The structure, morphology and texture of the synthesized materials were investigated by 

transmission electron microscopy (TEM). The TEM images of CN-B, CN-A, CN-Rare displayed 

in Figure 4.4.2. CN-R shows translucent thin sheet like morphology with a foldededges surface, 

whereas CN-B and CN-A has thick sheet structure.The specific surface area of allsynthesized 

samples was analyzed through BET measurements (Figure 4.4.3).CN-R has a BET specific 

surface area of 27.0 m2g−1, which is nearly 4 and 3 times higher than that  of CN-B (7.1 m2g−1) 

and CN-A (10.1 m2g−1) respectively, suggesting that most CN-R samples should contain thin 

nanosheet morphology, thereby can provide more number of active sites for the photocatalytic 

reactions. 
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Figure 4.4.2 (a,b,c) TEM images of bulk g-C3N4 (CN-B). (d,e,f) TEM images of g-C3N4 synthesized 

in Ar-purging (CN-A). (g,h,i) TEM images of red shifted g-C3N4 synthesized by treating DEG with 

melamine precursor (CN-R). 

 

  The as-synthesized samples were characterized by FTIRspectroscopy. The FTIR 

spectra of CN-A and CN-R (Figure 4.4.4) revealed broad peaks between 3000 and 3450 cm-1, 

corresponding to the N-H bond of free amino groups, whereas the peaks in the range of 1200-1700 

 

 

Figure 4.4.3 N2 gas adsorption-desorption plots for CN-B (a), CN-A (b) and CN-R (c) samples 

respectively. 
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cm-1 can be attributed to the vibration of the heptazine-derived repeating units, In addition, the 

peak at 805 cm-1 arises from the s-triazine-ring vibration. There are no significant differences inthe 

FTIR spectra of CN-A and CN-R samples as well as that of CN-B, indicating the presence of 

similar bands in all the samples. 

Figure 4.4.4 Fourier-transform infrared (FT-IR) spectra of the CN-B, CN-A and CN-R samples. 

 

The optical properties of the synthesized materials were investigated by UV-visible 

absorption and photoluminescence spectroscopy. Figure 4.4.5a is the UV-Visible DRS spectra of 

CN-A and CN-R. From the spectra it can be seen that onset of the absorbance for the CN-R is 

nearly 760 nm while CN-A has the onset ~500 nm suggesting that the CN-R is highly red-shifted. 

The PL emission spectra of CN-A and CN-R are displayed in Figure 4.4.5b. The PL spectrum of 

CN-R showed an emission band centred at 465 nm, which is red-shifted in comparison to the CN-

A (λem is 450 nm).The average life time of the excited electrons was analyzed by using time-

correlated single photon count (TCSPC) measurements. 

The sample was excited at 375 nm and emission decay kinetics was analyzed at 450 nm 

emission wavelength. Typical PL decay profiles of the CN-A and CN-R samples are shown in 

Figure 4.4.5c. The data were fittedto a triple-exponential function (fitting parameters are given in 

the Table 4.4.1) and the average lifetime (τ), was calculated using the formula:  

𝐴𝑣𝑒𝑟𝑎𝑔𝑒 𝑙𝑖𝑓𝑒𝑡𝑖𝑚𝑒 (τ) =  (τ1𝐴1 +  τ2𝐴2 + τ3𝐴3)/(𝐴1 + 𝐴2 + 𝐴3) 
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where, τ1, τ2, and τ3 represent emission lifetimes in three different time stages and A1, A2, and A3 

represent the amplitude of different emission lifetimes. The average emission lifetime of the CN-

A (2.68 ns) is longer than the CN-R (1.90 ns). The decrease of average life time value in case of 

CN-R might be due to the presence of defect states within the system. 

Figure 4.4.5 (a) UV-visible diffuse reflectance spectra of CN-A and CN-R. (b)PL emission spectra 

of CN-A and CN-R samples showing the intensity quenching in the case of CN-R. (c) The PL decay 

plots for CN-A and CN-R at 425 nm emission (λex= 375 nm). 

 

Table 4.4.1: PL decay lifetime analysis of CN-R and CN-Asamples.  

 

The separation of photogenerated exciton of the as-prepared CN-A and CN-R samples 

were checked by performing transientphotocurrent measurements. As displayed in Figure 4.4.6, 

the photocurrent of CN-R is the highest during six light on-off cycles under irradiation of a 400 W 
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Xe-lamp attached with 400 nm cut off filter, suggesting that the photogenerated electron-hole 

separation of CN-R is more efficient as compare to the CN-A sample.  

 

 

 

 

 

Figure 4.4.6 Transient photocurrent recorded for CN-A and CN-R samples using 400-W Xe lamp 

(attached with a 400 nm cut-off filter). 

 

4.4.5 Application  

4.4.5.1 Photocatalytic performance for H2-evolution 

The hydrogen evolution experiments were performed under irradiation of a 400 W Xe lamp to 

evaluate the photocatalytic performance of the CN-B, CN-A and CN-R samples as mentioned 

above. We have first checked the HER performance by loading different amounts (wt%) of Pt on 

the g-C3N4 sample as shown in Figure 4.4.7a. From the experiment, the best activity was achieved 

when the Pt loading is 3 wt% and upon further increase with the loading amount the activity also 

decreases. Therefore, 3 wt% loading was taken for all the HER experiments. It was observed that 

both CN-A and CN-R show better photocatalytic H2 evolution performance compared to the CN-

B under the identical experimental conditions. Figure 4.4.7b indicates the hydrogen evolution 

rates of bulk (CN-B), bare g-C3N4 nanosheets (CN-A) and red shifted g-C3N4 nanosheets (CN-R). 

CN-R produces 530 µmol h-1 g-1 hydrogen gas under 400 W Xenon light using a 400 nm cut off 

filter. It was calculated that CN-R and CN-A exhibits 6 times & 4 times higher photocatalytic H2 

production activity as compared to the bulk g-C3N4 (CN-B). This suggests that CN-R structure 

features increased active sites, higher surface area, and low charge recombination, which 

responsible for enhanced photocatalytic performance. 
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Figure 4.4.7 (a) Photocatalytic H2 production rate exhibited by with different co-catalyst 

loading.(b)Photocatalytic HER of CN-B, CN-A and CN-R samples under 400 W Xe-lamp attached 

with 400 nm cut off filter. (c) Recyclability test for H2 production experiments using CN-R. 

 

In addition, the CN-R also shows a relatively higher light absorbance in the visible light 

region as shown in DRS spectra, a lower exciton recombination rate as indicated with PL spectra 

and higher photocurrent in transient photocurrent measurement. All of these characterization data 

are consistent and supporting the improved HER performance of the CN-R sample. To investigate 

the stability of CN-R sample, cycling tests were performed under the identical reaction conditions. 

Figure 4.4.7c is the stability of the CN-R sample for three consecutive cycles and show slight 

decline after each cycle. Also, it was observed that the material shows a linear relationship between 

the H2 production rate and time. 

4.4.5.2 Comparison of HER activity with state-of-art catalysts. 

Under 400 W-Xe lampirradiations (using 400 nm cut-off filter), our synthesized CN-R produces 

H2 from water at a steady rate of 530 µmol h-1 g-1 whereas bare g-C3N4 (CN-A) shows HER rate 

as 340.08 µmol h-1 g-1 which is 4 times higher than HER activity shown by bulk g-C3N4 (86 µmol 

h-1 g-1).  

0 2 4 6 8 10 12 14 16
0

2100

4200

6300

8400

H
E

R
 r

a
te

 (
m

m
o

l 
h

-1
g

-1
)

Time (h)

Under UV-Vis illumination

0 2 4 6 8 10
0

500

1000

1500

2000

2500

H
E

R
 r

a
te

 (

m

o
l 
h

-1
g

-1
)

Co-catalyst loading (Pt wt%)

 Under UV-Vis illumination

(a) (b)

(c)

0

100

200

300

400

500

CN-BCN-A

H
E

R
 r

a
te

 (

m

o
l 
h

-1
g

-1
)

CN-R

Under Visible light irradiation 

(using 400 nm cut-off filter)



217 
 

Although other exfoliated bare g-C3N4 nanosheets show higher activity they limit their 

industrial utilization because of several reasons. For example, under 300 W Xenon Light using 

400 nm cut-off filter Niu et al. could achieve a significantly higher (800 µmol h-1 g-1) HER rate 

with 6wt % Pt loaded exfoliated g-C3N4 nanosheets synthesized by thermal oxidation etching 

method with very low yield (6%).47 Yang et al. observed a great enhancement in HER activity 

(1860 µmol h-1 g-1 under 300 W Xe lamp (420 nm cut-off filter) using g-C3N4 nanosheets obtained 

in a liquid exfoliation process. Any liquid exfoliation strategy takes 10-16 h of additional time for 

sonication (energy consuming) and also involves a large volume of solvents 

(IPA/Acetone/NMP/H2O).48 In case of sonication of an aqueous dispersion of bulk g-C3N4, it can 

exfoliate only 0.15 mg/ml in H2O.50 Because of this high solvent volume requirement, this 

exfoliation process has not been realized beyond the 100 mg scale. Although the chemical 

exfoliation pathway can yield 60% nanosheets from bulk g-C3N4, it shows only 230 µmol h-1 g-1 

HER rate (300 W Xe lamp, 420 nm cut-off filter).49 Chemical exfoliation also limits its industrial 

application because it involves exothermic steps, the use of hazardous chemicals like H2SO4, 

HNO3 and an additional cooling set-up to maintain 600 ᴼC during the exfoliation. From the above 

discussion, it can be concluded that this work shows an optimum improvement in order to find a 

large scale facile synthetic strategy to get g-C3N4 nanosheets as 4 times improvement in HER 

activity is observed by using bare g-C3N4 nanosheets obtained in a single process with about 50% 

yield. 

4.4.6 Conclusions and further studies 

In this preliminary study we have we designed a strategy for one-step synthesis of highly red-

shifted visible light active, high surface-area g-C3N4 NSs. The synthesized NSshave nearly 3 times 

higher specific surface area as compared to the bulk g-C3N4, thereby offering more number of 

active sites for the catalytic reactions. Along with high surface area, the prepared g-C3N4 absorbs 

a higher fraction of the visible light. It was also observed that CN-R sample has high photocurrent 

response as compared to the bulk sample (CN-A) and showed an enhanced H2 evolution rate under 

visible light irradiation compare to the conventional g-C3N4. 

Even though the single-step synthesis of high surface area g-C3N4 holds great promise for 

HER, further studies are needed for a complete understanding. I would like to propose that the 

origin of red-shift optical absorption spectrum of the as-synthesized sample (CN-R) is needed to 
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be examined thoroughly. XPS and CHN analysis of the CN-R sample need to be performed to find 

the composition and identify crystal-defects in the sample. Besides, the role of DEG in the 

synthesis process needs to be investigated. I believe that using other similar reagents and by 

changing the synthesis conditions, it will be possible to make further improvements in optical 

properties, surface area, synthesis yield and HER efficiency. The recyclability of CN-R for HER 

activity is needed to be checked. 
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CHAPTER 4.5 

Conclusions of part 2 & future directions 

 

Conclusions 

Recently, g-C3N4 has been realized as a desirable and efficient photocatalyst to drive diverse 

chemical reactions due to their non-toxicity, earth-abundant nature, excellent chemical and thermal 

stability, relative ease of synthesis, visible-light absorption, high surface area, high charge 

mobility, improvable exciton separation, appropriate band structure and electronic properties. g-

C3N4 based materials have been widely used in solar energy conversion (H2-production and 

reduction of CO2) and environmental remediation (degradation of organic pollutants). Conversion 

of nanosheets from bulk g-C3N4 is highly required to get better activity. Chapter 4.2 describes a 

greener synthesis route for the quantum confined g-C3N4 nanosheets and their enhanced 

photocatalytic oxidation performance upon coupling with plasmonic Au NPs. Chapter 4.3 is 

focused on the enhanced catalytic activity of Pd NPs by the photo-sensitization of g-C3N4 

nanosheets. A strategy to one-step synthesis of high surface area g-C3N4 nanosheets for enhanced 

photocatalytic H2-evolution has been discussed in Chapter 4.4. The key findings discussed in 

chapter 3 of the thesis are summarized below: 

Chapter 4.2 describes the development of novel g-C3N4 nanosheets exhibiting highly blue-

shifted, excitation-energy independent photoluminescence (PL) centered at ~425 nm. When the g-

C3N4 nanosheets are loaded with Au nanoparticles (NPs), the composite retains the PL 

characteristics but results in alteration of its exciton decay kinetics due to transfer of the long-lived 

photoexcited electrons in g-C3N4 to the adjacent the Au NPs. The Au/g-C3N4 nanosheets exhibited 

excellent light-harvesting in the extended solar spectrum and photocatalytic efficiency for 

benzylamine oxidation, emanating not only from a typical Surface Plasmon induced ‘hot-electron 

injection’ mechanism but also from a less-cared-for, pronounced co-catalytic effect by the Au NPs. 

The surface plasmon resonance of the Au NPs are responsible for the high visible-light response 

and assisting the reaction by the ‘hot-electron injection’ mechanism, while an uncharacteristic, 

pronounced co-catalytic effect by them further improves the efficiency.  
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Chapter 4.3 demonstrates the engineering of an effective strategy to improve the efficiency 

of traditional Pd catalysts for the Suzuki-Miyaura cross-coupling reactions by visible light 

irradiation using g-C3N4 nanosheets as a sensitizer. Pd NPs loaded onto g-C3N4 NSs become 

electron-rich under visible light irradiation due to the generation of excited electrons which get 

transferred to the Pd NPs and thereby accelerates the rate-determining step by facilitating the 

oxidative addition of aryl halides. The Suzuki-Miyaura cross-coupling reaction was carried out in 

environmentally friendly aqueous media at room temperature and exhibited a very high turnover 

frequency of 1700 h−1 for photocatalytic cross-coupling reactions as compared to the previously 

reported photocatalysts. The catalyst also demonstrated high recyclability for Suzuki cross-

coupling reactions. 

Chapter 4.4 describes a simple strategy for one-step synthesis of high yield, high surface-

area, red-shifted visible-light active, high surface-area g-C3N4 NSs, unlike the multistep literature 

methods to get them in low yields. The NSs were synthesized by simple calcination of melamine 

and diethylene glycol mixture at 520 ⁰C for 4 h under Ar atmosphere. The specific surface area of 

the synthesized sample was found to be ~3 times higher than the bulk g-C3N4, thereby offering 

more active sites for the catalytic reactions and eliminating the need for an extra, low-yield 

preparation step involving the high temperature or chemical exfoliation. The synthesized g-C3N4 

NSs showed a significantly enhanced H2 evolution rate (530 µmol h-1 g-1) under visible light 

irradiation compare to the as-synthesized conventional g-C3N4 (87 µmol h-1 g-1), which is 

comparable to those observed using low-yield synthesis processes in the literature. 

 

Future directions 

The new findings on the semiconductor exciton dynamics in the vicinity of plasmonic NPs and the 

dual role offered by the NPs towards realizing high photocatalytic activity are expected to inspire 

the design of many other superior photocatalyst systems for a wide range of solar-driven organic 

transformation reactions.1 The strategy to make high-yield g-C3N4 nanosheets through the single-

step route using alcohol with a high specific surface-area provides a green synthesis methodology. 

A lot is yet to be understood in this process such as (i) the role of alcohol in inducing high surface 

area,  (ii) scope for using other similar reagents, (iii) the origin of redshift in the light absorption 
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spectrum, (iv) the changes in the PL spectra, (v) chagre-separation dynamics, (vi) carrier-diffusion 

characteristics, etc. to fully exploit the new findings.  

The same single-step method should also be useful for the synthesis of other 2D 

semiconductor materials such as boron nitride. Besides, the doping of P, B by using suitable 

precursor during the single-step synthesis of g-C3N4 may be implemented.2-5 The synthesized 

novel g-C3N4 based heterostructures in conjugation with other semiconductor nanostructures or 

even molecular catalysts can  be envisioned to improve their photocatalytic performance 

significantly for several organic transformation and energy conversion reactions.6,7 
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