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Abstract of Dissertation 

 

 

From Engineering Application to Environmental Implication: Reactive Species-

Induced Transformation of Graphitic Carbon Nitride  

 

Graphitic carbon nitride (g-C3N4) has emerged as a promising photoreactive engineered 

nanomaterial for broad chemical, mechanical, environmental, biomedical, and energy 

applications in the recent decade. Its mass production and extensive use are expected in the 

foreseeable future. The stability of a nanomaterial is of great importance for practical 

applications. In addition, incidental release or inappropriate disposal of engineered 

nanomaterials could pose adverse environmental and health impacts. Aiming to promote 

nanomaterial robustness, safety regulations, and commercial acceptance, a thorough 

understanding of g-C3N4 stability in engineering systems and transformation in 

environments is urgently needed. This dissertation focuses on understanding the stability 

and persistence of g-C3N4 nanosheets under the attack of hydroxyl radicals (ÅOH) and 

reactive chlorine species (RCS). Furthermore, this dissertation will not only deepen 

understanding of the possible impacts of g-C3N4 on humans and ecosystems but also 

provide guidelines for rational design and optimization of robust and efficient 

nanomaterials for sustainable applications.  

The first part of this dissertation aims to understand the ÅOH-driven decomposition of 

g-C3N4 nanosheet. Two g-C3N4 nanosheet samples D and M2 were synthesized, among 

which M2 has more pores, defects, and edges, thus more vulnerable to oxidative attacks. 

Under the attack of hydroxyl radicals, both D and M2 were oxidized and decomposed to 

release nitrate and soluble fragments. Particularly, photoinduced holes (h+) increased the 

nitrate release rate by 3.37-6.33 times even though the steady-state concentration of ÅOH 
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was similar. Molecular simulations highlighted that ÅOH only attacked a limited number 

of edge-site heptazines on g-C3N4 nanosheets and resulted in peripheral etching and slow 

degradation, whereas h+ decreased the activation energy barrier of C-N bond breaking 

between heptazines, shifted the degradation pathway to bulk fragmentation, and thus led 

to much faster degradation.  

The second part of this dissertation aims to explore the stability, aging, and 

environmental impact of g-C3N4 nanosheets under the attack of free chlorine and reactive 

chlorine species, a widely used oxidant/disinfectant and a class of ubiquitous radical 

species, respectively. g-C3N4 nanosheets were slowly oxidized by free chlorine even at a 

high concentration of 200-1200 mg L-1, but they decomposed rapidly when ClOÅ and/or 

Cl2
Å- were the key oxidants. Though Cl2

Å- and ClOÅ are considered weaker oxidants in 

previous studies due to their lower reduction potentials and slower reaction kinetics than 

ÅOH and ClÅ, this dissertation highlighted their electrophilic attack efficacy on g-C3N4 

nanosheets was on par with ÅOH and much higher than ClÅ. A trace level of covalently 

bonded Cl (0.17-0.56 at%) was introduced to g-C3N4 nanosheets after free chlorine and 

RCS oxidation. 

The third part of this dissertation aims to elucidate the impacts of environmental 

transformations on the toxicity of g-C3N4 to bacterial cells and human cells. Our study 

indicated that g-C3N4 nanosheets did have high biocompatibility and low toxicity, but the 

toxicity was highly influenced by the transformation processes. After ÅOH-induced 

oxidation and decomposition, oxygen-containing groups were introduced to the surface of 

g-C3N4 nanosheets, and the ÅOH-aged g-C3N4 nanosheets became more benign to bacterial 

and human cells. By contrast, RCS-induced transformation not only increased the surface 
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oxygen content but also led to the formation of C-Cl bonds. The trace level of covalently 

bonded Cl atoms significantly increased the toxicity of g-C3N4 nanosheets to bacterial cells, 

impairing cell membrane integrity and inhibiting the formation of biofilms, while the 

alteration of the toxicity to human cells was not statistically significant. 

In the last part of the dissertation, a chlorine-doped g-C3N4 was synthesized through a 

solvothermal method to effectively produce H2O2 with a rate of 1.19 ± 0.06 µM min-1 under 

visible light irradiation, which was improved by 104 times compared to pristine g-C3N4. 

Continuous net production of H2O2 was realized at a rate of 2.78 ± 0.10 µM min-1 up to 54 

h with isopropanol as the hole scavenger, whereas H2O2 was only sustained for ~ 6 h 

without scavengers. Both molecular simulations and advanced spectroscopic 

characterizations elucidated that the Cl dopant increased the charge transfer rate, decreased 

the bandgap, and reduced the activation energy of the rate-limiting step of O2 reduction, all 

of which favored H2O2 production.   

This dissertation, for the first time, reveals the synergistic effect of photoinduced holes 

and hydroxyl radicals for the aging and transformation of g-C3N4 nanosheets. This 

dissertation also serves as the first to elucidate the essential role of reactive chlorine species 

in degrading and transforming g-C3N4 nanosheets. On one hand, this dissertation 

underlines the relationship between structural integrity and the photocatalytic performance 

of nanomaterials. It also underscores the urgent need for optimizing both the reactivity and 

robustness of photoreactive nanomaterials for engineering applications. On the other hand, 

this dissertation sheds light on understanding the stability and environmental 

transformation of other emerging photoreactive nanomaterials beyond g-C3N4 nanosheets. 

Moreover, it highlights the environmental implication of photoreactive nanomaterials in 
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natural aquatic environments, particularly in saline water. Finally, this dissertation 

implements a novel metal-free photocatalyst for sustainable H2O2 production and 

elucidates the mechanism for promoting H2O2 production that can guide further 

optimization of photoreactive nanomaterials.  
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Chapter 1: Introduction  

 

 

The increasing consumption of fossil fuels and the worsening environmental 

degradation have become global crises in the past decades. For the sustainable development 

of human society, there is an urgent need to develop green technologies for cleaner energy 

supplies and environmental remediation. Semiconductor-based photocatalysis can utilize 

inexhaustible solar energy for energy conversion and environmental applications, thus 

providing a possible solution. Ever since Fujishima and Honda realized photocatalytic 

water splitting on the surface of TiO2 in 1972, tremendous efforts have been devoted to 

designing and synthesizing active photocatalysts. Various photocatalysts have been 

developed, including TiO2, ZnO, CdS, BiVO4, Ta3N5, black phosphorus, TaON, metal-

organic metals, and so on. The global market of photocatalysts reached $3.1 billion in 2021 

and is expected to grow to $5.1 billion in 2026 at an annual growth rate of 10.5%.1 In the 

search for promising photocatalysts, graphitic carbon nitride has triggered waves of interest 

in the academic communities due to its earth-abundant compositions, controllable 

morphologies, tunable band structures, facile synthesis methods, low costs, and visible 

light responsiveness.2,3                                           

Graphitic carbon nitride (g-C3N4) is a polymeric semiconductor composed of carbon 

and nitrogen atoms with a theoretical atomic ratio of 0.75. It can be facilely synthesized 

through thermal polycondensation of cheap nitrogen-rich precursors such as melamine, 

urea, and dicyandiamide. Due to the incomplete condensation, real g-C3N4 materials bear 

structural defects and H and usually O impurities. Being analogous to graphite, g-C3N4 
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consists of strong C-N bonds constructed frameworks in each layer and van der Waals 

force-connected layers. The layer structure of g-C3N4 can be facilely transformed into 

various morphologies with different dimensionalities, including quantum dots, nanotubes, 

nanosheets, spheres, etc. Among all allotropes,  tri-s-triazine (or heptazine) units-based g-

C3N4 has the highest stability and the heptazine rings are thus commonly recognized as  the 

building blocks of g-C3N4 (Figure 1.1).4,5 In g-C3N4, both C and N atoms are sp2 

hybridized, capable of forming conjugated ˊ bonds on pz orbitals and eventually 

constructing a highly delocalized conjugated system.4 The delocalized electrons and the 

lone electron pairs of nitrogen endow g-C3N4 with a unique electronic structure and a 

tunable band gap.2,6 According to the density functional theory (DFT) based simulations, 

the conduction band of g-C3N4 constitutes carbon pz orbitals while the valence band 

constitutes nitrogen pz orbitals.7 The band gap of pristine  g-C3N4 is around 2.7 eV, which 

enables it to absorb visible light. The aforementioned unique advantageous features of g-

C3N4 make it a fascinating photocatalyst and g-C3N4 has thus far found a broad range of 

applications in water splitting, CO2 reduction, production of value-added chemicals, 

membrane separation, environmental remediation, and so on.4,8ï12 Researchers have 

published more than 12,600 publications about g-C3N4 to date (based on Web of Science, 

September 2022), and the global market for carbon nitride is expected to steadily grow in 

the next 5 years.13  

In addition to the activity, long-term stability is another critical issue and a prerequisite 

for realizing the large-scale application of photocatalysts. The degradation and 

decomposition of photocatalysts could impair the structural integrity, induce deterioration 

in the photocatalytic efficiency, and increase operational costs. In contrast to some well-
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known unstable photocatalytic materials like black phosphorus and transition metal 

chalcogenides,14ï17 g-C3N4 is generally considered to be very stable. However, rapid 

decomposition of g-C3N4 was observed in both gaseous systems and aqueous systems very 

recently.10,18ï20 In addition, with global production and usage, incidental release and 

inappropriate disposal of g-C3N4 are inevitable, which may raise growing concerns in 

scientific communities and policy makers, considering the potential adverse environmental 

and health impacts of this material.21,22 Therefore, it is imperative to evaluate and 

understand the environmental transformation, fate, and toxicity of g-C3N4 to advance 

regulations and commercial acceptance.22ï24  

 

Figure 1.1 A g-C3N4 nanosheet consisting of 6×6 representative heptazine units. 

 

Reactive species are essential for both engineering and natural systems. As the most 

powerful oxidant in water (0 = 2.8 eV), hydroxyl radicals (ÅOH) are commonly generated 

in advanced oxidation processes (AOPs), such as photocatalytic ozonation, photo-Fenton 

processes, heterogeneous photocatalysis, etc., and then react with most organic compounds 

at a near diffusion-controlled rate.25 In addition, ÅOH are ubiquitous in natural aquatic 

environments, produced via the photolysis of nitrite, nitrate, and dissolved organic matter 

(DOM), microbial activities, and overturn-induced aeration of anoxic bottom water.26ï29 
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As a result, the coexistence of nanomaterials and ÅOH could be commonly observed either 

in engineering settings or natural aquatic environments.30,30ï34 Previous studies have 

elaborated the significant role of ÅOH in inducing operational aging and environmental 

transformation of numerous nanomaterials, including but not limited to silver 

nanoparticles, carbon dots, carbon nanotubes, graphene, and graphene-like 

nanomaterials.7,17,30,31,35ï38 A pioneering study also found that ÅOH could decompose g-

C3N4 and lead to the release of nitrate ions and organic compounds, but the detailed 

information about the decomposition pathways remained unknown.30 Moreover, g-C3N4 is 

responsive to visible light and could produce reactive oxygen species (ROS, i.e., ÅOH, O2
Å-

, 1O2),
39ï44 making the interaction between ÅOH and g-C3N4 more complex. Therefore, 

further research into the persistence and transformation of g-C3N4 under the attack of ÅOH 

is necessary.  

 

Figure 1.2 Radical chemistry in a UV/Chlorine system. 

 

In some advanced oxidation processes, such as UV/chlorine, UV/chloramine, and 

electrochemical AOPs, the concentration of reactive chlorine species (RCS, i.e., ClÅ, ClOÅ, 

and Cl2
Å-) is comparable to or even higher than that of ROS.45 For example, in a 
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UV/chlorine system (Figure 1.2), ÅOH and ClÅ are produced as primary radicals and then 

transform into secondary radicals (Cl2
Å- and ClOÅ), forming an RCS-dominated system to 

degrade persistent organic contaminants.45ï47 Similar to ÅOH, RCS are also ubiquitous in 

natural aquatic systems, especially in brines, estuaries, and seawater, and they are 

generated through the oxidation of chloride by ÅOH, 1O2, and photoexcited DOM.29ï32 The 

substrate transformation rates in RCS-dominated systems may be very different from those 

systems dominated by ÅOH. First of all, RCS oxidation could be less thermodynamically 

favorable than ÅOH due to their lower reduction potentials (the reduction potential of ClÅ, 

Cl2
Å-, and ClOÅ is 2.5, 2.2, and 1.5-1.8 eV, respectively).53,49,54 In addition, RCS are more 

selective than ÅOH: ClÅ launches the electrophilic attack on aromatic rings, whereas Cl2
Å- 

and ClOÅ prefer to react with aromatics with electron-donating groups through electron 

transfer.27-30 Moreover, RCS-induced oxidation is likely to form halogenated byproducts, 

which may raise concerns for human health and ecosystems.49,56ï59 Both ÅOH and RCS, in 

this regard, could play an essential role in degrading and transforming g-C3N4, further 

influencing its chemo-physical properties and toxic effects. However, the stability and 

persistence of nanomaterials under the attack of RCS is largely unknown to date. A 

substantial knowledge gap remains in understanding the molecular mechanism of RCS 

induced transformations and assessing the alteration of toxicities after transformations.  

This dissertation aims to fully evaluate the structural stability and performance 

durability of g-C3N4 nanosheets in engineering settings, understand the ÅOH and RCS-

induced transformation mechanisms, study the impact of the transformation processes on 

the toxicity of g-C3N4 nanosheets, and provide instructions in the rational design and wise 

application of g-C3N4 and other photoreactive nanomaterials. Systematic mechanistic and 



6 

 

kinetic evaluations, advanced material characterizations, and sophisticated molecular 

simulations will be integrated to achieve four specific objectives as following:  

1. Understand the hydroxyl radical-driven decomposition of g-C3N4 nanosheets. 

Various advanced oxidation processes were utilized to create highly oxidative aqueous 

engineering systems with different orders of hydroxyl radical concentrations. The 

degradation and decomposition of g-C3N4 nanosheets in these oxidative systems were 

evaluated, the transformation mechanism at a molecular level was understood, and the role 

of photoreactivity or photoinduced holes in degrading g-C3N4 nanosheets was fully studied. 

2. Explore the transformation of g-C3M4 nanosheets induced by reactive chlorine 

species. Complex water matrix with the abundance of ClOÅ and/or Cl2
Å- was developed to 

understand the interaction between g-C3N4 nanosheets and reactive chlorine species. The 

relationship between structural integrity and photocatalytic reactivity was investigated. The 

electrophilic attack efficacy of ÅOH, ClÅ, ClOÅ, and Cl2
Å- was compared to understand to 

pathways of RCS-induced g-C3N4 transformation. 

3. Evaluate the toxicity of fresh and aged g-C3N4 nanosheets. The environmental fate 

and potential risks of g-C3N4 nanosheets were evaluated by assessing the toxicity of fresh 

and reactive species-aged g-C3N4 nanosheets to planktonic bacteria, bacterial biofilm, and 

human cells. Insight into the relationship between structural changes and acute cytotoxicity 

alterations was provided. 

4. Realize the rational design of g-C3N4 based photocatalytic nanomaterials. Cl dopants 

were introduced to the framework to improve the photocatalytic performance of g-C3N4 in 

producing H2O2. The critical role of Cl dopant was explored via an integration of advanced 
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characterizations with density functional theory simulations. A green and practical protocol 

for on-site H2O2 generation was developed.  
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Chapter 2: Radical-Driven Decomposition of Graphitic Carbon Nitride Nanosheets: 

Light Exposure Matters 1 

 

 

2.1 Introduction  

In the past decade, nanosized g-C3N4 has emerged as a promising photoreactive 

nanomaterial for broad chemical, mechanical, environmental, biomedical, and energy 

applications.10ï12 The mass production and extensive use of g-C3N4 are expected in the 

foreseeable future.  Aiming to promote nanomaterial robustness, safety regulations, and 

commercial acceptance, a thorough understanding of g-C3N4 stability in engineering 

systems and transformation in natural environments is urgently needed.22ï24 However, the 

knowledge about how nano-sized g-C3N4 persists and ages during engineering applications 

and in natural aquatic environments is very limited,10,19,30 and its chemical transformation 

kinetics and pathway at a molecular level is unknown. In contrast to some photoreactive 

nanomaterials that are highly susceptible to photocorrosion and oxidation by weak oxidants 

like O2 and water,14,60ï62 g-C3N4 was considered to be highly stable and only ÅOH was 

responsible for its decomposition.30 Nevertheless, we found that g-C3N4 nanosheets 

suffered from apparent photocorrosion even though a trace amount of ÅOH was generated 

in photocatalysis. This intriguing discovery led us to hypothesize that photoreactivity and 

 
1 Adapted with permission from Li , M.; Liu, D.; Chen, X.; Yin, Z.; Shen, H.; Aiello, A.; 

McKenzie, K. R.; Jiang, N.; Li, X.; Wagner, M. J.; Durkin, D. P.; Chen, H.; Shuai, D. 

Radical-Driven decomposition of graphitic carbon nitride nanosheets: light exposure 

matters. Environ. Sci. Technol. 2021, 55 (18), 12414-12423. 

https://doi.org/10.1021/acs.est.1c03804. Copyright (2021) American Chemical Society. 

The computational simulation was carried out by Dr. Hanning Chen.  

https://doi.org/10.1021/acs.est.1c03804
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photoinduced holes (h+) played a critical yet underexplored role in g-C3N4 nanomaterial 

oxidation and transformation. Photoreactive nanomaterials may involve a distinct 

mechanism during nanomaterial aging and environmental transformation, in contrast to 

numerous well-known engineered nanomaterials that are not photoreactive.  

In this study, we leveraged molecular simulations, advanced microscopy and 

spectroscopy characterizations, and reaction kinetics to understand the molecular 

mechanism of ÅOH-driven decomposition of g-C3N4 nanosheets by taking nanomaterial 

photoreactivity into account. We fabricated two g-C3N4 nanosheets, one showing more 

pores, defects, and edges compared to the other, and treated them with ÅOH in the presence 

or absence of light irradiation. For the first time, the synergy of h+ and ÅOH is revealed for 

the transformation and aging of photoreactive nanomaterials. In the dark, ÅOH can only 

attack a limited number of heptazine units at the edge of g-C3N4 nanosheets, leading to 

slow peripheral etching of the nanosheets. Under light irradiation, the presence of h+ 

decreases the activation energy (æGa) of C-N bond breaking between heptazine units in the 

bulk phase and at edges simultaneously. As a result, fast fragmentation occurs across the 

whole g-C3N4 nanosheets. h+ not only promotes the degradation kinetics of g-C3N4 

nanosheets but also diverts the reaction pathway. Our work elucidates the fundamental 

chemistry of the transformation and aging of photoreactive engineered nanomaterials, 

provides first insights into their environmental fate and behavior, and inspires the rational 

design of robust nanomaterials for engineering applications. Our work also has potential 

broad impacts on understanding the environmental risks and material stability of many 

other emerging photoreactive nanomaterials, e.g., boron nitride, black phosphorus, 
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transition-metal carbides, (oxy)nitrides, phosphides, arsenides, chalcogenides, and 

oxyhalides. 

2.2 Materials and methods 

2.2.1 Synthesis of g-C3N4 nanosheets  

Synthesis of sample D. A supramolecular precursor of melamine-cyanuric acid was 

first synthesized. A mixture of 2 g of melamine, 1.68 mL of 85% H3PO4, and 160 mL of 

ultrapure water was heated at 80 °C for 1 h, and subsequently transferred to a Teflon-lined 

autoclave reactor for a hydrothermal reaction at 180 °C for 10 h. Cyanuric acid was 

generated in acid-facilitated hydrolysis of melamine and it self-assembled with melamine 

to form supramolecules. The obtained acicular powder was washed with 2.5 L of ultrapure 

water to remove residual phosphorus species and dried at 60 °C. Next, 2.4 g of the powder 

was refluxed with a mixture of 20 mL of glycerol and 60 mL of ethanol at 90 °C for 3 h to 

allow alcohol intercalation between the layers of supramolecules. The powder was then 

washed with pure ethanol for 3 times and dried at 60 °C. Finally, the powder was heated at 

500 °C for 2 h in the air with a ramp rate of 2 °C min-1 to obtain sample D, by the thermal 

polycondensation of intercalated melamine-cyanuric acid supramolecules. 

Synthesis of M2. 20 g of melamine was first heated up in a covered alumina crucible 

(not sealed) at a ramp rate of 2  min-1 to 550 °C in the air and kept for 4 h to obtain 

yellow bulk g-C3N4 powder by thermal polycondensation. After grinding into fine powder 

form, 2 g of bulk g-C3N4 was next placed in an open alumina crucible and heated at 500 °C 

for 2 h in the air with a ramp rate of 5°C min-1 to obtain light yellow powder M1. After 

cooling down to room temperature, 1 g of M1 was placed into the open crucible and heated 

at 550 °C for another 2 h in the air with a ramp rate of 2 °C min-1. Two steps of thermal 
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etching oxidized and decomposed g-C3N4 in bulk and created layer-by-layer nanosheets. 

The resulting fluffy material denoted as sample M2 showed a color close to pure white
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2.2.2 Characterization of g-C3N4 nanosheets  

The crystal structure of samples D and M2 was characterized by X-ray powder 

diffraction (XRD) on a Bruker D2-Phaser equipped with a Cu X-ray source. The 

morphology of the samples was determined by transmission electron microscopy (TEM, 

FEI TalosTM F200X), atomic force microscopy (AFM, Olympuc AC200TS R3) with the 

tapping mode, and variable temperature scanning tunneling microscopy (VT-STM, Scienta 

Omicron GmbH). To prepare the specimens for analysis, the samples (2 g L-1) were first 

dispersed in ultrapure water by ultrasonication for at least 4 h, and then diluted with 

ethanol. For TEM analysis, the diluted suspensions were dropped on a Cu grid with an 

ultrathin carbon film supported on a Lacey carbon support film (400 mesh) and dried inside 

a vacuum desiccator at room temperature. TEM and high-resolution TEM (HRTEM) 

images were collected under the 200 kV mode. For AFM analysis, the diluted suspensions 

were dropped onto a glass slide and dried inside a fume hood. For STM characterization, 

the diluted M2 suspension (~0.3 g L-1) was dropped and dried on a pre-cleaned Au (111) 

foil, and then transferred to an ultrahigh vacuum VT-STM chamber (< 1.5 × 10-10 mbar) 

for scanning.  

To make comparison of surface area between fresh samples D and M2, nitrogen gas 

isotherm adsorption/desorption data was collected for P0/P = 0.01-0.99 using a 

Micromeritics ASAP Plus 2020. The surface area was measured from the adsorption data 

using the Brunauer-Emmitt-Teller (BET) method. Samples were degassed at 120 °C for 4 

h under dynamic vacuum (10-2 Torr) prior to analysis. 

Bulk contents of carbon, hydrogen, and nitrogen were quantified with a CHN analyzer 

(Exeter Analytical CE440). Inductively coupled plasma mass spectrometry (ICP-MS, 
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PerkinElmer NexION 350 D) was used to determine the residual phosphorous species in 

fresh D after synthesis. 5 mg of D was weighed, added into a prewashed 10 mL round 

bottom flask, mixed with 4 mL of HNO3 (15 M), and heated and refluxed at 95  for 3 h 

without boiling until the sample was digested thoroughly. After the solution cooled down 

to room temperature, it was transferred to a 10 mL volumetric flask. Additional HNO3 

solution (1 M) was used to wash the round bottom flask, and it was also transferred to the 

volumetric flask until the combined solution volume reached 10 mL. Caution! HNO3 

should be trace metal grade with a phosphorous content less than 10 ppb. Highly 

concentrated HNO3 is corrosive and toxic. All the operations should be conducted inside a 

fume hood. The phosphorous concentration of the digested sample D was below the 

detection limit, and thus the approximated phosphorous content in sample D was less than 

0.06 wt %, indicating the successful removal of phosphorous species in D synthesis and no 

interference of the phosphorus species to further experiments.  

The optical absorption spectra of fresh samples D and M2 were recorded by a Thermo 

Scientific Evolution 300 UV-vis spectrophotometer with a Praying Mantis diffuse 

reflectance infrared Fourier transform spectroscopy (DRIFTS) accessory. The absorbance 

of the samples irradiated by light over a wavelength scan from 190 to 1200 nm was 

measured, with a scan rate of 300 nm min-1. The photoluminescence (PL) spectra were 

obtained from a home-made apparatus based on a Thermo Nicolet Nexus 670 rapid scan 

Fourier transform infrared spectrometer (FTIR) spectrometer. The PL spectra of the 

samples were obtained using a 354 nm diode pumped solid state laser from Teem Photonics 

as excitation source. The intensity on the samples was 30 ɛW focused to a spot of 100 ɛm 

in diameter. The emitted fluorescence was focused to a 300 mm path length 
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monochromator and collected by a thermoelectrically cooled charge-coupled device 

(CCD) camera, both from Princeton Instruments. Photoluminescence emission spectra 

were collected from 358 nm to 638 nm. Here the Kubelka-Munk equation and the Tauc 

relation were used for band gap calculation,63,64 

ὑ

Ὓ

ρ Ὑ

ςὙ
ὊὙ ςȢρ 

where ὑ refers to the absorption coefficient, Ὓ refers to the specular reflectance, R is 

the diffuse reflectance, and F(R) is the Kubelka-Munk function. Assuming the scattering 

coefficient remains constant in relation to photon wavelength, F(R) is proportional to the 

absorption coefficient and thus the Tauc relation can be written as: 

ώ ὊὙὬὺ ὃὬὺ Ὁ ςȢς 

where  is the Planck constant (6.63Ĭ10-34 J s), ɡ is the photon frequency, ὃ is the 

proportionality constant, and ὲ is taken as ½ due to an indirect band gap of g-C3N4. By 

plotting ώ versus ɡ, the band gap of samples D and M2 was determined by extrapolating 

the linear portion of ώ at ώ=0.  

The oxidation states and bonding environment of C, N, and O were characterized by 

X-ray photoelectron spectroscopy (XPS), by using a PHI 5600 system with an Mg KŬ 

source (1253.6 eV) and under ultrahigh vacuum conditions (pressure <10-8 Torr). Escaped 

photoelectrons were captured and analyzed by a hemispherical energy analyzer operating 

at a constant pass energy of 58.7 eV. Peak positions were referenced to C1s, 284.5 eV, and 

analyzed in CasaXPS.   

Ozone absorbs radiation in both the ultraviolet region (200 to 350 nm, the Hartley-

Huggins band) and the visible region (400 to 650 nm, the Chappuis band).65 The Chappuis 

absorption is much lower with a maximum quantum yield of 2, while the minimum 
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quantum yield at 254 nm is as high as 16. In addition, the ozone photodissociation product 

of Chappuis absorption cannot remain in excited states. Therefore, LED 395, 455, and 525 

nm could not induce significant ozone photolysis.  

2.2.3 Ozonation, photocatalytic ozonation, peroxonaztion, and photocatalytic 

peroxonation of g-C3N4 nanosheets 

g-C3N4 nanosheets were treated and aged by ozonation (O3 only), photocatalytic 

ozonation (O3 and light irradiation), peroxonation (H2O2 and O3), and photocatalytic 

peroxonation (H2O2, O3, and light irradiation). 180 mg of D or M2 was suspended in 180 

mL ultrapure water (18.25 MɋĀcm), then the 1 g L-1 suspension was transferred to a tall 

borosilicate glass beaker (250 mL) and continuously sparged with O3 through a gas diffusor 

in the dark or under light emitting diode (LED) irradiation (7 W) for ozonation or 

photocatalytic ozonation, respectively. The steady-state concentration of dissolved ozone 

was quantified based on its absorbance at 258 nm (Ů=3000 M-1cm-1) by a UV-vis 

spectrometer.66 Industrial oxygen gas with a flow rate of 0.4 L min-1 was used to produce 

O3 in an ozone generator (Absolute Ozone® NANO), with an O3 production rate of 4.76 g 

h-1 (99.2 mmol h-1). The steady-state O3 concentration in suspensions remained at 17 mg 

L-1 (or 0.354 mM). For the same setup, 30 wt% H2O2 solution was continuously amended 

into (5.05 mL h-1) the suspensions together with O3 in the dark or under LED irradiation (7 

W) to enable peroxonation or photocatalytic peroxonation respectively. The feeding rate 

of H2O2 was 49.5 mmol h-1 and the molar ratio of fed H2O2 and fed O3 was kept at 0.5. To 

prevent interference from other constituents in water, no buffer was used for aging g-C3N4 

nanosheets, but suspension pH was continuously monitored. An aluminum foil and a 

parafilm sheet were used to cover the beaker opening to reduce gas leaking and water 
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evaporation during a long-term aging study. Light irradiation was introduced from the side 

of the beaker, and the borosilicate glass showed negligible absorption of photons with a 

wavelength of 395, 455, and 525 nm. 

Treated g-C3N4 nanosheets were collected by ultracentrifugation at 30,000 rpm 

(108,860 g, Beckman JXN30), and supernatants were next filtered with 0.2 µm 

polyvinylidene difluoride (PVDF) syringe filters for analyzing released ions and soluble 

organics. The total organic carbon (TOC) of the filtered supernatants after g-C3N4 

nanosheets aging was analyzed by a TOC analyzer (Shimadzu TOC-VCP). Another 50 mL 

of filtered suspensions were freeze-dried to obtain powders. The powders were re-

dissolved in 4 mL of ultrapure water and ready for the high-resolution quadrupole Orbitrap 

mass spectrometer (Thermo Scientific, USA) analysis. All experiments were performed 

with at least three independent replicates.  

2.2.4 Hydroxyl radical concentration measurement 

4-chlorobenzoic acid (p-CBA) was used as the probe compound for quantifying steady-

state ÅOH concentrations ([ÅOH]ss) since the reaction between p-CBA and ÅOH is highly 

selective and fast. During ozonation, photocatalytic ozonation, peroxonation, and 

photocatalytic peroxonation, 20 µM of p-CBA was introduced into the suspensions when 

g-C3N4 nanosheets were aged for 1 h, then the suspensions (0.5 mL) were sampled at 

different time intervals after p-CBA amendment (every 5 or 10 s) and residual oxidants 

were quenched by adding Na2S2O3 (200 mM, 40 µL) immediately. p-CBA amendment, 

sample collection, and oxidant quenching were repeated when g-C3N4 nanosheets were 

aged for 3, 5, and 7 h, respectively. Centrifugation (13,000 rpm, 16,060 g) or filtration 

(PVDF syringe filters with a pore size of 0.2 µm) was used to harvest the liquid for p-CBA 
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quantification by high-performance liquid chromatography (HPLC). [ÅOH]ss was 

calculated by the following equation:67  
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where Ὧex refers to experimentally determined pseudo-first-order reaction rate constant 

of p-CBA, Ὧ Ɇϳ  is the second-order reaction rate constant between p-CBA and ÅOH 

υȢς ρπ ὓ ί , and [p-CBA]0, [p-CBA]t, and t represents initial p-CBA 

concentration, p-CBA concentration at time t, and sampling time, respectively. The average 

[ÅOH]ss was reported from the values calculated at 1, 3, 5, and 7 h of the reaction. Detailed 

parameters in HPLC analysis can be found in Table 2.1. The lifetime of ÅOH tlifetime is the 

reciprocal of ÅOH consumption rate ÅOH.
68 When Ὧ ὴ ὅὄὃḺВὯ Ὓ is 

valid, 
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Thus, in both ozonation and peroxonation systems, ὸ
Ȣ

πȢρψ ‘ί. 

Also, in photocatalytic ozonation and photocatalytic peroxonation, ὸ πȢρψ ‘ί. All 

experiments were performed with at least three independent replicates.  

Since there was no buffer in our systems, pH of reaction suspensions dropped to ~3 

during the reaction. Particularly, in photocatalytic ozonation under the irradiation of the 

395 nm LED lamp, pH of the suspensions containing D and M2 immediately dropped from 

7.8 to 4.4 and 3.9 in 10 min, respectively, and it gradually leveled off (pH of D suspension 

was 4.2 and 3.4 after 1 and 8 h treatment, respectively; and pH of M2 suspension was 3.4 



18 

 

and 2.8 after 1 and 8 h treatment, respectively). The quantification of [ÅOH]ss was not 

expected to be influenced,69ï71 because pH remained almost the same after 1 h of reaction, 

when the first measurement for [ÅOH]ss was conducted. Indeed, the difference of [ÅOH]ss 

at 1, 3, 5, and 7 h in photocatalytic ozonation, as well as ozonation, was statistically 

insignificant (Figure 2.1).  

 

Figure 2.1 The steady-state concentration of hydroxyl radical during ozonation, 

photocatalytic ozonation (a), peroxonation, and photocatalytic peroxonation (b) of D. 

 

p-CBA could adsorb on the surface of g-C3N4 nanosheets by its carboxyl group, similar 

to its adsorption to many other carbon-based materials, and thus quantifies both near-

surface and bulk-phase ÅOH.33,72,73 In addition, ozonation and photocatalytic ozonation on 

g-C3N4 mainly produces bulk-phase but not near-surface ÅOH as the dominant reactive 

species, likely due to rapid desorption and diffusion of ÅOH from the g-C3N4 surface.74 

Therefore, p-CBA can accurately quantify ÅOH production in our systems during the aging 

of g-C3N4 nanosheets.  
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2.2.5 Photocatalytic contaminant degradation tests 

To evaluate the photocatalytic performance of fresh and aged g-C3N4 nanosheets, four 

organic contaminants, namely phenol (PHE, an important industrial intermediate), 

sulfamethoxazole (SMX, an antibiotic), atrazine (ATZ, an herbicide), and carbamazepine 

(CBZ, an anticonvulsant drug), were chosen for the contaminant degradation tests in a 

jacketed beaker under the irradiation of a 1000 W xenon lamp. The xenon lamp was 

equipped with an AM 1.5 G optical filter to simulate the yearly average solar irradiation 

across 48 contiguous U.S. states and a water optical filter to remove infrared light. The 

volume of reaction suspension was 15 mL, with an initial contaminant concentration of 50 

ɛM, g-C3N4 nanosheets loading of 0.2 g L-1, and 1 mM phosphate buffer (pH 7). To 

understand the influence of contaminant adsorption on photocatalytic g-C3N4 nanosheets, 

0.4 mL of suspension was withdrawn after the contaminant was mixed with the nanosheets 

at 450 rpm in the dark for 20 min, and contaminant concentration was quantified. Next the 

xenon lamp was turned on, and suspension (0.4 mL each) was withdrawn at different time 

intervals. Suspension was centrifuged and filtrated by 0.2 µm polyvinylidene difluoride 

(PVDF) syringe filters, and the filtrate was analyzed by HPLC for contaminant 

concentrations. Details of mobile phase composition and flow rate, sample injection 

volume, and detection wavelength are listed in Table 2.1. Light spectra were recorded by 

a StarLine Versatile Fiber-optic Spectrometer (AvaSpec-ULS2048L). The spectrum of 

environmental light inside the lab was set as a reference dark control.  
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Table 2.1. Parameters used in high-performance liquid chromatography. 

Analyte Mobile phase and volume ratio 

Detection 

wavelength 

(nm) 

Flow rate of 

mobile phase 

(mL min-1) 

PHE 1 mM sodium acetate aqueous 

solution / acetonitrile=65/35 (pH 3) 

254 0.400 

ATZ Ultrapure water / acetonitrile=50/50 223 0.500 

CBZ Ultrapure water / acetonitrile=55/45 213 0.500 

SMX 5 mM KH2PO4 aqueous solution (pH 

5) / methanol=70/30 

268 0.500 

p-CBA Acetonitrile / 40 mM phosphate buffer 

(pH 7) =14/86 

230 0.500 

NB Ultrapure water / methanol=60/40 266 0.400 

BA 7.5 mM sodium acetate aqueous 

solution (pH 4.4) / methanol=82/18 

234 0.500 

DMOB Ultrapure water / methanol=55/45 227 0.400 

FFA Ultrapure water / methanol=85/15, 

acidified with 0.1% phosphoric acid 

218 0.400 
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2.2.6 Computational simulation 

In the computational study for understanding C-N bonding breaking, the bulk-phase g-

C3N4 is represented by a 6 × 6 supercell of heptazine units connected by tertiary amines 

(Figure 1.1), whereas the edge moieties of g-C3N4 are terminated by either primary or 

secondary amines. Unless otherwise specified, all of our simulations were performed using 

CP2K,75 an open-source software, with Goedecker-Teter-Hutter (GTH) pseudopotential,76 

Heyd-Scuseria-Ernzerhof hybrid (HSE06) exchange-correlation function,26 polarized-

valence-double-zeta (PVDZ) basis set,78 and wavelet-based Poisson solver.79 It has been 

found that the chemical bond formed between the tertiary nitrogen atom and the corner 

carbon atom of heptazine units has a dissociation energy of ~90 kcal mol-1, which is at least 

20 kcal mol-1 lower than any other chemical bond in g-C3N4. Therefore, our discussion on 

C-N bond breaking focuses on the bond between the tertiary nitrogen atom and the corner 

carbon atom of the heptazine units.  

 According to Kramersô transition state theory,80 the rate of a chemical reaction, Ὧ, 

is given by 

Ὧ …
ὯὝ

Ὤ
Ὡ
Ў

ςȢυ 

where ὯB is the Boltzmann constant (1.38 × 10-23 J K-1),  is the temperature, …Ὢ is the 

transmission coefficient arising from the friction against the climbing of the activation 

energy barrier, æGa. Since the breaking of the C-N bond in g-C3N4 is primarily driven by 

its own vibration, a notably large friction is expected due to the strong solvation effect of 

g-C3N4 in water as revealed by our previous studies.63,81 In the limit of strong friction,  …Ὢ 

adopts the form of  … , where is ‫b the angular frequency of the activation barrier 

top, and ‫b can be ,‫f is the angular frequency of the friction force. Numerically 
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determined by parabolic curve fitting to the activation barrier top, while ‫f can be evaluated 

by tracking the force autocorrelation function, ộὊ(t)Ὂ(0)Ớ, in a molecular dynamic 

trajectory:82                                  

‫
᷿ ἂ ἃ

ςȢφ                

where  ά  is the two-body reduced mass of carbon and nitrogen atoms if the C-

N bond length is considered as the reaction coordinate of its breaking. In the same spirit,  

ЎὋ  is defined as the gap between the maximum and the short-

range minimum of the energy profile along the C-N bond length. The calculated æGa for a 

edge-site heptazine unit with a zero net charge (i.e., in the dark without h+) is 0.27 eV, 

which is 0.13 eV lower than its bulk-phase counter part. This remarkably lower activation 

barrier greatly helps initiate the aging process of a g-C3N4 nanosheet primarily from its 

edge in the absence of light irradiation. It is well-known that g-C3N4 is a n-type 

semiconductor,83 making its heptazine units natural hosts of hole polarons upon 

photoinduced charge separation.81 The construction of hole polaron in our simulation 

follows the protocol of constrained density functional theory (CDFT)84 that adds a position-

dependent Hartree potential to the systemôs Hamiltonian in order to impose a net charge 

constraint of +1 onto the heptazine unit of interest (i.e., assuming one photoinduced hole 

is present). Interestingly, æGa is lowered by ~0.10 eV for bulk-phase and edge-site 

heptazine units both with +1 net charge that can be ascribed to the weakened “-conjugation 

across C-N bonds due to less avaiable valence electrons. Finally, in conjunction with our 

fitted ‫b (Table 2.2), equation 2.5 was employed to calculate Ὧ and its ‫b and evaluated 

corresonding timescale, Ű , defined as ʐ Ὧ . It was found that Ű varies by 4 orders of 
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magnitude from σȢυχρπ  to χȢπωρπ  s, suggesting distinctive aging mechanisms 

for g-C3N4 in the dark versus under light irradiation as will be discussed in depth below. 

Table 2.2. Key parameters for evaluating C-N bond breaking rates by molecular 

simulation. 

 ‫b (s
-1) c ‫f (s

-1) d æGa (eV) e Ὧ (s-1) f Ű (s) g 

bulk-phase, Q=0 a 8.21×1013 3.41×1014 0.40 2.80×105 3.57×10-6 

bulk-phase, Q=+1 b 8.06×1013 3.39×1014 0.30 1.34×107 7.46×10-8 

edge-site, Q=0 a 7.94×1013 3.38×1014 0.27 4.20×107 2.38×10-8 

edge-site, Q=+1 b 8.17×1013 3.37×1014 0.18 1.41×109 7.09×10-10 
a Q=0 represents the absence of a photoinduced hole on a g-C3N4 nanosheet in the dark 

condition (no charge); 

b Q=+1 represents the presence of one photoinduced hole on a g-C3N4 nanosheet under 

light irradiation (one positive charge); 

c ;‫b is the angular frequency of the activation barrier top  

d ;‫f is the angular frequency of the friction force 

e æGa is the activation energy of C-N bond breaking; 

f k is the first-order reaction rate of C-N bond breaking; 

g Ű is corresonding timescale of C-N bond breaking. 

 

For a g-C3N4 nanosheet consisting of heptazine units with a number of N, its total 

surface area is ὔ Ὓ, where h=4.45×10-19 m2 is the surface area of a single heptazine 

unit. If the steady-state concentration of hydroxyl radical is [ÅOH]ss, the total number of 

ÅOH above the g-C3N4 sheet is ὔ Ὓ Ɇ/( ὒ , where ὒ is the thickness of a water 

layer. As calculated above, ÅOH have a finite lifetime, 1.8×10-7 s in water for peroxonation 



24 

 

and photocatalytic peroxonation systems, making their longest traveled distance as ὒ

φὈὸ   according to the Stokes-Einstein equation85 where =2.3×10-9 m2 s-1 is the 

diffusion coefficient of the ÅOH.86 Therefore, the total number of ñactiveò ÅOH that may 

have a chance to reach the g-C3N4 nanosheet through diffusion turns out to be 

Ὓ Ɇ/( φὈὸ . On average, each active ÅOH spends ộὸ Ớ

᷿  

᷿  

᷿  

᷿  
ὸ  on diffusion. If one also considers the randomness of 

the six possible diffusion directions, namely, +x, -x, +y, -y, +z, and -z, the effective average 

diffusion time should be elongated to φ ὸ ςὸ  as only one diffusion 

direction will afford the ÅOH attack on g-C3N4. As a result, the attack frequency of a single 

ÅOH is given by ὸ
Ɇ

. For a ÅOH that has already reached the g-C3N4 

nanosheet from an original distance of ὒÅOH, its remaining time for chemical reaction, 

ὸ ὸ Ɇ , must be longer than Ű to ensure a succesful C-N bond breaking, 

i.e, ὒɆ  φὈὸ ʐ. In other words, the probability to break a C-N bond for 

each ÅOH, ὖbreaking, can be approximated as 

                              

ὖ ȟὭὪ ὸ †

π                                                    ȟὭὪ ὸ †

ςȢχ 

Please note that the value of ὖbreaking depends on whether the attacked heptazine unit is 

in the bulk or at the edge of the g-C3N4 nanosheet. If the nanosheet is under light irradiation, 

the attacked heptazine is photoactivated and thus carry +1 net charge, ὖphoto, is designated 

as ὖ , where ɔhole=5.7 ns is the experimental lifetime87 of the photoinduced 
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holes in g-C3N4. Taken all together, we have designed a Monte Carlo protocol to model 

the aging of g-C3N4 sheet as shown below: 

Step 1: Construct a two dimensional g-C3N4 nanosheet with . ὼ ώ dots, each of 

which represents a heptazine unit that is connected to its nearest neighbours. According to 

their number of nereast neighbours, an initial value is assgined to each heptazine unitôs 

connector, # ὅȟὭɴ ρȟὔ . Ci are 1, 2 and 3 for corner, edge, and bulk units, 

respectively. Set aging time, t=0.  

Step 2: Increase t by tattack, i.e., ὸ ὸ
Ɇ

 .  

Step 3: Generate a random number, ὖ1, between 1 and N to select the heptazine unit to 

be attached by a ÅOH. If the randomly selected unit is in the bulk, use bulk-phase Ű, 

otherwise use edge-site Ű.    

Step 4: If the g-C3N4 nanosheet is under light irradiation, generate a random number, 

ὖ2, between 0 and 1. If ὖ ὖ , then the unit is photo-activated and Ű for +1 net charge 

will be used. 

Step 5: Generate a random number, ὖ3, between 0 and 1. If ὖ ὖ , then 

decrease Ci by 1, i.e., ὅ ὅ ρ. If ὅ π, then the selected heptazine unit is removed 

from the g-C3N4 nanosheet, i.e., . . ρ , and we label all of its nearesble neighbors as 

edge-site units. 

  Step 6: Go to Step 2 until . π  .  

To ensure statistical reliability, each curve was averaged over 100 Monte Carlo 

trajectories, diminishing the standard deviation of our simulated aging rates to ±0.001 s-1. 
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2.3 Results and discussions 

2.3.1 Synthesis and characterization of fresh g-C3N4 nanosheets 

Two types of few-layered g-C3N4 nanosheets were synthesized to explore their 

decomposition, which represent typical g-C3N4 nanomaterials for a broad range of future 

applications. Specifically, sample D (Figure 2.2a) was fabricated by a bottom-up 

approach, i.e., thermal polycondensation of melamine-cyanuric acid supramolecules after 

ethanol and glycerol intercalation.87 Sample M2 (Figure 2.2b left) was thermally 

exfoliated from bulk g-C3N4 powders using a top-down strategy.88 D had a more well-

defined structure than M2, but their lateral sizes were similar, i.e., ~several hundreds of 

nanometers to a couple of micrometers. The thickness of D and M2 was 3-5 and 5-10 nm, 

respectively, as characterized by AFM (Figures 2.3a and 2.3b). Notably nanosheets with 

an average height of 2.2 Å were observed by STM for characterizing M2, and the height 

was consistent with the thickness of single-layer g-C3N4 (Figure 2.3c).89 To confirm the 

nanosheets were g-C3N4 instead of the Au substrate used in sample characterization, the 

conductivity was measured. The nonlinear I-V curve underscored the semiconductor nature 

of g-C3N4 (Figure 2.3d), in contrast to Au showing a linear I-V curve. STM indicated 

single-layer g-C3N4 nanosheets did exist in our samples.  

As shown in Figure 2.4, the specific surface area of D and M2 was determined as 21.6 

± 3.4 and 168 ± 1 m2 g-1, respectively, and thus M2 had more active sites in photocatalysis. 

Indeed, the photocatalytic activity of M2 for phenol degradation was 2.33-2.70 times 

higher than D (Figure 2.5). Type IV nitrogen adsorption isotherms suggested the existence 

of pores in both g-C3N4 nanosheet samples, which was consistent with the TEM 

characterization. Moreover, M2 had a much higher PL intensity than D (Figure 2.6), and 
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the result indicated M2 had more defects to promote radiative recombination of charge 

carriers. XRD patterns (Figure 2.7) suggested that both D and M2 were crystalline, and 

they were g-C3N4. The main peak at 2ɗ = 27.9Á referred to the (002) plane of the layered 

graphitic structure with a d-spacing of 0.326 nm while the weaker peak at 13.0° stemmed 

from the intralayer packing of the (100) plane with a d-spacing of 0.680 nm,87 which was 

consistent with the high-resolution TEM of M2 (Figure 2.2b right). Bulk composition 

analysis also confirmed that both samples were g-C3N4 (carbon to nitrogen weight ratio of 

0.574 and 0.582 for D and M2, respectively).  

 

Figure 2.2 Morphological characterization of fresh g-C3N4 nanosheets. TEM image of D 

(a), TEM (b left) and high-resolution TEM (b right) of M2. 
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Figure 2.3 Atomic force microscopy of D (a) and M2 (b). (c) Scanning tunneling 

microscopy (STM) shows single-layer g-C3N4 nanosheet islands (M2) on an Au (111) 

surface (I=0.2 nA, Ubias=0.7 V), and I-V curve on a g-C3N4 island (d) asserts its 

semiconductor property (I=0.2 nA, Ubias=1 V). 
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Figure 2.4 Nitrogen adsorption/desorption isotherms of D and M2. 

 

 

Figure 2.5 Photoreactivity of D and M2 for phenol degradation and correlation with UV-

vis absorption spectra of the materials. The insets show the band gap analysis of D and 

M2, respectively. 
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Figure 2.6 Photoluminescence emission spectra of D and M2. 

 

In summary, these morphological, physical, chemical, and optical characterizations all 

suggested that M2 had more pores, defects, and edges and was more photoreactive than D, 

highlighting that M2 could be more susceptible to oxidation. 

2.3.2 g-C3N4 nanosheet decomposition with the synergy between ÅOH and h+ 

ÅOH is ubiquitous in natural environments and engineering settings, and it plays a 

critical role in determining the stability, transformation, fate, and environmental and health 

impacts of ENMs.17,30,31,35ï38 A previous study demonstrated the excellent stability of g-

C3N4 even under the attack of high concentrations of O3 and ÅO2
-, but the material 

decomposed in the presence of ÅOH.30 We used a continuous feed of O3 to create a steady-

state concentration of ÅOH on the order 10-12 M ([ÅOH]ss, Figures 2.7a and 2.7b), which 

was in the similar range of many advanced oxidation processes.42,69ï71,90ï92 After 

continuous oxidation by ÅOH, D and M2 were oxidized and decomposed. Nitrate but not 

nitrite was observed in the aqueous phase after oxidizing g-C3N4 nanosheets, and soluble 

organic fragments including cyameluric acid were also released (Figure 2.8). The 

byproducts, i.e., nitrate and cyameluric acid, were also confirmed in a previous study.30  
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Figure 2.7 Aging of g-C3N4 nanosheets. Nitrogen release rate (NRR) for D (a) and M2 

(b) in 8 h ozonation (O3), photocatalytic ozonation (O3/L1, O3/L2, O3/L3), peroxonation 

(H2O2/O3), and photocatalytic peroxonation (H2O2/O3/L1). The average steady-state 

hydroxyl radical concentrations ([ÅOH]ss) throughout 8 h treatment are shown in the right 

y axis. L1, L2, and L3 refer to LED irradiation of 395, 455, and 525 nm, respectively. 

 

 

Figure 2.8 The mass spectrum of the supernatant after photocatalytic ozonation (O3/L1) 

of M2. Cyameluric acid was observed, and its structure is shown in the inset. 

 

To elucidate the mechanism and identify the role of photocatalysis in g-C3N4 nanosheet 

decomposition, we used LED lamps that irradiated photons at 395 nm (L1), 455 nm (L2), 
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and 525 nm (L3) to excite the g-C3N4 nanosheets. In these experiments (O3/L1, O3/L2, and 

O3/L3), O3 was unable to be excited because of negligible light absorption at these 

wavelengths. h+ of g-C3N4 also did not have sufficient energy to oxidize water to ÅOH 

because of the less positive valence band of g-C3N4 compared to the reduction potential of 

ÅOH/H2O.63,81 Instead, O3 molecules captured photoinduced electrons (e-) efficiently to 

enhance ÅOH generation through a one-electron reduction pathway (O3 Ÿ ÅO3
- Ÿ HO3Å Ÿ 

ÅOH).90  

 

Figure 2.9 TEM images of D (a) and M2 (b) after photocatalytic ozonation (O3/L1). 

 

In comparison to ozonation, [ÅOH]ss in O3/L1 was significantly enhanced by 3.18 and 

6.12 times for D and M2, respectively. M2 enabled more ÅOH generation due to its higher 

photoreactivity. Moreover, [ÅOH]ss in photocatalytic ozonation of D increased under the 

irradiation of L3 to L2 to L1, which was in line with the light absorbance and 

photoreactivity of D (Figure 2.4). Enhanced photoreactivity could promote ÅOH 

production via the reduction of O3.
90 No apparent morphological change for both g-C3N4 

nanosheet samples was observed even after 24 h of O3/L1 (Figures 2.9a and 2.9b). 

However, both samples showed an increased surface oxygen content and surface charge 
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negativity based on XPS and zeta potential analysis, respectively, indicating that oxidation 

occurred and functional groups such as -OH or -COOH might be introduced onto the 

surface. For example, surface oxygen content by atomic percentage (at%) increased from 

3.60 to 6.80% for D and from 1.00 to 7.80 % for M2 after 24 h of O3/L1, respectively 

(Figure 2.10 and Table 2.3); while the zeta potential decreased from -42.7 to -62.5 mV for 

D and from -32.0 to -45.8 mV for M2 under the same treatment condition, respectively.  

 

Figure 2.10 X-ray photoelectron spectroscopy of fresh nanosheets (D and M2) and aged 

nanosheets by ozonation and photocatalytic ozonation (D-O3, D-O3/L1, and M2-O3/L1). 

 

In contrast, ozonation did not increase surface oxygen content (3.60 versus 3.40 at% 

for D before and after ozonation) and only moderately decreased the zeta potential (-42.7 

versus -48.3 mV for D before and after ozonation). Compared to ozonation, photocatalytic 

ozonation of both g-C3N4 nanosheets generally produced more nitrate and more soluble 

organic fragments including cyameluric acid as the oxidation byproducts. For example, 
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comparing O3/L1 with ozonation, D released 3.96 and 11.6 times more total organic carbon 

and cyameluric acid, respectively (Figure 2.11). Similar to ÅOH production, the amount of 

released nitrate and organic byproducts was also positively correlated with the 

photoreactivity of g-C3N4 nanosheets. During O3/L1, M2 released 7.67 times more nitrate 

and 1.26 times more cyameluric acid compared to D (Figures 2.7a and 2.7b), which 

suggests that M2 with more pores, defects, and edges and higher photoreactivity was prone 

to degradation. Cyameluric acid production in photocatalytic ozonation of D also increased 

under the irradiation of L3 to L2 to L1. We used nitrogen release rate (NRR), i.e., nitrate-

nitrogen released per mass of g-C3N4 nanosheets per unit of time, as a decomposition rate 

indicator, which was also confirmed as a valid parameter to characterize g-C3N4 aging in 

ozonation and photocatalytic ozonation based on a previous study.30 Surprisingly, NRR 

enhancement was disproportionately larger than the [ÅOH]ss increase in photocatalytic 

ozonation versus ozonation. Comparing O3/L1 with ozonation of D, [ÅOH]ss and NRR 

increased by 3.18- and 12.4-fold, respectively. NRR was also dramatically promoted by 

57.3-fold for treating M2 with O3/L1 when compared to ozonation, whereas [ÅOH]ss 

increased by merely 6.12-fold (Figures 2.7a and 2.7b). In addition, M2 released 7.67 times 

more nitrate than D in O3/L1, despite the fact that [ÅOH]ss slightly increased by 49.6% 

(Figure 2.7b). Moreover, control experiments indicated that NRR of both nanosheets was 

negligible in the dark, either without O3 or only with H2O2 treatment, while photocatalysis 

alone decomposed the nanosheets and produced a remarkable amount of nitrate. All these 

results highlighted other unknown key factors beyond ÅOH determined the decomposition 

of g-C3N4 nanosheets, and they could be associated with the photoreactivity of the 

nanomaterial. 
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Table 2.3. X-ray photoelectron spectroscopy analysis of fresh and aged g-C3N4 

nanosheets, regarding carbon, nitrogen, and oxygen percentage. 

Sample Treatment a 
Atomic percentages (at%) 

C 1s N 1s O 1s 

D None 52.4 44.0 3.60 

D O3 49.0 47.6 3.40 

D O3/L1 51.6 41.7 6.80 

M2 None 42.5 56.6 1.00 

M2 O3/L1 50.7 41.5 7.80 

a None represents fresh g-C3N4 nanosheets without any treatment. Others are g-C3N4 

nanosheets treated under the following conditions: steady-state ozone concentration of 17.0 

mg L-1 (0.354 mM), nanosheet loading of 1 g L-1, and the treatment duration of 24 h. L1 

represents the irradiation under LED 395 nm. 

 

Peroxonation, the treatment coupling H2O2 with O3, was commonly used for water 

purification due to a much higher ÅOH formation rate (Reaction R2.1) than that from O3 

decomposition (Reactions R2.2-R2.3).93   

 ςὕ  Ὄὕ ᴼςÅὕὌ σὕ 
(R2.1) 

 σὕ ὕὌᴼÅὕὌ ὕÅ- σὕ (R2.2) 

 ὕÅ- Ὄ ᴾHὕÅᴾÅὕὌ ὕ ὴὌ ψ (R2.3) 

 ὕ ÅὕὌO HὕÅ ὕ (R2.4) 

 Ὄὕ ÅὕὌO HὕÅ Ὄὕ  (R2.5) 
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Figure 2.11 Total organic carbon (TOC) in the supernatant of ozonation and 

photocatalytic ozonation treated D. 

 

The ÅOH generation efficiency highly depends on the molar ratio of H2O2 to O3, 

because excessive O3 and H2O2 can also quench ÅOH through Reactions R2.4 and R2.5.93ï

95 Since H2O2 and byproducts of R2.4 and R2.5 (e.g., O2, H/Å) do not oxidize and degrade 

g-C3N4,
30 introducing H2O2 together with O3 can generate a clean system for g-C3N4 aging, 

and it can easily tailor [ÅOH]ss. Comparing peroxonation with ozonation, [ÅOH]ss decreased 

by 96.1% and 87.7% for treating D and M2, respectively, likely due to the presence of 

excessive oxidants for scavenging ÅOH. However, NRR only decreased by 41.8% and 

11.8% for treating D and M2, respectively (Figures 2.7a and 2.7b). Therefore, a high 

[ÅOH]ss does not necessarily translate into a proportionally increased decomposition rate 

of the g-C3N4 nanosheets, because only a limited number of g-C3N4 sites might be attacked 

and oxidized by ÅOH. By comparing peroxonation and photocatalytic peroxonation 

(H2O2/O3/L1) of D, even though [ÅOH]ss was similar, NRR under light exposure was 3.37-

times higher than that in the dark. M2 also released 6.33-times more nitrate in H2O2/O3/L1 

than peroxonation when [ÅOH]ss in both treatment processes was statistically the same. The 
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results clearly demonstrated that the photoreactivity of g-C3N4 nanosheets played a critical 

role in nanomaterial decomposition.  

 

Figure 2.12 Molecular simulation of g-C3N4 nanosheet aging. Optimized g-C3N4/ÅOH 

adduct solvated in water before (a) and (d) after C-N bond breaking. For visual clearance, 

only the H2O forming a hydrogen bond with the ÅOH is highlighted whereas other water 

molecules are intentionally blurred. (c) Calculated energy profile as a function of the C-N 

bond length for a bulk-phase or edge-site heptazine unit, treated in the dark condition 

with no h+ and light exposure with one h+, respectively. (d) Simulated number of 

remaining heptazine units as a function of aging time for D during peroxonation and 

photocatalytic peroxonation. (H2O2/O3 and H2O2/O3/L1). White, red, cyan, and blue balls 

in the structures refer to hydrogen, oxygen, carbon, and nitrogen atoms, respectively. 
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2.3.3 Mechanism of g-C3N4 nanosheet decomposition  

We hypothesized that h+ promoted g-C3N4 nanosheet decomposition under ÅOH attack, 

and Monte Carlo simulations were carried out using parameters derived from the transition-

state theory for testing the hypothesis. The C-N bond between heptazine units has the 

lowest bond dissociation energy and is thus most vulnerable to ÅOH oxidation. An electron-

deficient ÅOH can launch an electrophilic attack on one of the three corner carbon atoms 

of a triangular heptazine unit to form a C-O single bond (Figure 2.12a). Since oxygen is 

even more electronegative than nitrogen, the C-N single bond between the attacked corner 

carbon atom and the tertiary nitrogen atom is expected to be weakened through electron 

transfer, eventually leading to bond breaking and nanosheet decomposition (Figure 2.12b). 

Without light irradiation, the calculated æGa for C-N bond breaking under ÅOH attack of 

edge-site and bulk-phase heptazine was 0.27 and 0.40 eV, respectively (Figure 2.12c). 

This remarkable difference in æGa made the edge sites of g-C3N4 nanosheets much more 

suspeptible to ÅOH attack in the dark, and the limited number of edge sites led to the 

negligible difference of NRR in ozonation and peroxonation. Importantly, the presence of 

h+ decreased æGa from 0.40 to 0.30 eV for the bulk-phase C-N bond breaking and from 

0.27 to 0.18 eV for the edge-site C-N bond breaking (Figure 2.12c), speeding up the 

reaction rate from 1 µs-1 to 10 ns-1 (Table 2.2). Meanwhile, the h+ drastically increased 

æGa for C-N bond reformation, further accelerating g-C3N4 decomposition. Since the 

typical lifetime of photoexcited g-C3N4 is on the nanosecond timescale87 that is much 

shorter than our calculated time for C-N bond breaking, our proposed mechanism of g-

C3N4 decomposition is in sharp contrast to that of photoinduced water oxidation wherein 

its sub-nanosecond reaction primarily proceeds on the excited-state potential energy 
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surface.96,97 Moreover, in light of the rich presence of ÅOH, O3, O2, and/or H2O2 in our 

aqueous solutions, the heptazinyl radicals reported in studies of water oxidation98,99 are 

unlikely to materialize for g-C3N4 decomposition, making the h+-induced C-N bond 

breaking a more feasible reaction pathway. 

In our Monte Carlo protocol, the identity of each heptazine unit was recorded once it 

was removed so that the whole decomposition process was tracked over time to the finest 

resolution. Aiming to examine the effect of light exposure on g-C3N4 nanosheet 

decomposition, we investigated peroxonation and H2O2/O3/L1 treatment of D (Table 2.4), 

for their similar [ÅOH]ss yet distinct NRR. The initial size of each sample was 600 × 600 

heptazine units that was equivalent to 430 nm × 430 nm, a typical lateral size of D. To 

ensure statistical reliability, each curve of Figure 2.12d was averaged over 100 Monte 

Carlo trajectories, diminishing the standard deviation of our simulated aging rates to 

±0.001 s-1. Although our fabricated g-C3N4 nanosheets are intrinsicially defective with a 

large number of pores, the simulations on the intially defect-free samples are still 

informative by showing qualitatively sensible trends of C-N bond breaking. As shown in 

Figure 2.13, D decomposition during H2O2/O3/L1 was substantially faster compared to 

peroxonation, and the highest decomposition rate in H2O2/O3/L1 was 3.50-times larger than 

that in peroxonation (0.0420 versus 0.0120 s-1). More interestingly, the presence of h+ 

changes the pathway of g-C3N4 nanosheet decomposition (Figure 2.13). Nanosheet 

degradation takes place mainly at edge sites under the attack of only ÅOH (peripheral 

etching). In contrast, the synergy of ÅOH and h+ leads to nanosheet degradation from both 

edges and the bulk (fragmentation). The simulation result is also supported by the fact that 
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a significant amount of oxygen was introduced to g-C3N4 nanosheets only after O3/L1 but 

not ozonation (Figure 2.10 and Table 2.3). 

 

Figure 2.13 Visualization of g-C3N4 nanosheet decomposition during peroxonation and 

photocatalytic peroxonation. 10, 50, 90% degradation indicated the number of 

decomposed heptazine units to the number of total heptazine units in the nanosheets. 

  



41 

 

Table 2.4. Comparison of experimental and simulation results of g-C3N4 nanosheet 

decomposition in peroxonation and photocatalytic peroxonation. 

Sample Treatment a 

[ÅOH]ss
 

(M) 

Experimental 

nitrogen 

release rate 

mg (g of g-C3N4)
-1 h-1 

Calculated g-

C3N4 

nanosheets 

decomposition 

rate ɜ (s-1) Avg. b Std. c Avg. b Std. c 

D H2O2/O3 2.81×10-13 3.95×10-

14 

0.0195 0.00510 0.0120 

D H2O2/O3/L1 3.18×10-13 4.09×10-

14 

0.0657 0.0181 0.0420 

a Peroxonation and photocatalytic peroxonation 

b Avg. refers to an average steady-state hydroxyl radical concentration or an average 

nitrogen release rate  

c Std. refers to the standard deviation of steady-state hydroxyl radical concentrations or 

nitrogen release rates  

 

2.3.4 Photocatalytic performance of fresh and aged g-C3N4 nanosheets 

We are interested in knowing how the photocatalytic performance of g-C3N4 

nanosheets changes after aging, because the research outcomes cannot only highlight 

nanomaterial robustness in engineering systems but also shed light on the long-term 

ecological impacts of the nanomaterials once they are released into the environment. Four 

organic contaminants, PHE, SMX, ATZ, and CBZ, were used for evaluating the 

photocatalytic performance of both fresh and aged g-C3N4 nanosheets. These contaminants 

were selected because of their diverse chemical structures and properties, broad industrial, 

agricultural, and biomedical applications, and persistence in the environment.100,101 

Photocatalytic activity of g-C3N4 nanosheets for degrading the organic contaminants varied 

along with nanomaterial aging (Figure 2.14). In general, compared to fresh g-C3N4 
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nanosheets, ozonation treated samples showed comparable or better photocatalytic activity 

for degrading all selected contaminants, except for using M2 for SMX degradation. In 

contrast, almost all g-C3N4 nanosheets treated after photocatalytic ozonation (O3/L1) 

showed reduced photoreactivity for contaminant degradation. Gentle oxidation by 

ozonation could improve the photoreactivity of g-C3N4 nanosheets but extensive 

nanomaterial degradation and disintegration after photocatalytic ozonation could impair 

their reactivity. Our study provides a first insight into g-C3N4 nanosheet aging and its 

impact on photoreactivity, and holistic future work is needed to evaluate the production of 

reactive oxygen species, contaminant-photocatalyst interactions, and the structure-activity 

relationship of contaminants in photocatalysis for both fresh and aged photoreactive 

nanomaterials. 

 

Figure 2.14 Photocatalytic performance of fresh and aged g-C3N4 nanosheets for 

contaminant degradation. PHE, SMX, ATZ, and CBZ refer to phenol, sulfamethoxazole, 

atrazine, and carbamazepine, respectively. 
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2.4 Environmental Implication  

Since the coexistence of ÅOH and h+ is quite common in photocatalysis,42,90ï92 our 

research first highlights the need for developing robust photoreactive nanomaterials for 

catalytic applications. As a visible-light-responsive photocatalyst, g-C3N4 holds promise 

for water purification and disinfection, renewable energy production, and value-added 

chemical synthesis,4,8,9 with the prerequisite that the material maintains its performance in 

long-term reactions. However, the photoreactivity of g-C3N4 nanosheets varied along with 

the nanomaterial aging, which calls for an urgent need for fabricating robust photoreactive 

nanomaterials. In addition, M2, the one showing a better photocatalytic activity than D 

even after aging, decomposed faster and released more undesired byproducts that may 

induce secondary pollution during applications. The intrinsic high photoreactivity of g-

C3N4 nanosheets could significantly harm the integrity and long-term activity of this 

photoreactive nanomaterial, which creates a dilemma. By elucidating the importance of h+ 

in g-C3N4 decomposition, several strategies are recommended to enhance the longevity of 

g-C3N4. For example, we can construct a Z-scheme structure of g-C3N4 with another 

semiconductor, and the h+ on g-C3N4 can be neutralized by the e- of that semiconductor. 

By doing this, we not only improve photocatalytic performance but also extend the lifetime 

of g-C3N4. This strategy can also be used to protect a broad spectrum of other photoreactive 

nanomaterials with lower stability in a multi-component photocatalytic system. In addition, 

g-C3N4 photostability could be improved via physical separation of ÅOH and h+ during the 

reaction. Most g-C3N4 samples are not able to produce ÅOH via h
+-oxidation of water, due 

to a lower energy level of the valence band of g-C3N4 compared to the reduction potential 

of ÅOH/H2O.102,103 However, g-C3N4 can produce ÅOH via sequential reduction and 
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protonation of O2 by photoinduced electrons on the conduction band of g-C3N4 and protons 

near the material. Building a photoelectrocatalytic system with g-C3N4 as the photoanode 

could physically avoid the co-existence of ÅOH and h+ on/near g-C3N4, i.e., h+ and ÅOH are 

generated on the anode and cathode, respectively, which increases the longevity of g-C3N4. 

Prior to engineering applications, a thorough study of photocatalytic performance and 

nanomaterialsô stability is recommended.  

Our research also highlights how greater attention should be paid to the unique 

environmental transformation and fate of photoreactive engineered nanomaterials, which 

is distinct from non-photoreactive nanomaterials. ÅOH is ubiquitous in natural 

environments, and can be produced by the photolysis of nitrite, nitrate, and dissolved 

organic matter as well as photo-Fenton reactions in an aquatic environment.26 The 

photochemical formation rate of ÅOH in sunlit freshwater and seawater is on the order of 

10-7 and 10-8 M h-1, with a steady-state concentration of 10-16 and 10-18 M, 

respectively.26,104,105 In addition, microbial activities and overturn-induced aeration of 

anoxic bottom water can produce ÅOH in the dark, and the amount of generated ÅOH may 

be comparable with that of photochemical processes in some waterbodies.27ï29 Even though 

the amount of ÅOH produced in natural environments is extremely low compared to our 

aging systems (10-1 M h-1), the cumulative effect of ÅOH cannot be ignored for the long-

term decomposition of g-C3N4. Due to the excellent properties of g-C3N4, the mass 

production and broad application of the nanomaterial is expected in the foreseeable future, 

and its release into natural aquatic environments is inevitable. Once released, g-C3N4 may 

undergo photo-accelerated fragmentation under light exposure (e.g., daytime in shallow 

water) but slow oxidation in the dark (e.g., nighttime, deep water, or in the sediments), both 
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attacked by ÅOH. g-C3N4 nanosheets morphology and properties may also be different after 

aging with and without light exposure, which could determine distinct adverse impacts of 

the nanomaterial on ecological systems and human health. In addition, the nitrate and 

soluble organic fragments released during aging may also pose adverse impacts on humans 

and other organisms.  
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Chapter 3: Transformation of Graphitic Carbon Nitride by Reactive Chlorine 

Species: ñWeakò oxidants are the main players 2 

 

 

3.1 Introduction  

Reactive chlorine species (RCS), like chlorine atoms (ClÅ), chlorine oxide radicals 

(ClOÅ), and dichlorine radical anions (Cl2
Å-), have attracted great attention for AOPs in 

recent years,49,53,106ï108 and they can be produced through ultraviolet light (UV)-activated 

photolysis of free chlorine and monochloramine.46,109ï111 Moreover, emerging technologies 

such as photocatalysis, electrocatalysis, and photoelectrocatalysis have been discovered to 

produce a high concentration of RCS for effective pollutant control.40,72,113ï116 Similar to 

ÅOH, RCS are also ubiquitous in natural aquatic systems, especially in brines, estuaries, 

and seawater, and they are generated through the oxidation of chloride by ÅOH, singlet 

oxygen (1O2), and photoexcited DOM.29ï32 RCS are more selective than ÅOH. The 

oxidation potential of ClÅ (E0=2.55 V vs SHE, standard hydrogen electrode) is comparable 

to ÅOH and it shows quite high reactivity to numerous organic contaminants (especially 

substituted aromatics) with reaction rate constants ranging from 109 to 1010 M-1 s-1.114,115 

Cl2
Å- is less reactive but more selective, preferring to attack olefins and aromatics 

containing hydroxyl or amino groups with the reaction rate constants ranging from 106 to 

 
2 Adapted from Li , M.; Durkin, D. P.; Waller, G.; Yu, Y.; Men, Y.; Ye, T.; Chen, H.; 

Shuai, D. Transformation of graphitic carbon nitride by reactive chlorine species: ñweakò 

oxidants are the main players. (Under review) The computational simulation was carried 

out by Dr. Hanning Chen.  
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109 M-1 s-1.117,118 ClOÅ (E0=1.5-1.8 V vs SHE) reacts rapidly with phenolates and aromatics 

possessing methoxy groups with the reaction rate constants ranging from 106 to 108 M-1 s-

1.107,119 A major concern associated with RCS is the possibility of producing halogenated 

byproducts which may pose adverse impacts on human beings and ecosystems.49,56ï59 

As a promising photoreactive engineered nanomaterial with interconnected s-triazines 

or heptazines units, g-C3N4 has found broad applications in catalysis, pollution control, 

membrane separation, chemical sensing, and beyond.2,3,120ï122 For example, g-C3N4 has 

been used to activate free chlorine and generate ÅOH and RCS for degrading persistent 

organic micropollutants in photocatalysis.123 However, recent studies have discovered one 

significant limitation of g-C3N4 for engineering applications: g-C3N4 can decompose 

rapidly in an oxidative environment and loses its structural and chemical integrity. Though 

g-C3N4 was stable under the attack of O3, H2O2, and O2
-Å, ÅOH could tear heptazine units 

apart from the g-C3N4 framework to release cyameluric acid and nitrate in an aqueous 

environment,30 and the assistance of photoinduced holes (h+) in photocatalysis further 

exacerbate the decomposition of g-C3N4 nanosheets.124 Fast self-decomposition of g-C3N4 

was also discovered in an inert gaseous environment with the presence of CO2 or Ar in 

photocatalysis, and the chemical instability of g-C3N4 was attributed to the synergy of 

adsorbed hydroxyl groups and photoinduced charges.18 Moreover, considering the global 

commercialization and extensive application of engineered nanomaterials like g-C3N4 

nanosheets, incidental release and inappropriate disposal of these nanomaterials into nature 

are inevitable, which may pose serious and increasing environmental risks.22,125,126 The 

transformation of nanomaterials in nature also determines their adverse impacts on human 

health and threats to ecosystems. RCS are important and abundant radicals in both 
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engineering and natural systems, but their critical role in degrading and aging engineered 

nanomaterials like g-C3N4 nanosheets is unknown to date.  

In this study, we investigated the transformation of g-C3N4 nanosheets under RCS 

attack by integrating reaction kinetic evaluations, advanced spectroscopic and microscopic 

characterizations, and molecular simulations. We prepared two g-C3N4 nanosheets, one 

with more defects, edges, and pores compared to the other, and evaluated their degradation 

kinetics with the presence of free chlorine and RCS (i.e., chlorination and photocatalytic 

chlorination). Next, molecular simulations were conducted to understand the reaction 

mechanism of how free chlorine and RCS attack g-C3N4 nanosheets. Surprisingly, it was 

discovered that ClOÅ and/or Cl2
Å- rapidly degraded g-C3N4 nanosheets, though they are 

generally considered weak oxidants. This observation could be attributed to the feasible 

electrophilic attack of the nanosheets by ClOÅ and/or Cl2
Å- but not ClÅ. Moreover, the 

photoreactivity of free chlorine and RCS aged g-C3N4 nanosheets was characterized and 

free chlorine oxidation possibly removed nanosheet defects and improved the 

photocatalytic activity for degrading persistent organic micropollutants. Our work is novel 

because it provides the first insights into the fate, transformation, and reactivity of g-C3N4 

nanosheets under RCS attack to understand their behavior in engineering and natural 

environments. Research outcomes provide guidelines for designing advanced engineered 

nanomaterials with improved robustness and reduced adverse environmental impacts for 

practice.  
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3.2 Materials and methods 

3.2.1 g-C3N4 nanosheet transformation induced by free chlorine and reactive 

chlorine species 

120 mg of D or M2 was suspended in 120 mL of a 100 mM phosphate buffer (pH 7.5) 

in a 125 mL polytetrafluoroethylene/silicone lined glass septa jar. An appropriate amount 

(0.18-1.1 mL) of sodium hypochlorite solution (136 g L-1 of free chlorine) was added to 

the jar to reach a free chlorine concentration of 200, 500, and 1200 mg L-1. A much higher 

concentration of free chlorine than that for disinfection was used because g-C3N4 

nanosheets were relatively resistant to free chlorine oxidation and the photocatalytic 

chlorination treatment consumed free chlorine rapidly (details in Section 3.3.1). The jar 

was kept in the dark or irradiated with a light-emitting diode (LED, 7 W, 395 nm) for 

chlorination and photocatalytic chlorination, respectively, and treatment systems are 

denoted as Cl2-200/500/1200 and Photo-Cl2-200/500/1200. The jar showed negligible 

absorption of the 395 nm photons generated by the LED light source. Under LED 

irradiation, g-C3N4 nanosheets were excited to produce e- and h+, and the e- and h+ reacted 

with free chlorine to produce RCS and then degraded g-C3N4 nanosheets (details in Section 

3.3.2). The concentration of free chlorine was determined with a drop count titration-based 

commercial test kit (HACH, model CN-65, 1-20 mg L-1). All experiments were performed 

with at least three independent replicates.  

After treatment, excessive sodium thiosulfate was added to quench residual oxidants, 

and aged g-C3N4 nanosheets were harvested by ultracentrifugation at 30,000 rpm (108,860 

g, Beckman JXN30).  
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Details about UV-vis diffuse reflectance spectroscopy can be found in Section 2.2.2. 

The bulk carbon, hydrogen, and nitrogen contents in samples were quantified with a CHN 

analyzer (Exeter Analytical CE440). The mass percentage of chlorine was measured via 

the Schöniger oxidation method and a Thermo ScientificTM OrionTM Ion Selective electrode 

with the Chlorine Combination Probe. Specifically, the powder samples were weighed out 

into a paper flag and fit into a platinum holder that is attached to the stopper of a Schöniger 

oxidation combustion flask. After lighting, the paper flag with the stopper was placed into 

the oxygen-filled flask, and the flask was sealed tightly to allow the flag and compound 

burnt thoroughly. Simultaneously, the fumes were absorbed by the absorption solution in 

the flask. The solution was then analyzed by the chlorine combination probe and the results 

were converted to the weight-percentage of chlorine.  

The surface elemental composition and oxidation state of C, N, O, and Cl were 

characterized by XPS (PHI5000 Versa II) with a monochromatic Al KŬ anode X-ray source 

(1486.6 eV). All tests were conducted under an ultrahigh vacuum condition (pressure of 

2×10-8 Pa). A hemispherical energy analyzer was operated with a constant pass energy of 

23.5 eV to capture and analyze the escaped photoelectrons. The analysis area of each test 

was 200 µm × 1 mm, and it provided information down to 10 nm below the surface. The 

C1s peak at 284.5 eV was set as the baseline and used to normalize other peaks. CasaXPS 

was used to analyze the data.  

3.2.2 Determination of aging products after g-C3N4 nanosheets transformation 

induced by free chlorine and reactive chlorine species 

The supernatant of g-C3N4 nanosheets after (photocatalytic) chlorination and 

ultracentrifugation was filtered with a 0.2 mm polyvinylidene difluoride syringe filter for 
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further analysis. The concentration of anions in the filtered supernatant was determined by 

ion chromatography (IC, Dionex ICS-1100; Dionex IonPacTM AS18 column) using 10 mM 

NaOH as the eluent and 0.25 mL min-1 as the flow rate. The concentration of released 

organic compounds was analyzed by a TOC analyzer. 50 mL of supernatants were then 

freeze-dried to obtain white powder. The powder was a mixture of salts and released 

organic compounds from g-C3N4 nanosheets. After redissolving the powder in 4 mL of 

ultrapure water, ultra-performance liquid chromatography coupled with a high-resolution 

tandem mass spectrometer (UPLC-HRMS/MS, Q Exactive, Thermo Fisher Scientific) was 

used to analyze the solution. Specifically, a 10 µL sample was loaded onto an Xbridge 

BEH C18 column (particle size 3.5 µm, 2.1×50 mm, Waters) and eluted with nano-pure 

water (amended with 0.1% formic acid, mobile phase A) and methanol (amended with 

0.1% formic acid, mobile phase B) at a flow rate of 350 µL min-1 with the gradient as 

follows: 5% B for 0-1 min, 5%-95% B for 1-16 min, 95% B for 16-21 min, and 5% B for 

21-26 min. The detection was conducted in a full scan negative ionization mode on high-

resolution mass spectrometry at a resolution of 70,000 at m/z 200 and a scan rate of m/z 

50-750. The data were analyzed with Xcalibur 4.0 (Thermo Fisher Scientific), and 

cyameluric acid (C6H3O3N7) was confirmed to be released as a dissolved organic 

compound during the photocatalytic chlorination of D and M2 with electrochemically 

produced free chlorine. 

A gas chromatography-mass spectrometer (GC-MS-QP2010 SE, Shimadzu) equipped 

with an auto-injector (AOC-20i) and a 30 m length × 0.25 mm ID × 1 µm phase thickness 

SH-RxiTM-5Sil MS capillary column was utilized to detect chlorinated organic compounds 

in supernatants. For the analysis of trihalomethane,127ï129 an Oasis HLB solid-phase 
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extraction (SPE) cartridge (60 mg sorbent per cartridge, particle size of 30 µm, WatersTM) 

was sequentially precleaned with 5 mL of methanol and 10 mL of ultrapure water. Then, 

50 mL of syringe-filter purified supernatants were loaded onto the SPE cartridge at a flow 

rate of 5 mL min-1. Another 5 mL of ultrapure water next passed through the SPE cartridge 

to remove contaminants, and finally 1 mL of MTBE was used to elute retained organic 

compounds at a flow rate of 2 mL min-1. 1 µL of samples was injected into the GC-MS 

with the splitless mode and the injection temperature was 250 . The flow rate of helium 

was maintained at 1 mL min-1 in the GC column. The column temperature was kept at 30 

 for 8 min then increased to 40  at a rate of 4  min-1 and held at 40  for another 6 

min. Next, the column temperature was programmed at a ramping rate of 50  min-1 until 

it reached 240 , and then the temperature was held for 3 min. The source temperature 

was set at 200  while the transfer line from GC to MS was set at 240 . The MS was 

operated in the electron ionization (EI) mode and the analysis was performed in the selected 

ion monitoring mode. 

For the analysis of halogenated acetic acids (HAA: monochloroacetic acid, 

dichloroacetic acid, and trichloroacetic acid),130ï132 2,3-dibromopropionic acid and 1,2,3-

trichloropropane were used as a surrogate standard and an internal standard, respectively. 

Specifically, 20 µL of the 2,3-dibromopropionic acid surrogate standard (0.5 mg mL-1) was 

first added to the supernatants and the pH was adjusted to <2 with sulfuric acid. The Oasis-

HLB cartridge was then washed with 5 mL of methanol and conditioned with 10 mL of 

acidified water (10% H2SO4 v:v). 50 mL of the acidified supernatants next percolated 

through the cartridge at 5 mL min-1 and 5 mL of acidified water (10% H2SO4 v:v) was used 

to rinse the cartridge afterward. The cartridge was left to dry for 10 min at room 
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temperature. 5 mL of acidified methanol (10% H2SO4 v:v) and 4 mL of MTBE were used 

to elute retained HAAs from the cartridge and the eluted solution was subsequently 

collected in a 20 mL conical amber glass tube. A polytetrafluoroethylene (PTFE) lined 

solid cap was used to seal the tube and the tube was maintained at 50  for 2 h, derivatizing 

HAAs to their methyl esters. After cooling the glass tube to 4  for 10 min, 7.5 mL of 

sodium sulfate solution (150 g L-1) was added. Next, the glass tube was vortexed for 5 min 

and left to settle for an additional 20 min. The aqueous layer in the glass tube was discarded 

before 1 mL of sodium bicarbonate solution (89 g L-1) was added to neutralize the organic 

phase. The glass tube was then vortexed for another 5 min and left to settle for 20 min. 0.5 

mL of the MTBE extract was transferred into a GC-MS autosampler amber glass with 5 

mL of 1,2-dibromopropionic acid (0.5 mg mL-1) as the internal standard. Finally, 1 µL of 

the MTBE extract with the internal standard was analyzed by GC-MS in the splitless mode 

with an injection temperature of 250 . The flow rate of helium was maintained at 1 mL 

min-1 in the GC column. The column temperature was kept at 35  for 5 min then increased 

to 110  at a rate of 6  min-1 and held at 110  for another 5 min. Next, the column 

temperature was programmed with a ramping rate of 20  min-1 until it reached 200 , 

and then the temperature was held for 2 min. The source temperature was set at 180  

while the transfer line from GC to MS was set at 240 . The MS was operated in the EI 

mode and the analysis was performed in the selected ion monitoring mode. 

The organic compounds were identified by comparing the EI spectrum and the 

chromatographic retention time with those of standard solutions. The detection limit of 

trichloromethane was 0.08 mg L-1 while the detection limit of monochloroacetic acid, 

dichloroacetic acid, and trichloroacetic acid was 0.1 mg L-1. 
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3.2.3 RCS semi-quantification and presence/absence analysis 

To quantify the generated reactive species (ÅOH, ClÅ, ClOÅ, and Cl2
Å-) in photocatalytic 

chlorination, nitrobenzene (NB), benzoic acid (BA), 1,4-dimethoxybenzene (DMOB), and 

CBZ were used as probe compounds.53,117,133 Briefly, NB only reacts with ÅOH, BA only 

reacts with ÅOH and ClÅ, DMOB only reacts with ÅOH, ClÅ, and ClOÅ, and CBZ reacts with 

all radicals (Table 3.1). NB, BA, DMOB, and CBZ were resistant to direct photolysis, i.e., 

photolysis in a 10 mM phosphate buffer (pH 7.5) under LED irradiation (7 W, 395 nm) 

without g-C3N4 nanosheets and free chlorine. However, both DMOB (kDMOB,Photo) and CBZ 

(kCBZ,Photo) were abated through direct photocatalysis without free chlorine (Table 3.2), i.e., 

photocatalysis with g-C3N4 nanosheets in a 10 mM phosphate buffer (pH 7.5) under LED 

irradiation (7 W, 395 nm). Therefore, the degradation kinetics of NB, BA, DMOB, and 

CBZ in photocatalytic chlorination was expressed as equations 3.1-3.4. After integration, 

the relationships between radical concentrations and first-order degradation kinetics of 

probes were established as equations 3.5-3.8.  
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Therefore, the concentrations of ÅOH, ClÅ, ClOÅ, and Cl2
Å- can be calculated as follows 

(equations 3.9-3.12):  
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The initial concentration of NB, BA, DMOB, and CBZ was 2, 2, 20, and 20 µM, 

respectively. As shown in Table 3.1, NB only reacts with ÅOH; BA reacts with both ÅOH 

and ClÅ; DMOB can be oxidized by ÅOH, ClÅ, and ClOÅ; while CBZ is vulnerable under 

the attack of these four radicals. A probe was spiked into g-C3N4 suspensions at the 

beginning of each reaction (~10 min) and samples were collected continuously for up to 1 

min. HPLC was used to determine probe concentrations and degradation kinetics (Table 

2.1). The radical concentrations were calculated for the initial stage of each treatment. 

Specifically, probes were added independently for quantifying radical concentrations 

(Table 3.2). Control experiments of probe photocatalytic degradation were conducted in a 

100 mM phosphate buffer (pH 7.5) with the presence of g-C3N4 nanosheets. DMOB and 
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CBZ were susceptible to photocatalytic degradation while the removal of NB and BA was 

negligible (Table 3.2). Therefore, negligible ÅOH was present in g-C3N4-based 

photocatalysis when free chlorine was absent, and the contribution of direct photocatalysis 

should be deducted from the degradation kinetics of DMOB and CBZ when determining 

the concentration of ClOÅ and Cl2
Å- in photocatalytic chlorination (Table 3.3).  

When the initial concentration of free chlorine in photocatalytic chlorination increased 

beyond 100 mg L-1, direct free chlorine oxidation of DMOB and CBZ could not be ignored 

anymore (Table 3.2), and accurately quantifying reactive species became challenging. 

Fortunately, we were still able to use probe tests to validate the absence and presence of 

ÅOH and RCS, by comparing the measured first-order reaction rate of probes in 

photocatalytic chlorination with that in direct photocatalysis and direct free chlorine 

oxidation. When the initial free chlorine concentration was 1200 mg L-1, no obvious 

degradation of BA was observed, meaning that ÅOH and ClÅ were negligible (Table 3.3). 

Meanwhile, the measured first-order degradation rate of DMOB and CBZ in photocatalytic 

chlorination (Column 1 in Table 3.3) was much larger than the sum of the degradation rate 

constants in direct photocatalysis and direct free chlorine oxidation (Column 4 in Table 

3.3), further proving the presence of ClOÅ and/or Cl2
Å- in photocatalytic chlorination.  
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Table 3.1. Second-order reaction rate constants of probes used for detecting the 

concentrations of ÅOH and RCS.  

 

  

Probe pKa of the probe Radical Second-order reaction rate 

constant (M-1 s-1)-1 

Reference 

NB -8.6 ÅOH 3.9×109 53,119 

BA 4.2 ÅOH 5.9×109 53,119,133 

ClÅ 1.8×1010 

ClOÅ <3×106 

Cl2
Å- 2×106 

DMOB -4.5 

 

ÅOH 7.0×109 9 

ClÅ 1.8×1010 

ClOÅ 2.1×109 

CBZ 15.96 ÅOH 8.8×109 9 

ClÅ 3.3×1010 

ClOÅ 1.97×108 

Cl2
Å- 4.3×107 



58 

 

Table 3.2. Probe degradation kinetics under direct photocatalysis and direct free 

chlorine oxidation.  

a D loading of 100 mg L-1, phosphate buffer (10 mM, pH 7.5), no free chlorine, and 

LED light irradiation (7 W, 395 nm) 

b Free chlorine concentration of 100 mg L-1, phosphate buffer (10 mM, pH 7.5), and in 

the dark. 

Probe Probe initial 

concentration 

(µM) 

Reaction rate constant of 

direct photocatalysis 

(kexp,Photo, s-1)a 

Reaction rate constant of 

direct free chlorine 

oxidation (kexp,Cl2, s
-1)b 

NB 2  Negligible  Negligible 

BA 2  Negligible  Negligible 

DMOB 20 (1.93 ± 0.40) ×10-4 

 

(2.54 ± 0.24) ×10-4 

CBZ 20 (3.62 ± 0.92) ×10-4 

 

(1.98 ± 0.39) ×10-4 
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Table 3.3. Presence and absence of radicals in photocatalytic chlorination. 

a D loading of 1 g L-1, phosphate buffer (100 mM, pH 7.5), free chlorine concentration of 1200 mg L-1, and LED light irradiation (7 

W, 395 nm). 

b D loading of 1 g L-1, phosphate buffer (100 mM, pH 7.5), and LED light irradiation (7 W, 395 nm). 

c D loading of 1 g L-1, phosphate buffer (100 mM, pH 7.5), free chlorine concentration of 1200 mg L-1, and in the dark

Column 1 2 3 4 5 

Probe Reaction rate constant in 

photocatalytic chlorination  

(kexp,Photo-Cl2-1200, s
-1)a 

Reaction rate constant of 

direct photocatalysis 

(kexp,Photo, s
-1)b 

Reaction rate constant of 

direct free chlorine 

oxidation 

(kexp,Cl2-1200, s
-1)c 

kexp,Photo + 

 kexp,Cl2-1200 

Radical presence 

and absence 

BA Negligible Negligible Negligible Negligible No ĀOH or ClĀ 

was present 

DMOB (2.44 ± 0.47) ×10-2 (1.64 ± 0.13) ×10-4 (5.42 ± 0.54) ×10-3 (5.59 ± 0.55) 

×10-3 

ClOĀ was present 

CBZ (1.14 ± 0.39) ×10-2 (4.27 ± 0.08) ×10-4 (3.74 ± 0.31) ×10-3 (4.17 ± 0.32) 

×10-3 

ClOĀ and/or Cl2
-Ā 

were present 
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3.2.4 Computational simulation 

As shown in Figure 1.1, g-C3N4 nanosheets were modeled as a 6³6 heptazine supercell, 

which was connected by tertiary amine groups and terminated by primary and secondary 

amine groups. A three-dimensional simulation box as large as 120 Å ³ 100 Å ³ 120 Å with 

Ŭ=90Á, ɓ=60Á, and ɔ=90Á was adopted to diminish artifacts due to periodic boundary 

conditions. Unless otherwise specified, all simulations were carried out by the open-source 

CP2K package75 with the GTH pseudopotential,76 Perdew-Burke-Ernzerhof (PBE) 

exchange-correlation function,134 implicit solvation effect135 with a dielectric constant of 

78.4, and PVDZ basis set.78 To reveal the electrophilic attack efficacy of ÅOH, ClÅ, ClOÅ, 

Cl2
Å-, and OCl- on g-C3N4 nanosheets, the interaction geometries between reactive species 

and the nanosheets were optimized in the initial (SI), transition (ST), and final (SF) states 

before calculating the associated enthalpy changes (Ўῷ ῴὛ ῴὛ ) and 

activation energies (ЎὉ ῴὛ ῴὛ ). Specifically, the Broyden-Flectcher-

Goldfarb-Shanno (BFGS) algorithm136 was employed to locate SI and SF by minimizing 

their energies to local minima, whereas the climbing image nudged elastic band (CI-NEB) 

approach137 was utilized to ascertain ST with 8 images sequentially connected by springs 

featuring a harmonic force constant of 0.5 Hartree Bohr-2. 

3.3 Results and discussions 

3.3.1 Chlorination of g-C3N4 nanosheets   

Two different g-C3N4 nanosheets, i.e., D and M2, were synthesized, and they have 

comparable lateral sizes.124 However, M2 has more pores, edges, defects, and higher 

photoreactivity, as demonstrated in Section 2.3.1.124 To effectively age g-C3N4 nanosheets, 

a high initial concentration of free chlorine (HOCl/OCl-) was used (200, 500, and 1200 mg 
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L-1) for chlorination in the dark, and nitrogen release was monitored to reflect the extent of 

g-C3N4 decomposition. Nitrate but not nitrite was detected by IC. Although only a small 

portion of free chlorine was consumed (Figure 3.1), D was continuously degraded to 

release nitrate for up to 8 h (Figure 3.2a). When the free chlorine concentration increased 

from 200 to 1200 mg L-1 (Cl2-200 versus Cl2-1200), the average NRR throughout the 8h 

treatment disproportionally increased from 0.035 ± 0.007 to 0.081 ± 0.011 mg of N (g of 

g-C3N4 nanosheets)-1 h-1. We speculate that free chlorine only attacked the defects of g-

C3N4 nanosheets on edges. Similar to ÅOH oxidation, the limited number of edge defects 

resulted in the slow decomposition of g-C3N4 nanosheets.124 In addition, M2 released 4.5 

times more nitrate than D when it was treated with 1200 mg L-1 of free chlorine (Figure 

3.2a), further proving that M2 with more pores, edges, and defects was prone to 

degradation.  
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Figure 3.1 The free chlorine concentration during the aging processes of D and M2. Cl2-

200/500/1200 and Photo-Cl2-200/500/1200 represent chlorination and photocatalytic 

chlorination of g-C3N4 nanosheets with an initial spiked free chlorine concentration of 

200, 500, or 1200 mg L-1 in 100 mM phosphate buffer (pH 7.5). The error bars represent 

average ± standard deviation.  
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Figure 3.2 The nitrogen release as nitrate ions during the aging of D and M2 in the dark 

(a) or under LED light irradiation (7 W, 395 nm) (b). Cl2-200/500/1200 and Photo-Cl2-

200/500/1200 represent chlorination and photocatalytic chlorination of g-C3N4 

nanosheets with an initial spiked free chlorine concentration of 200, 500, or 1200 mg L-1 

in 100 mM phosphate buffer (pH 7.5). The error bars represent average ± standard 

deviation.  

 

 

Figure 3.3 Initial distribution of reactive species in photocatalytic chlorination with low 

free chlorine dosages. 
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3.3.2 Production of ClOÅ and/or Cl2
Å- in the photocatalytic chlorination of g-C3N4 

nanosheets  

HOCl and OCl- (pKa=7.5) could absorb UV light (<340 nm) and produce radical 

species efficiently.45,47 Since the LED light source used in this study had a central emission 

wavelength of 395 nm (ranging 380-440 nm), the direct photolysis of free chlorine for 

producing radicals was negligible. g-C3N4 nanosheets, by contrast, can be activated and 

produce O2
Å- (R3.1) effectively.43,44 O2

Å- subsequently reacts with HOCl to produce ÅOH 

and ClÅ (R3.2), and simultaneously ClO- can be activated by e- to generate OÅ- (R3.3) which 

is next protonated to form ÅOH.123,138 ÅOH will be further scavenged by Cl- and HOCl/OCl- 

to form ClOÅ, ClOHÅ-, ClÅ, and Cl2
Å- (Figure 1.2).  

ὕ Ὡ ᴼὕɆȟ Ὧ ρȢω ρπ ὓ ί   ὙσȢρ 

ὌὕὅὰὕɆ  OɆὕὌ ὅὰ ὕȟ Ὧ χȢυ ρπ ὓ ί ὙσȢς 

ὅὰὕ Ὡ  O ὕɆ ὅὰȟ Ὧ χȢς ρπ ὓ ί ὙσȢσ 

NB, BA, DMOB, and CBZ were used as probes to quantify ÅOH, ClÅ, ClOÅ, and Cl2
Å- 

concentrations.53,117,133 We first tested radical concentrations at low free chlorine dosages 

(4-20 mg L-1), and ÅOH and ClÅ were only present when the free chlorine concentration 

was 4 and 10 mg L-1 (Figure 3.3). With the increase of the free chlorine dosage, less ÅOH 

but more ClOÅ was observed, consistent with previous reports.118,139 We next tested RCS 

concentrations at high free chlorine dosages beyond 100 mg L-1, and ÅOH and ClÅ became 

negligible (Table 3.3). However, direct chlorine oxidation of DMOB and CBZ at high free 

chlorine dosages interfered with the quantification of ClOÅ and Cl2
Å- (Table 3.3). We found 

the measured pseudo-first-order degradation rate constants of DMOB and CBZ in 

photocatalytic chlorination were larger than the sum of the degradation rate in direct 
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photocatalysis (photocatalytic oxidation of probes by g-C3N4 nanosheets) and direct free 

chlorine oxidation (probe oxidation only by free chlorine), indicating that ClOÅ and/or Cl2
Å- 

played a key role in probe degradation. Because ÅOH and ClÅ were missing from 

photocatalytic chlorination with a high free chlorine dosage (200, 500, or 1200 mg L-1), 

ClOÅ was hence identified as an important RCS whereas Cl2
Å- might be present in 

photocatalytic chlorination. In contrast, no RCS or ÅOH was found in dark chlorination, 

and free chlorine (HOCl/OCl-) was the dominant oxidant.140ï142  

3.3.3 RCS-induced g-C3N4 nanosheets aging 

In contrast to chlorination, free chlorine was rapidly consumed to produce ClOÅ and/or 

Cl2
Å- (Figure 3.1, dash lines) in photocatalytic chlorination, and simultaneously D was 

oxidized and degraded to release more nitrate (Figure 3.2b) and dissolved organic 

compounds (Figure 3.4). When the initial free chlorine concentration was 200 mg L-1 

(Photo-Cl2-200), with the rapid consumption of free chlorine, the two-hour averaged 

nitrogen release rate (NRR) of D decreased from 0.56 to 0.28, and to 0.16 mg of N (g of g-

C3N4 nanosheets)-1 h-1 for 0-2, 2-4, and 4-6 h treatment. The two-hour averaged NRR was 

negligible for the photocatalytic chlorination of D in 6-8 h treatment, possibly due to the 

depletion of free chlorine and ClOÅ and/or Cl2
Å-. Increasing the initial free chlorine 

concentration to 500 mg L-1 (Photo-Cl2-500), the two-hour averaged NRR of D only 

slightly decreased after 6 h treatment. As for the photocatalytic chlorination of D with 1200 

mg L-1 initial free chlorine concentration (Photo-Cl2-1200), NRR maintained well for 8 h 

treatment, showing the importance of a relatively high free chlorine concentration in 

sustaining the production of ClOÅ and/or Cl2
Å-. M2 had a much higher eight-hour averaged 

NRR when compared to D: 1.5 ± 0.2 versus 0.61 ± 0.01 mg of N (g of g-C3N4 nanosheets)-
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1 h-1 for Photo-Cl2-1200 in 8 h treatment (Figures 3.2b). This is because M2 had higher 

photoreactivity, enabled more e-/h+ generation, and promoted ClOÅ and/or Cl2
Å- production 

in photocatalytic chlorination. In addition, M2 had more pores, edges, and defects which 

rendered higher susceptibility to oxidation.  

3.3.4 Aging products of g-C3N4 nanosheets 

We first evaluated small and soluble compounds that were released from g-C3N4 

nanosheets during all treatments. In addition to nitrate, soluble organic compounds 

including cyameluric acid were released from D and M2 after aging. Particularly, 

photocatalytic chlorination resulted in an increased release of soluble organic compounds 

than chlorination, which agreed with the nitrogen release results. The reactions of organic 

matter with free chlorine and RCS always raise concerns in producing chlorinated organic 

byproducts,59,143,144 so we also evaluated the production of trichloromethane, 

monochloroacetic acid, dichloroacetic acid, and trichloroacetic acid in g-C3N4 nanosheet 

aging. All byproducts were below the detection limit (i.e., 0.08 mg L-1 for trichloromethane 

and 0.1 mg L-1 for haloacetic acids), indicating that g-C3N4 nanosheet aging by free 

chlorine and RCS was less likely to generate trihalomethanes and haloacetic acids. 

We next investigated the morphological, physical, chemical, and optical properties of 

g-C3N4 nanosheets after aging. Bulk composition analysis (Table 3.4) indicated that Cl 

was introduced to both D and M2 after all aging treatments. XPS analysis also confirmed 

the introduction of chlorine onto the g-C3N4 nanosheet surface and indicated an increase 

of surface oxygen content (Table 3.5 and 3.6). More importantly, C-Cl bonds were 

observed on the surface of the treated g-C3N4 nanosheets (Tables 3.5 and 3.6, Figure 3.5). 

The atomic percentage of covalently bonded Cl at the surface ranged from 0.28-0.55 at% 
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(i.e., ca. 71-78 % of the XPS measured chlorine, with remaining chlorine existing as Cl-) 

for treated g-C3N4 nanosheets. Surprisingly, although ClOÅ and/or Cl2
Å- induced much 

faster decomposition of g-C3N4 nanosheets than free chlorine, photocatalytic chlorination 

did not introduce more C-Cl or Cl- than chlorination. No significant difference in Cl 

contents was found between D and M2 after the treatment (Tables 3.4-3.6). These results 

were in contrast with ozonation and photocatalytic ozonation of g-C3N4 nanosheets, in 

which the synergistic attack of holes and hydroxyl radicals not only lead to faster 

degradation of g-C3N4 nanosheets but also introduced much more oxygen-containing 

groups compared with the attack launched by hydroxyl radicals only.124 We speculate that 

ClOÅ and/or Cl2
Å- perform as catalysts to transfer electrons in decomposing g-C3N4 

nanosheets, and they were less likely to be incorporated into the bulk framework. It might 

also indicate only limited sites on g-C3N4 nanosheets were amenable to RCS attack, but 

further studies are needed. Moreover, an increase in the atomic percentage of surface 

oxygen was observed in aged g-C3N4 nanosheets based on XPS (from 3.6% before aging 

to 4.6% after aging, Table 3.5), but the result also did not bias between treatment 

conditions (chlorination versus photocatalytic chlorination). The band gap of D and M2 

was marginally changed after photochlorination and (Figure 3.6) but the introduction of 

Cl atoms and the increase of surface oxygen content (Tables 3.5 and 3.6) could tailor the 

electronic properties of g-C3N4 nanosheets and consequent photoreactivity.  
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Figure 3.4 Total organic carbon in the supernatant after chlorination, photocatalytic 

chlorination of D and M2. 

 

 

Figure 3.5 X-ray photoelectron spectroscopy of D after chlorination and photocatalytic 

chlorination. 
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Table 3.4. Bulk elemental composition of g-C3N4 nanosheets after treatment. 

a Sample D or M2 loading of 1 g L-1, phosphate buffer (100 mM, pH 7.5), in the dark 

or under LED light irradiation (7 W, 395 nm, denoted as Photo), and initial free chlorine 

concentration of 200, 500, or 1200 mg L-1 (denoted as Cl2-200, Cl2-500, or Cl2-1200). 

  

Sample a C (Theoretical 

39.1%) 

N (Theoretical 

60.9%) 

H Cl 

D 33.7% 58.7% 1.89% Not 

detected 

D-Cl2-200 32.5% 56.8% 1.83% 0.89% 

D-Cl2-500 32.3% 56.3% 1.80% 0.83% 

D-Cl2-1200 32.7% 57.4% 1.76% 1.68% 

D-Photo-Cl2-200 32.9% 57.4% 1.87% 0.59% 

D-Photo-Cl2-500 32.6% 57.0% 1.89% 0.85% 

D-Photo-Cl2-1200 31.9% 55.7% 1.78% 1.51% 

M2 34.2% 58.8% 1.54% Not 

detected 

M2-Cl2-1200 33.1% 56.9% 1.39% 1.63% 

M2-Photo-Cl2-1200 33.0% 56.6% 1.34% 0.95% 
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Table 3.5. X-ray photoelectron spectroscopy of fresh and aged g-C3N4 nanosheets, 

regarding the carbon, nitrogen, oxygen, and chlorine elemental composition (at%). 

Sample a Atomic percentage (at%) 

C 1s N 1s O 1s Cl 2p 

D 52.4 44.0 3.6 Not detected 

D-Cl2-1200 40.3 53.4 4.6 0.7 

D-Photo-Cl2-1200 40.8 54.3 4.3 0.4 

a Sample D or M2 loading of 1 g L-1, phosphate buffer (100 mM, pH 7.5), in the dark 

or under LED light irradiation (7 W, 395 nm, denoted as Photo), and initial spiked free 

chlorine concentration of 1200 mg L-1 (denoted as Cl2-1200).  

 

Table 3.6. X-ray photoelectron spectroscopy analysis of aged g-C3N4 nanosheets, 

regarding the relative percent chlorine with different bonding environments. 

Sample a Relative atomic percentage for chlorine % 

Cl- C-Cl 

D-Cl2-1200 21.9 78.1 

D-Photo-Cl2-1200 29.4 70.6 

a Sample D or M2 loading of 1 g L-1, phosphate buffer (100 mM, pH 7.5), in the dark 

or under LED light irradiation (7 W, 395 nm, denoted as Photo), and initial spiked free 

chlorine concentration of 1200 mg L-1 (denoted as Cl2-1200). 
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Figure 3.6 UV-vis absorption spectra of (a) D and (b) M2. The insets show the band gap 

analysis of fresh and aged g-C3N4 nanosheets. 

 

3.3.5 Molecular simulations for the electrophilic attack of g-C3N4 nanosheets by 

radicals and free chlorine 

We first simulated the electrophilic attack of radicals and free chlorine on g-C3N4 

nanosheets by assuming the nanosheets were electrically neutral. Free chlorine was 

abundant in all treatments. Based on our experimental analysis, RCS like ClOÅ and/or Cl2
Å- 

were produced in photocatalytic chlorination where g-C3N4 nanosheets were photoexcited 

to produce e-/h+ and possess localized charges. However, a localized h+ on a heptazine unit 

of g-C3N4 nanosheets only has a lifetime of nanoseconds much shorter than the lifetime of 

a radical, so most heptazine units are not photoexcited or charged under light irradiation.87 

In addition, radicals produced on g-C3N4 nanosheets in photocatalytic chlorination can 

diffuse and react with heptazine units far away from where the radicals are originally 

generated. Therefore, it is reasonable to investigate the interaction between radicals and 

neutral g-C3N4 nanosheets. To reveal the efficacy of the electrophilic attack on g-C3N4 

nanosheets by free chlorine (represented by HOCl and OCl-), ÅOH, ClÅ, ClOÅ, and Cl2
Å-, the 
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geometries of SI, ST, and SF states of the reactive species interacting with the nanosheets 

were optimized. Then the associated enthalpy changes and activation energies were 

evaluated as Ўῷ ῴὛ ῴὛ  and ЎὉ ῴὛ ῴὛ. Even though ÅOH and 

ClÅ were not found in our experimental setup, they were considered for simulations to 

compare the degradation mechanism of g-C3N4 nanosheets by diverse oxidants.  

All electrophiles preferred attacking edge-site instead of bulk-phase heptazines. As 

shown in Figure 3.7a, the ÅOH attack on a g-C3N4 nanosheet led to a short O-C bond of 

1.41 Å, therefore affording a rather negative ȹHrxn of -31.4 kcal mol-1 (Table 3.7). For 

such an exothermic electrophilic addition, its small ȹEact of 1.2 kcal mol-1 is not surprising. 

For OCl- (Figure 3.7b), the O-C bond remained at 1.43 ¡ for a similar ȹHrxn of -6.4 kcal 

mol-1 while ȹEact soared to 13.8 kcal mol-1 for the additional energy to break the O-H bond 

in the initial state. When the less oxidative ClOÅ radical attacked a g-C3N4 nanosheet 

(Figure 3.8a), ȹHrxn plunged to -4.0 kcal mol-1 for a weaker O-C bond with a longer length 

of 1.43 ¡. As expected, the associated ȹEact also increased to 4.9 kcal mol-1 due to the 

stabilized reactant of ClOÅ by resonance structures. By contrast, the attack launched by 

HOCl (Figure 3.7c, Table 3.7) was thermodynamically unfavorable. Surprisingly, Cl2
Å- 

(Figure 3.8b) exhibited a nearly negligible ȹEact of 0.1 kcal mol-1 that could be ascribed 

to the formation of a long and stable H-Cl-Cl-N chain connecting two edge-site heptazines 

(the right panel of Figure 3.8b). Interestingly, a three-atom chain such as H-Cl-N was not 

sufficiently long, excluding the possibility of forming an extra bridge between two 

heptazine units with a ClÅ. ClÅ could alternatively attack either a carbon (Figure 3.9a) or a 

nitrogen (Figure 3.9b) atom on the g-C3N4 nanosheet. Nevertheless, both attacking 

schemes resulted in positive ȹHrxn, (i.e., ȹHrxn = 6.4 kcal mol-1 for ClÅ attack on carbon 
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and ȹHrxn = 8.1 kcal mol-1 for ClÅ attack on nitrogen), making the addition of ClÅ to the g-

C3N4 nanosheet thermodynamically unfavorable. 

Table 3.7. Calculated enthalpy changes and activation energies for the electrophilic 

attack of ÅOH, ClÅ, ClOÅ, Cl2
Å-, OCl- and HOCl on g-C3N4 nanosheets with and without the 

presence of a photoinduced hole. 

Reactive species Enthalpy change ȹHrxn  

(kcal mol-1) 

Activation energy ȹEact  

(kcal mol-1) 
ÅOH -31.4 1.2 

ClOÅ -4.0 4.9 

OCl- -6.4 13.8 

HOCl 40.6 N/A 

Cl2
Å- -10.1 0.1 

ClÅ (attack on carbon) 6.4 N/A 

ClÅ (attack on nitrogen) 8.1 N/A 

ÅOH (h+) -8.9 3.1 

ClOÅ (h+) 12.2 N/A 

Cl2
Å- (h+) -16.1 0.6 
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Figure 3.7 Optimized initial (SI), transition (ST), and final (SF) states when a g-C3N4 

nanosheet is attacked by (a) ÅOH, (b) ClO-, and (c) HOCl. ЎὉ ῴὛ ῴὛ  

White, cyan, and blue balls in the structure refer to hydrogen, carbon, and nitrogen atoms, 

respectively.  
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Figure 3.8 Optimized initial (SI), transition (ST), and final (SF) states when a g-C3N4 

nanosheet is attacked by (a) ClOÅ and (b) Cl2
Å-. ЎὉ ῴὛ ῴὛ  White, cyan, and 

blue balls in the structure refer to hydrogen, carbon, and nitrogen atoms, respectively.  

 

We next evaluated the attack of RCS and free chlorine on a photoexcited g-C3N4 

nanosheet in photocatalytic chlorination. The constrained density functional theory145 was 

employed to impose a net charge of +1 on the edge-site heptazine that was being attacked 

by an electrophile. Particularly, we only explored the electrophiles whose ȹHrxns were 

negative and ȹEacts were lower than 5.0 kcal mol-1 for a discernable reaction rate in the 

absence of light irradiation. For the ÅOH-launched attack (Figure 3.10a), the O-C bond 

increased to 1.44 Å from 1.41 Å in SF with the presence of a photoinduced hole, resulting 
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in a drastic escalation of ȹHrxn from -31.4 kcal mol-1 to -8.9 kcal mol-1. This 22.5 kcal mol-

1 increase stemmed from the reduced electrophilicity of the ionized heptazine, which also 

increased ȹEact from 1.2 to 3.1 kcal mol-1. In fact, the reduced electrophilicity further 

flipped the sign of ȹHrxn from negative to positive for ClOÅ (Table 3.7), making its attack 

on the g-C3N4 nanosheet nonspontaneous as shown in Figure 3.10b. On the other hand, 

the positively charged heptazine unit rendered a stronger electrostatic attraction to the 

anionic Cl2
Å- (Figure 3.10c), affording a rather negative ȹHrxn of -16.1 kcal mol-1, while 

still maintaining a small ȹEact at 0.6 kcal mol-1. Taken all together, the electrophilic attack 

efficacy of the explored oxidants is ordered as Cl2
Å- > ÅOH > ClOÅ > OCl- > ClÅ > HOCl. 

Cl2
Å- and ClOÅ, which are conventionally believed as weak oxidants when compared to ÅOH 

and ClÅ, exhibit a powerful potential in decomposing g-C3N4 nanosheets.    

  



77 
 

 

Figure 3.9 Optimized initial (SI), transition (ST), and final (SF) states when a g-C3N4 

nanosheet is attacked by ClÅ on (a) a carbon or (b) nitrogen atom. White, cyan, and blue 

balls in the structure refer to hydrogen, carbon, and nitrogen atoms, respectively. 
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Figure 3.10 Optimized initial (SI), transition (ST), and final (SF) states when a g-C3N4 

nanosheet with a photoinduced hole (h+) located at an edge-site heptazine is attacked by 

(a) ÅOH, (b) ClOÅ, and (c) Cl2
Å-. ЎὉ ῴὛ ῴὛ  
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3.4 Environmental Implication  

Free chlorine is one of the most widely used disinfectants for water and wastewater 

disinfection, and it has attracted broad attention for AOPs in recent years because it can be 

excited under UV irradiation and through catalysis to produce highly reactive RCS for 

effective contaminant removal.53,112,123,133,146 As a promising photoreactive material, g-

C3N4 has been intensively investigated for photocatalytic oxidation and environmental 

remediation.121,147,148 Some pioneering studies have validated the excellent performance of 

g-C3N4 for RCS production and contaminant degradation.116,123 Therefore, it is likely that 

in the near future g-C3N4 will be used in engineering systems for water purification, and it 

can co-exist with free chlorine and RCS. Our study revealed that g-C3N4 nanosheets were 

mildly oxidized in free chlorine, but they lost structural integrity and decomposed rapidly 

under the attack of ClOÅ and/or Cl2
Å-, which calls for urgent attention to the material 

stability and robustness for long-term engineering applications. Our aging tests for g-C3N4 

nanosheets were conducted with a high free chlorine concentration where ÅOH was absent. 

Photocatalysis in a low dosage of free chlorine (<10 mg L-1) better simulated the 

engineering practice in water and wastewater treatment, and it also introduced ÅOH in 

addition to RCS, further exacerbating g-C3N4 nanosheets decomposition.124 In addition, 

treating g-C3N4 with free chlorine can remove defects, introduce covalently bonded 

chlorine atoms, and alter the physiochemical properties, which could find broad 

applications for improving material photoreactivity.  

RCS are also abundant in natural aquatic environments, especially saline water, and 

they play a critical role in the chemical transformation of (nano)materials. Incidentally 

released and inappropriately disposed of g-C3N4 can undergo RCS-induced transformation 
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in natural aquatic environments and release byproducts like nitrate and cyameluric acid. 

Though g-C3N4 aging was not found to release small chlorinated organic molecules in our 

study, a thorough study should be conducted by leveraging high-resolution mass 

spectrometry to understand the formation of halogenated byproducts. Covalently bonded 

Cl was introduced to the g-C3N4 framework after chlorination and photocatalytic 

chlorination in our study, and thus g-C3N4 oxidation by free chlorine and/or RCS could 

tailor the cytotoxicity, genotoxicity, and developmental toxicity of the material because of 

organic halogen formation.149ï151 Future studies should focus on a thorough and systematic 

toxicity evaluation of transformed g-C3N4, including toxicity to humans and ecosystems, 

based on which the rational design and synthesis of nanomaterials with higher safety 

standards may be realized. On the other hand, interdisciplinary collaborations are highly 

needed to provide reliable and realistic risk assessment of g-C3N4 and other photoreactive 

nanomaterials in aquatic environments. For example, advanced analytic methods along 

with standardized sample pretreatment protocols should be developed to quantify the 

environmental concentrations of nanomaterials. Systematic experiment-oriented studies 

regarding the environmental transformation, behavior, and toxicity of photoreactive 

nanomaterials can be conducted to collect sufficient quality-assured data while robust 

statistical algorithms should be developed to create predictive models for the evaluation of 

upcoming nanomaterials.  
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Chapter 4: Toxicity Evaluation of Fresh and Aged Graphitic Carbon Nitride: 

Transformation Processes Make a difference 

 

 

4.1 Introduction 

Over the past decades, photocatalysts in nanoscales have been produced and utilized 

on a large scale with a global market of $3.1 billion in 2021.1,152  As a result, the incidental 

release and inappropriate disposal of photoreactive nanomaterials become inevitable, 

which raised concerns about their environmental impacts.153ï155 In addition, the commonly 

used water treatment technologies in wastewater treatment plants are not effective in 

removing nanoscale particles from contaminated waters.31,156ï158 Incidentally released and 

inappropriately disposed photoreactive nanomaterials may end up in natural water 

reservoirs, water reuse systems, and even drinking water distribution systems, where 

nanosized photocatalysts undergo complex physical, chemical, and biological 

transformations. The environmental transformations could alter the structure and properties 

of photoreactive nanomaterials and further result in significant changes in their 

toxicities.159ï162 For example, after developing a lab-scale wastewater treatment plant to 

simulate the biological aging of Ag and TiO2 nanoparticles for 2-3 weeks, Anastasis 

Georgantzopoulou et al. observed an increased ecotoxicological effect of the transformed 

nanoparticles.163 By contrast, Alessia DôAgata et al. found that photocatalytic aging did not 

have a significant influence on the toxicity of nanosized TiO2 to a marine bivalve Mytilus 

galloprovincialis.153 While Dr. Xuôs group reported that the release of zinc ions resulted in 

higher genetic toxicity of transformed ZnO to mammalian cells, Jason M. Unrine and his 
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collaborators indicated that the toxicity of ZnO nanoparticles highly depended on the 

specific environmental transformation pathways.161,164,165 Consequently, various 

knowledge gaps and challenges regarding the environmental health and safety of nanosized 

photocatalysts remain unaddressed, and there has been an urgent call for systematic risk 

assessment of these nanomaterials to ecosystems and human beings.  

The toxicity of two-dimensional (2D) nanomaterials highly depends on their 

interactions with biological systems, which are influenced by the physicochemical 

properties such as chemical composition, size, surface functional groups, charge, oxidation 

degree structural defects, coatings, etc.34,155,166ï170 As a typical 2D nanomaterial, 85 mg L-

1 of graphene oxide could remarkably inhibit the growth of E. coli cells at a rate of over 

90% after 2 h incubation at 37 .171 Moreover, graphene and graphene oxide nanosheets 

could induce degradation of E. coli cell membranes by penetrating into lipid membranes 

and directly extracting large amounts of phospholipids from lipid membranes.172 The 

unique 2D structure with all sp2 carbons resulted in strong dispersion interactions between 

graphene and lipids, further leading to the destructive extraction of lipid molecules.172 As 

an analog to graphene, g-C3N4 is a visible light-responsive 2D polymeric semiconductor 

consisting of sp2 hybridized C and N atoms.4 g-C3N4 has a large area-to-volume ratio, 

adjustable morphology, and tunable band structure, and has shown the potential for 

versatile biomedical applications, including bio-imaging, photodynamic therapy, bio-

sensing, drug delivery, etc.173ï175 Particularly, the photoreactivity enabled g-C3N4-based 

nanomaterials to exhibit superior antimicrobial properties through the photocatalytic 

generation of ROS thus finding applications in water disinfection and pathogen 

control.9,12,176 Therefore, the past decade witnessed the burgeoning research and market for 
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g-C3N4-based materials, which increases the possibility of their release into nature and the 

likelihood of complicated transformations in aquatic environments.11,175  

Surprisingly, the structure-related toxicity of g-C3N4 has never been fully explored, 

which is different from its analog, graphene and its derivatives. Since g-C3N4 can exist in 

sheets of various layers and sizes, with different functional groups including carboxyl, 

carbonyl, epoxide groups, and hydroxyl, there may be significant differences in the toxicity 

of various g-C3N4 samples. For example, triazine-based g-C3N4 was found to exhibit a 

higher toxicological effect on human lung carcinoma epithelia cells (A549) compared to 

heptazine-based ones, resulting from their differences in compositions, N/C ratios, and 

bonding structures.177 Furthermore, considering the substantial influence of environmental 

transformations on the toxicity of graphene oxide,155,160,170,178 the toxicity of g-C3N4 can 

also be altered after aging in engineering settings and natural aquatic systems. In previous 

chapters, we have demonstrated that g-C3N4 nanosheets were vulnerable to the oxidation 

of ÅOH and RCS (i.e., Cl2
Å- and ClOÅ). Moreover, the synergistic effect of ÅOH and h+ could 

accelerate the oxidation and decomposition of g-C3N4, impairing the structural integrity 

and photocatalytic reactivity. Since ÅOH is ubiquitous in surface water, g-C3N4 may 

undergo slow oxidation at night and photo-accelerated fragmentation during the daytime, 

both leading to the introduction of oxygen-containing functional groups to the surface. As 

for RCS-enriched natural environments, g-C3N4 nanosheets will be rapidly decomposed 

under the attack of Cl2
Å- and ClOÅ. After the RCS-induced transformation, covalently 

bonded chlorine atoms were incorporated into the carbon-nitrogen framework, raising 

concerns about the production of toxic halogen-substituted compounds.149,179ï183 In 

addition, the reactive species-induced oxidation and transformation impaired the structural 
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integrity of g-C3N4 and tailored its photoreactivity as well. The imparity of the structure, 

the modification of the surface bonding, and the alteration of the photoreactivity may 

change the interaction between g-C3N4 and biological systems.170ï173 Therefore, a 

systematic study into the influence of material aging on the toxicity of g-C3N4 is necessary 

and urgent.  

In this chapter, we aim to systematically study the toxicity of fresh and aged 

(oxygenated and chlorinated) g-C3N4 nanosheets to microorganisms and human cells. 

Since bacterial communities are the foundation of natural aquatic systems and have high 

sensitivity to environmental pollution,184ï187 aquatic bacteria are good indicators of 

contaminant stress on ecosystems.188,189 We first chose E. coli as the planktonic bacterium 

surrogate and S. epidermidis as the bacterial biofilm model to elucidate the influence of 

transformations on the toxicity of g-C3N4 nanosheets. Then, a human intestinal Caco-2 cell 

line was applied to investigate the toxicity of fresh and aged g-C3N4 nanosheets to intestinal 

crypt epithelial cells. Since g-C3N4 demonstrated high biocompatibility and low toxicity in 

a concentration range from 3 mg L-1 to 300 mg L-1,177,190ï192 this study used a relatively 

high concentration (500 mg L-1 for bacterial toxicity evaluation and 16-2000 mg L-1 for 

cytotoxicity evaluation) to magnify the toxicity difference between fresh and aged g-C3N4 

nanosheets. Research findings will shed light on understanding the possible alteration of 

g-C3N4 toxicity after environmental transformations and provide new insights into the 

toxicity mechanism of photoreactive nanomaterials. In addition, the environmental fate and 

impacts of g-C3N4 nanosheets will be better evaluated, and our work will be a good starting 

point to realize the safe practice of various g-C3N4-based nanomaterials in different 

engineering or medical application scenarios.  
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4.2 Materials and Methods 

4.2.1 Synthesis and characterization of fresh and aged g-C3N4 nanosheets  

Fresh g-C3N4 nanosheets (D) were synthesized through thermal-induced 

polycondensation and exfoliation of an alcohol molecules-intercalated layered precursor 

as indicated in the literature (Section 2.2.1).87 The transformation of g-C3N4 nanosheets 

was performed in a tall borosilicate glass beaker (oxygenation, D-O3/L1 in Section 2.2.3) 

or an electrochemical reactor (chlorination) irradiated with a LED light (7W, 395 nm). For 

oxygenation, O3 was continuously sparged through a gas diffusor to the 1 g L-1 suspension 

of D in the beaker. Under light irradiation, the g-C3N4 nanosheets were activated to e- and 

h+. After capturing e-, O3 molecules were reduced to ÅOH efficiently (O3 Ÿ ÅO3
- Ÿ HO3Å 

Ÿ ÅOH) with a steady-state ÅOH concentration around 2.3Ĭ10-11 M. The synergy of ÅOH 

and h+ induced the fast oxidation and decomposition of g-C3N4 nanosheets.124 After 8 h 

treatment, oxygen-containing functional groups were introduced to the surface of D and 

the g-C3N4 nanosheets were oxygenated (D-O). For the chlorination of D, a three-electrode 

glass cell equipped with a Potentiostat (Gamry, Interface1000) was used to continuously 

produce free chlorine. Specifically, mixed metal oxide (MMO) coated Ti mesh (Ti/MMO), 

Pt wire, and Ag/AgCl (3 M KCl) were used as the working, counter, and reference 

electrodes, respectively. A mixture of a 100 mM phosphate buffer (pH 7.5) and 100 mM 

NaCl was used as the electrolyte, and g-C3N4 nanosheets were suspended in the electrolyte 

for the treatment. The potential of the working electrode to the reference electrode was 

maintained at 3.5 V throughout the treatment. ClOÅ and/or Cl2
Å- were effective in 

decomposing and oxidizing g-C3N4 nanosheets. After 8 h treatment, a trace level of Cl 
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(0.48 at%) was introduced to the surface of D to form C-Cl bonds and the g-C3N4 

nanosheets were thus chlorinated (D-Cl).  

The morphology of the g-C3N4 nanosheet samples was determined by transmission 

electron microscopy (Section 2.2.2). To prepare the specimens for TEM analysis, the 

samples were homogeneously dispersed in ultrapure water by ultrasonication for at least 4 

h, dropped on a Lacey carbon support film (400 mesh) coated Cu grid, and dried inside a 

vacuum desiccator at room temperature. TEM images were collected under the 200 kV 

mode. A Zetasizer Nano ZS (Malvern, ZEN 3600) incorporated with dynamic light 

scattering (DLS) was used to analyze the hydrodynamic size distribution and zeta potential 

of the nanosheets in an aqueous environment. Generally, g-C3N4 nanosheets (D, D-O, and 

D-Cl) were dispersed in ultrapure water by ultrasonication for 12 h first and then vortexed 

for 2 min to obtain 2 g L-1 of homogenous suspensions. 0.1 mL of the suspension was next 

mixed with 9.8 mL of ultrapure water and 0.1 mL of 100 mM phosphate buffer (pH 7) and 

sonicated for another 2 h to generate a diluted nanosheet suspension of 20 mg L-1. The 

diluted suspension was tested in a folded capillary zeta cell (Malvern Panalytical Inc 

DTS1070) immediately to collect hydrodynamic diameter and zeta potential data.  

To evaluate the photoreactivity of D, D-O, and D-Cl, phenol degradation tests were 

conducted in a 100 mL beaker. 15 mL of suspensions with an initial phenol concentration 

of 50 ɛM, 1 mM phosphate buffer (pH 7.5) and a sample loading of 0.5 g L-1 was irradiated 

under white LED lamps (7 W). The distance between the light source and the suspension 

surface was around 2 cm. Samples were collected at different time intervals and filtrated, 

and then the phenol concentration was quantified HPLC. Details of mobile phase 
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composition and flow rate, sample injection volume, and detection wavelength are listed 

in Table 2.1.  

4.2.2 Culturing and enumeration of microorganisms and human cells 

A Gram-negative bacterium, E. coli (ATCC 11775), was selected as the planktonic 

bacterium surrogate. E. coli is a rod-shaped gram-negative bacterium, mainly inhabiting 

the lower intestinal tract of warm-blooded animals.193 Some E. coli strains could survive 

for several months in the environment and are thus commonly used as an indicator of 

contaminant stress on ecosystems.194ï196 In this study, E. coli was precultured in 30 mL of 

Luria-Bertani (LB) medium containing 5 g L-1 of NaCl, 5 g L-1 of yeast extract, and 10 g 

L-1 of tryptone. Cultures were then inoculated to a new LB medium (30 mL) in a centrifuge 

tube and cultivated with a shaking rate of 80 rpm at 37  for 12 h. After incubation, the 

E. coli cells were harvested by centrifugation at 3000 g for 5 min, washed once with pre-

sterile phosphate-buffered saline (PBS 7.4), and resuspended in the PBS to obtain a cell 

concentration of ~ 109 cells mL-1 (OD600 å 1). A Gram-positive bacterium, S. epidermidis 

(ATCC 35984), was selected as the bacterial biofilm model for the toxicity evaluation of 

g-C3N4 samples. It was cultured in tryptic soy broth (TSB) at 37  with a shaking rate of 

100 rpm overnight and then harvested by centrifugation at 3000 g. After being washed once 

with PBS, the S. epidermidis cells were resuspended in the PBS to obtain the bacterial 

suspension (OD600 å 1.2). Caco-2 (HTB-37TM), an epithelia cell line of human colorectal 

adenocarcinoma cells, was chosen as a model to evaluate the toxicity of g-C3N4 nanosheets 

to the human intestinal epithelial barrier. The Caco-2 cells were kindly provided by Dr. 

Nihal Altan-Bonnet (National Institutes of Health, MD, US) and maintained in Dulbeccoôs 

modified Eagleôs medium (DMEM) supplemented with 20% fetal bovine serum (FBS) and 
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1% antibiotic antimycotic solution (AAS, 10,000 units mL-1 of penicillin, 10 mg L-1 of 

streptomycin, and 25 µg mL-1 of amphotericin) in a humidified incubator at 37  and 5% 

CO2. The DMEM was referred to as the serum-free medium (SFM) while the DMEM 

supplemented with FBS and AAS was referred to as the complete culture medium (CCM) 

for future discussion. The Caco-2 cells were routinely sub-cultured with a split ratio of 1:2 

every three days at 80%-90% confluence treated with 0.25% trypsin-EDTA. Cells were 

used for the toxicity evaluation between passages 5-9.  

4.2.3 Toxicity assessment of fresh and aged g-C3N4 nanosheets 

All materials used in the experiments were pre-sterile.  

4.2.3.1 Cultivable viability evaluation of E. coli cells 

An aliquot of the E. coli suspension (OD600 å 1) was mixed with the suspensions of g-

C3N4 nanosheets (2 g L-1) and PBS to obtain a final bacterial cell concentration of 6 × 107 

CFU mL-1 and a final nanosheets concentration of 500 mg L-1. The mixture was thoroughly 

mixed with an analog tube rotator at 60 rpm to prevent the settling of bacteria and 

nanosheets at room temperature. A PBS bacterial suspension without any g-C3N4 

nanosheets was used as the control. The whole system was kept in dark or irradicated under 

white LED lamps (7 W). After a certain treatment time, 100 µL of the reaction mixture was 

withdrawn and immediately diluted with PBS and evenly spread with L-shaped cell 

spreaders on LB agar plates. The E. coli colonies were counted after 18 h incubation at 37 

. The cultivable viability (log scale) was calculated as follows:  

ὅόὰὸὭὺὥὦὰὩ ὺὭὥὦὭὰὭὸώÌÏÇ
ὔ

ὔ
τȢρ 

where N0 is the number of cultivable E. coli cells before the treatment and Nt is the number 

of cultivable E. coli cells after exposure to g-C3N4 nanosheets at time t.  
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4.2.3.2 TEM characterization of E. coli cells before and after treatment 

After exposure to g-C3N4 nanosheets in the dark (24 h) or under white light irradiation 

(3 h), a fixative solution containing a mixture of 1% paraformaldehyde and 2.5% 

glutaraldehyde in 0.12 M sodium cacodylate buffer (pH 7.4) was added to fix the E. coli 

cells overnight at 4 . The E. coli cells were collected by centrifugation at 3000 g for 5 

min. The supernatants were discarded while the cell pellets were rinsed by the sodium 

cacodylate buffer and postfixed by 1% osmium tetroxide for 1 h. After rinsing three times 

by the sodium cacodylate buffer and once by 0.1 M sodium acetate buffer, the cells were 

then stored in 0.1M sodium acetate buffered 1% uranyl acetate overnight at 4 .   

The cell pellets were rinsed three times by the sodium acetate buffer, next dehydrated 

through an ascending series of ethanol solutions (35%, 50%, 70%, 95%, and 100%), and 

soaked in three changes of propylene oxide for 15 min. The cell pellets were infiltrated by 

a mixture of 2:1 (v/v) propylene oxide and EmBed812 epoxy resin (Epon) for 90 min, a 

mixture of 1:1 (v/v) propylene oxide and Epon for another 90 min, and then by a mixture 

of 1:2 (v/v) propylene and Epon overnight at room temperature on a rocker plate. Finally, 

the cells were infiltrated in two changes of pure Epon for 1 h. Following infiltration, the 

samples were put into the bottom of Beem capsules and filled with Epon, which were then 

polymerized at 60  for two days.  

The Leica EM UC7 Ultramicrotome was used to prepare ultrathin sections (90 nm) of 

samples, which were next played on TEM grids and stained with 4% uranyl acetate and 

0.2% Raynolds lead citrate. After air drying, TEM images were collected under the 80 kV 

mode. 
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4.2.3.3 Development of S. epidermidis biofilms on the surface of g-C3N4   

0.5 mL of 2 g L-1 suspension of D was loaded to a polycarbonate membrane while the 

suspensions of D-O and D-Cl were loaded to PVDF membranes, and then dried in vacuum 

at room temperature. Both the polycarbonate membrane and the PVDF membrane have 

low protein binding and do not allow the attachment and development of biofilms. The 

membranes loaded with g-C3N4 samples were placed into a 6 well plate and completely 

submerged by 2 mL of the S. epidermidis bacterial suspension. The plate was incubated at 

37  for 24 h in the dark, allowing effective attachment of bacteria on the surface of D, 

D-O, and D-Cl. Next, the suspensions were aspirated, and 2 mL of 6-fold PBS diluted TSB 

was added to each well for the submergence of the membranes. To grow mature biofilms, 

the 6 well plate was further incubated at 37  for another 3 days in the dark with a shaking 

rate of 80 rpm. For the inhibition tests, the biofilms developed on the surface of g-C3N4 

nanosheet samples were characterized with optical coherence tomography (OCT). For the 

biofilm eradication tests, the mature biofilm grew on the surface of g-C3N4 nanosheet 

samples were exposed to white LED irradiation and then characterized with OCT. The 

white LED lamp was maintained 2 cm away from the surface of the 6-fold diluted TSB. 

The optical power density and the photo flux were 3029.8 µW cm-2 and 37.3 µmol s-1 m-2, 

respectively.  

4.2.3.4 CLSM characterization of E. coli cells and S. epidermidis biofilms  

To differentiate E. coli cells with damaged cell membranes from healthy cells and to 

visualize biofilms, the Filmtracer LIVE/DEAD Biofilm Viability kit was used as instructed 

in the manual. Specifically, the green fluorescent nucleic acid stain, SYTO9, could label 

all bacterial cells, while the red fluorescent dye, propidium iodide, only penetrated bacteria 
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with damaged membranes. The E. coli cells were collected through centrifugation at 3000 

g for 5 min after exposure to g-C3N4 and washed with PBS twice before staining. As for 

the characterization of biofilms, the membranes with g-C3N4 samples and biofilms were 

taken out from the culture medium and gently rinsed once with PBS and stained with the 

kit for 20 min. To remove unbound dyes, the membranes were gently rinsed three times 

with ultrapure water after staining. All fluorescently stained samples were observed and 

imaged with a Carl Zeiss 710 Spectral Confocal Microscope equipped with a 63× oil 

immersed objective.  

4.2.3.5 Viability evaluation of Caco-2 cells with the XTT assay 

The metabolic viability of Caco-2 cells was evaluated by measuring the mitochondrial 

activities with InvitrogenTM CyQUANTTM XTT cell viability assay containing XTT 

reagent (2,3-bis-(2-methoxy-4-nitro-5-sulfophenyl)-2H-tetrazolium-5-carboxanilide) and 

electron coupling reagent. One bottle of XTT reagent and one vial of the electron coupling 

reagent can be thawed and mixed to obtain the working solution. Briefly, the Caco-2 cells 

were cultivated in CCM at 37  for 3 days and harvested through trypsin treatment. Cells 

were suspended in CCM and then seeded in a 96 well plate at a density of 104-105 cells 

mL-1 (100 µL per well). After 2 days of incubation, the CCM was gently removed, and 

Caco-2 cells were exposed to 150 µL of SFM-suspended g-C3N4 nanosheet samples with 

various concentrations. After 24 h, cells were rinsed with PBS twice, and 70 µL of the 

freshly prepared working solution was added to each test well (cells after exposure to g-

C3N4 nanosheet samples), control well (cells without exposure to g-C3N4 nanosheet 

samples), and blank well (only contains PBS). After 4 h incubation at 37  under 5% CO2, 

the absorbance at 450 nm and 660 nm was measured with a Thermo Scientific Multiskan 
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Go Microplate Spectrophotometer. Cell viability was calculated as instructed by the 

manual: 

ὛὴὩὧὭὪὭὧ ὃὦίέὶὦὥὲὧὩὃὦί ὝὩίὸὃὦί ὄὰὥὲὯ ὃὦί ὝὩίὸτȢς 

ὠὭὥὦὭὰὭὸώ
ὛὴὩὧὭὪὭὧ ὃὦίέὶὦὥὲὧὩ ίὥάὴὰὩ

ὛὴὩὧὭὪὭὧ ὃὦίέὶὦὥὲὧὩ ὧέὲὸὶέὰ
τȢσ 

where Abs450 nm and Abs600 nm refer to absorbance at 450 nm and 660 nm, respectively.  

4.2.3.6 Intracellular ROS evaluation of Caco-2 cells 

The intracellular ROS level was evaluated using the dichloro-dihydro-fluorescein 

diacetate (DCFH-DA) method.197ï201 Again, Caco-2 cells were seeded at densities of 104-

105 cells mL-1 in a 96 well plate and incubated for 2 d. After removing the CCM, the cells 

were exposed to 150 µL of g-C3N4 nanosheet samples with different concentrations in SFM 

for 24 h. Then, the media containing samples were sucked out and the PBS buffer solution 

containing 10 µM of DCFH-DA and 2.5 µg mL-1 of Hoechst 33342 was added. After 20 

min incubation, Caco-2 cells were rinsed twice with PBS. The fluorescence values were 

measured using a SpectraMax® Paradigm® multi-mode microplate reader with the 

excitation/emission wavelengths for DCF and Hoechst 33342 at 488/525 nm and 350/460 

nm, respectively. Cells without any treatment and cells with 1 h exposure to 100 mM of 

H2O2 were selected as negative and positive controls respectively. The DCF fluorescence 

values of different samples were normalized with the negative control group.  

4.2.4 Quantification of photoproduced ROS under white light irradiation 

Three potential ROS (i.e., 1O2, ÅOH, O2
Å-) were quantified under white LED irradiation 

with the presence of D, D-O, or D-Cl based on the degradation kinetics of various 

molecular probes as indicated in Section 2.2.4. Specifically, nitrobenzene and furfuryl 
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alcohol (FFA) were used to quantify ÅOH and 1O2, respectively. The steady-state 

concentration of 1O2 was calculated as:  

ὕ
Ὧ

Ὧ ϳ

ÌÎ
ὊὊὃ
ὊὊὃ

Ⱦὸ

Ὧ ϳ

τȢτ 

where [1O2]ss refers to the steady-state 1O2 concentration, Ὧex-FFA and Ὧ ϳ  are 

experimentally detected pseudo-first-order FFA degradation rate constant and second-

order reaction rate constant between 1O2 and FFA (1.2×108 M-1s-1),81 and [FFA]0, [FFA]t, 

and t represent initial FFA concentration, FFA concentration at time t, and reaction time, 

respectively. The initial concentration of FFA was 0.2 mM and the FFA concentrations 

were measured by HPLC (Table 2.1). XTT could selectively react with O2
Å- and the product 

XTTÅ- has a maximum absorption at 470 nm (UV-vis spectrophotometer, Hach DR 6000). 

The concentration of XTTÅ- was calculated by dividing the absorbance at 470 nm by the 

molar adsorption coefficient (21.6 mM-1 cm-1) and the optical path length in cm. In all ROS 

quantification tests, the g-C3N4 nanosheet samples were homogenously suspended in PBS 

and irradiated with white LED. The distance between the light source and the suspension 

surface was maintained at 2 cm. 

4.2.5 Statistical analysis 

All experiments were performed independently at least in triplicate. The results were 

expressed as the mean value ± standard deviation. The independent t-test was performed 

to make a comparison between experimental values and the corresponding control values, 

and statistical significance was accepted when a p-value was less than 0.05. 
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4.3 Results and Discussions 

4.3.1 Physical, chemical, photocatalytical properties of fresh and aged g-C3N4 

nanosheets   

As indicated in Section 2.3.2, Under the synergistic attack of ÅOH and h+ (treatment 

D-O3/L1 in Section 2.2.3), the g-C3N4 nanosheets were oxidized and decomposed at the 

fastest pace. After eight hours of continuous treatment, the g-C3N4 nanosheet reached the 

highest aging degree among all ÅOH-related treatments and therefore was chosen as the 

oxygenated sample (D-O). Since the electrophilic attack efficacy of ÅOH, ClÅ, ClOÅ, Cl2
Å- 

is ordered as Cl2
Å- > ÅOH > ClOÅ >ClÅ (Section 3.3.5), the sustainable production of ClOÅ 

and/or Cl2
Å- in 8 h could lead to the rapid decomposition of D. The ClOÅ and/or Cl2

Å- (RCS) 

induced aging would finally introduce Cl atoms to the surface of D and form C-Cl bonds 

with an atomic percentage of 0.48%, denoted as D-Cl in this chapter.  
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Figure 4.1 Transmission electron microscopy (TEM) images of (a) fresh (D), (b) 

oxygenated (D-O), and (c) chlorinated (D-Cl) g-C3N4 nanosheets, and (d) the 

hydrodynamic size distribution of these g-C3N4 nanosheet samples. 
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Figure 4.2 High-angle annular dark-field scanning transmission electron microscopy 

(HAADF-STEM) of D-Cl and the associated energy dispersive X-ray spectroscopy (EDS) 

mapping of C, N, and Cl. 

 

The morphological properties of fresh (D) and aged (D-O and D-Cl) g-C3N4 nanosheets 

were first investigated. As shown in Figure 4.1, D-O and D-Cl did not exhibit any 

significant morphological difference when compared to D, all existing in sheet-like shapes 

and broad lateral size. XPS spectra (Figures 2.10 and 3.5) and the corresponding chemical 
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compositions (Tables 2.3 and 3.5) clearly indicated that both D-O and D-Cl exhibited an 

increased surface oxygen content. The C/O ratio of g-C3N4 nanosheet decreased from 14.5 

(D) to 7.59 (D-O) and 6.52 (D-Cl), meaning that oxidation did occur in both scenarios and 

oxygen-containing functional groups might be introduced. Moreover, the surface charge 

negativity increased from -42.7 ± 0.72 mV to -62.5 ± 0.17 mV and -66.0 ± 2.46 mV after 

ÅOH and RCS-induced aging, respectively, based on zeta potential analysis. Previous 

studies have indicated that g-C3N4 had negative zeta potentials at pH > 4.0, which is 

consistent with the negative zeta potentials detected in this study.168,202,203 Since a colloidal 

dispersion can be considered stable when the absolute value of zeta potential is larger than 

20 mV,168 both fresh and aged g-C3N4 suspensions had good colloidal stability at pH 7. 

Simultaneously, the increased zeta potential negativity in aged g-C3N4 samples suggested 

the increased electrostatic repulsion between g-C3N4 nanosheets and inhibited aggregation. 

Considering that D-Cl only had a trace level of covalently bonded Cl atoms (Tables 3.5 

and 3.6) in the framework, the changes in surface charge of both D-O and D-Cl should be 

attributed to the content alteration of oxygen-containing functional groups such as C-O, 

C=O, O=C-O, etc.  

The photocatalytic performance of D, D-O, and D-Cl was evaluated in batch reactors 

under the irradiation of LED light (7W, 395 nm), and the degradation kinetics of phenol 

was explored. Generally, D-Cl exhibited the highest photocatalytic activity in degrading 

phenol with an experimentally observed pseudo-first-order reaction rate of 8.32 ± 0.82 × 

10-3 min-1. In comparison, the measured pseudo-first-order reaction rates of D and D-O 

were 1.50 ± 0.37 × 10-3 min-1 and 5.00 ± 0.41 × 10-4 min-1, respectively. The band gaps of 

D-O and D-Cl were marginally different from D (Figure 3.6), but the introduction of Cl 
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atoms (Figure 4.2) and the increase in oxygen contents could alter the electronic properties 

of g-C3N4 nanosheets and consequently lead to the difference in photocatalytic activities. 

In addition, although it was super difficult  to characterize the morphological difference, 

the structural integrity of g-C3N4 nanosheets might be impaired after the ÅOH and RCS 

induced oxidation and decomposition, which further induced the photoreactivity difference 

between D, D-O, and D-Cl.   

 

Figure 4.3 The cell membrane integrity of E. coli after exposure to 500 mg L-1 of D, 

D-O, and D-Cl in the dark for 24 h. A PBS buffered bacterial suspension without the 

presence of g-C3N4 nanosheets was set as the control. 
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4.3.2 Toxicity to planktonic E. coli cells  

The LIVE/DEAD viability kit, which measures bacterial cell membrane integrity, was 

utilized to determine the bacterial toxicity of D, D-O, and D-Cl. As a proof of concept, a 

relatively high concentration (500 mg L-1) was used to magnify the toxicity difference 

between fresh and aged g-C3N4 nanosheets (Figure 4.3).204 After 24 h exposure to D-Cl in 

the dark, around 65% of E. coli cells displayed damaged cell membranes, while D-O and 

D did not impair the membrane integrity under the same experimental conditions. The 

antimicrobial effect of graphene-based nanomaterials was predominantly attributed to the 

sharpened edges and their ñcuttingò effects.167,169 In this study, however, considering that 

the morphological differences between D, D-O, and D-Cl were not significant, the effects 

of sharp edges in D-Cl could not explain its damage to cell membranes. With the exclusion 

of chemical composition, size, and morphology, something else played a role in 

determining the toxicity of g-C3N4 nanosheets.  

The intact cell membrane does not necessarily mean that the E. coli cells are still 

cultivable, for many Gram-negative bacteria could enter a dormancy state in response to 

environmental stress.205 To further explore the toxicity of fresh and aged g-C3N4 

nanosheets to planktonic E. coli cells, the cultivable viability was evaluated. In the dark, 

both D and D-O exerted negligible effects on the viability of E. coli cells even after 72 h 

of exposure (Figure 4.4), proving the benignity of D and D-O. Consistent with the 

membrane integrity tests, D-Cl could pose acute toxicity to bacteria, which was totally 

different from D and D-O. A 2.2 log10s inactivation was observed after 6 h of exposure to 

D-Cl, and the E. coli cells totally lost cultivability after exposure for 24 h. Since E. coli 

cells had a negative surface charge when suspended in PBS and D-O and D-Cl did not 
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show a significant difference in zeta potentials, the alteration of surface charge negativity 

should be excluded from the possible explanations of the toxicity difference. We 

hypothesized that the trace level of covalently bonded Cl atoms in D-Cl induced a 

significant increase in toxicity. 

 

 

Figure 4.4 Inactivation of E. coli after exposure to 500 mg L-1 of g-C3N4 nanosheet 

samples in the dark. Data are expressed as mean ± standard deviation. A PBS 

buffered bacterial suspension without g-C3N4 nanosheets was used as the control, and 

statistical significance was compared to the control group (p < 0.05). 

 

TEM was used to visualize the morphological change of E. coli cells after interacting 

with D-Cl. The bacterial cells were prepared and incubated with 500 mg L-1 of D-Cl in the 

dark for 24 h. Samples for TEM analysis were then prepared as previously described in 

Section 4.2.3.2. Yusong Tu et al. indicated that graphene nanosheets could cut into the cell 

membrane of E. coli and extract a large number of phospholipids from the membrane.172 

With the assistance of TEM, the authors even observed missing cytoplasm and ñempty 
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nestsò.  The strong graphene-cell membrane interaction was attributed to the sp2 carbons 

of graphene by the researchers. Although the C atoms of g-C3N4 are also sp2 hybridized, 

similar strong interaction between g-C3N4 nanosheets and E. coli cells was not directly 

observed in our study. Nevertheless, the TEM images still clearly validated that D-Cl 

induced membrane disruption, increased cell permeability, caused the loss of cytoplasm, 

and resulted in the formation of ñempty nestsò after 24 h exposure as shown in Figure 4.5. 

Since similar impairment effects on E. coli cell membranes were not observed after 

exposure to D and D-O, the covalently bonded Cl atoms instead of the sp2 hybridized C 

and N atoms induced the toxicity of D-Cl. 

 

Figure 4.5 Typical transmission electron microscopy (TEM) images of the E. coli 

cells after 24 h of exposure to D-Cl in the dark. 
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Figure 4.6 Inactivation of E. coli after exposure to 500 mg L-1 of g-C3N4 nanosheet 

samples under white LED irradiation. Data are expressed as mean ± standard 

deviation. E. coli in PBS without g-C3N4 nanosheets was used as the control, and 

statistical significance was compared to the control group ( p < 0.05). 

 

Considering that g-C3N4 nanosheets were visible light responsive, the phototoxicity of 

the three samples was assessed as well. Under white light irradiation, D-Cl still exhibited 

the highest toxicity, resulting in a 6.6-log10s inactivation of E. coli within 1.5 h (Figure 

4.6). D also inactivated 5.4-log10s of E. coli cells after 3 h of irradiation (Figure 4.6), 

although the cell membrane integrity was maintained (Figures 4.7 and 4.8). Surprisingly, 

D-O did not exhibit any damaging effects during the 3 h treatment (Figures 4.6, 4.7, and 

4.8), probably due to its low photoreactivity. The formation of small ñempty nestsò in E. 

coli cells after 3 h exposure to D-Cl under while LED irradiation (Figure 4.8, right panel) 

further confirmed the importance of covalently bonded Cl atoms in impairing the cell 

membrane integrity of E. coli.  
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Phototoxicity is commonly associated with the photocatalytic generation of ROS that 

show the potential to cause cellular damage.206,207 Therefore, we measured the ROS 

generation by 500 mg L-1 of g-C3N4 nanosheet samples to investigate the mechanisms 

underlying the phototoxicity difference between D, D-O, and D-Cl. Different selective 

probes, i.e., XTT, FFA, and nitrobenzene, were used to monitor the production of O2
Å-, 1O2, 

and ÅOH, respectively. Results showed that negligible reduction of XTT was observed in 

the presence of D, D-O, or D-Cl, meaning that O2
Å- was not responsible for the 

phototoxicity of D and D-Cl. In the presence of D-O, the concentration of 1O2 was below 

the detection limit, and the ÅOH steady-state concentration was around 7.78 ± 1.17 × 10-16 

M. The calculated steady-state concentrations of 1O2 and ÅOH in the suspension of D were 

1.00 ± 0.39 × 10-14 M and 2.38 ± 0.71 × 10-13 M, respectively. As for D-Cl, the ÅOH steady-

state concentration was 5.08 ± 2.31 × 10-15 M, while the concentration of 1O2 was 

negligible. Taken all together, the relatively low concentration of ROS in the suspension 

of D-O partially explained the low phototoxicity and prolonging the irradiation time may 

induce damage to bacterial cells. Moreover, 1O2 and ÅOH were responsible for the 

phototoxicity of D, and ÅOH-induced phototoxicity was additive to the observed toxicity 

of D-Cl to E. coli under white light irradiation.  
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Figure 4.7 The cell membrane integrity of E. coli after exposure to 500 mg L-1 of D, 

D-O, and D-Cl under white LED irradiation for 3 h. A PBS buffered bacterial 

suspension without g-C3N4 nanosheets was set as the control. 

 



105 
 

 

Figure 4.8 Typical transmission electron microscopy (TEM) images of the E. coli 

cells after 3 h of exposure to D, D-O, and D-Cl under white LED irradiation. 

 

4.3.3 Toxicity to Staphylococcus epidermidis biofilms 

To investigate the biofilm inhibition effect of fresh and aged g-C3N4 nanosheets, S. 

epidermidis cells were cultured on the surface of D, D-O, and D-Cl in the dark. After 1 d 

of adhesion and 3 d of cultivation, biofilms were found to be flourishing on the surface of 

D and D-O as observed by CLSM and OCT (left and middle panels in Figure 4.9), 

suggesting a negligible antibiofilm effect of D and D-O. In comparison, D-Cl inhibited the 

growth of S. epidermidis biofilms by damaging cell membranes. Please note that the 

irregular green fluorescence in the right panel of Figure 4.9 was from D-Cl itself, while 

the dot-patten red signal was from S. epidermidis cells with impaired membranes. Bacterial 

biofilms are biological systems composed of microorganisms embedded in a hydrated 
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extracellular matrix.208 Typically, extracellular polymeric substances such as proteins, 

nucleic acids, lipids, polysaccharides, and other biomolecules constitute the extracellular 

matrix.208,209 The concealment of bacterial cells in the matrix provides protection against 

desiccation, antimicrobials, and other environmental stresses.210 Therefore, biofilms are 

much more persistent than planktonic bacteria, and once mature biofilms were developed 

on a surface, intensive efforts would be needed for biofilm removal.12 The antibiofilm 

property of D-Cl indicated that Cl-doped g-C3N4 nanosheets may serve as promising self-

disinfecting coating materials. 

 

Figure 4.9 (a) Confocal laser scanning microscopic (CLSM) characterization (a) and 

optical coherence tomographic (OCT) images (b) of S. epidermidis biofilms cultured 

on the surface of g-C3N4 films in the dark for 3 days. White rectangles were used to 

highlight the biofilms in the OCT images. The irregular green fluorescence in the 

right panel came from the sample D-Cl itself, which is different from the dot-patten 

fluorescent signals of S. epidermidis cells in the left and right panels. 
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Figure 4.10 (a) Confocal laser scanning microscopic (CLSM) characterization (a) 

and optical coherence tomographic (OCT) images (b) exhibited the successful 

photocatalytic eradication of S. epidermidis biofilms under white LED irradiation. 

Mature biofilms were first cultivated on the surface of D and D-O in the dark for 3 d 

prior to 24 h of white light irradiation. 

 

After exposure to white LED light irradiation for 24 h, the mature S. epidermidis 

biofilms on the surface of D and D-O were successfully eradicated (Figure 4.10). As 

indicated by the CLSM characterization, the dominant bacteria attached to the surface of 
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D and D-O were inactivated after light irradiation. Since ROS could attack the unsaturated 

fatty acid of cell membranes,206,207 the ÅOH and 1O2 generated by D and ÅOH generated by 

D-O were playing a role in removing mature S. epidermidis biofilms. Moreover, the 

successful eradication of biofilms also demonstrated that photocatalysis could serve as a 

broad-spectrum effective, sustainable, and economically feasible method for the control of 

pathogenic biofilms.  

4.3.4 Toxicity to human colon epithelial cells 

 

Figure 4.11 Cytotoxic effect of D, D-O, and D-Cl on Caco-2 cell viability. Data are 

expressed as the mean ± standard deviation and statistical significance was compared 

to the control group (p < 0.05). 

 

The Caco-2 cell line is derived from colon adenocarcinoma and is commonly used as 

an in vitro model of the intestinal epithelial barrier in many toxicological studies, including 

those evaluating the toxicity of persistent organic compounds, nanomaterials, and 

nanoplastics.197,198,211ï213 For evaluating the potential negative impacts of g-C3N4 

nanosheets on human beings, the toxicity of D, D-O, and D-Cl was tested through the XTT 
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assay with human colon epithelial Caco-2 cells. As shown in Figure 4.11, no toxic effect 

was observed in Caco-2 cells after 24 h exposure to D-O within a wide range of 

concentrations (16-2000 mg L-1). Interestingly, the viability of Caco-2 cells abnormally 

increased after being exposed to 100 mg L-1 of D-Cl for 24 h. Then with the increase of the 

concentration, both D and D-Cl induced a significant decrease in cell viability  at high 

concentrations (> 400 mg L-1).  

 

Figure 4.12 Intracellular ROS generation measured by DCFH-DA fluorescence in 

Caco-2 cells after exposure to D, D-O, and D-Cl. The results were normalized by the 

fluorescent signals of Hoechst 33342 and statistical significance was compared to the 

negative control group (p < 0.05). 100 mM of H2O2 was used as a positive control. 

 

The production of intracellular ROS is generally considered the major contributor to 

the cytotoxic and genotoxic effects of nanomaterials.199,211,214ï216 In this study, the DCFH-

DA assay was applied to measure the intracellular ROS levels of Caco-2 cells after 

exposure to fresh and aged g-C3N4 nanosheets. When taken into the cytoplasm, the DCFH-

DA molecules were first deacetylated and then further oxidized by ROS to the green 
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fluorescent product 2ô,7ô-dichlorofluorescein (DCF).197 Simultaneously, Hoechst 33342 

was applied to determine the remaining Caco-2 cell number in each test well, and the DCF 

fluorescence was normalized accordingly.200,201 As shown in Figure 4.12, the positive 

control (H2O2-exposed Caco-2 cells) displayed a significant increase in intracellular ROS 

levels. Again, no significant ROS was produced in Caco-2 cells after exposure to D-O, 

even at a high concentration of 2000 mg L-1. By contrast, the influence of D and D-Cl on 

the intracellular ROS levels was dose-dependent. Once the concentrations of D and D-Cl 

were larger than 100 mg L-1, a significant increase of ROS production in Caco-2 cells was 

observed, which is consistent with the cell viability tests. Although D-Cl was more toxic 

to bacterial cells than D, they did not show a significant difference in the cytotoxicity to 

Caco-2 cells. 

In conclusion, as a photoreactive 2D nanomaterial, g-C3N4 does have high 

biocompatibility and low toxicity. After ÅOH-induced transformation, oxygen-containing 

groups were introduced to the surface of g-C3N4 nanosheets and the nanosheet was 

oxygenated. RCS-induced transformation not only increased the oxygen content but also 

introduced a trace level of covalently bonded Cl atoms, and the g-C3N4 nanosheet was 

chlorinated. The oxygenated g-C3N4 had excellent biocompatibility and was more benign 

to bacterial and human cells than fresh g-C3N4. On the contrary, the toxicity of g-C3N4 to 

bacteria increased significantly after chlorination, damaging cell membranes of bacteria. 

The trace level of covalently bonded Cl atoms seems to play an essential role in the increase 

of toxicity. Under light irradiation, fresh g-C3N4 could pose a phototoxic effect on bacterial 

cells through the production of 1O2 and ÅOH, while chlorinated g-C3N4 could produce ÅOH 

to pose an additive toxicological effect on bacteria. By contrast, due to the impairment of 
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the structural integrity and the decrease of photoreactivity the oxygenated g-C3N4 could 

only produce a relatively low concentration of ÅOH and slowly impact the viability of 

bacterial cells.  

4.4 Environmental Implication  

While great progress in understanding the potential toxicity of 2D nanomaterials has 

been made, significant uncertainty continues to exist.123 Reports about related research 

indicated that toxicity of 2D nanomaterials can be influenced by numerous physiochemical 

properties including but not limited to composition, thickness and lateral size, surface area, 

surface functionalization, active edge sites, crystal structure, and purity.217ï222 The 

mechanisms and key parameters responsible for the toxicological effects still need to be 

thoroughly examined.168 In addition, the response of biological systems to 2D 

nanomaterials can be affected by dose, administration routes, biological models, and 

viability assays.219,224,225 The lack of a uniform assessment approach and a robust dataset 

resulted in substantial inconsistencies in the risk assessment of 2D nanomaterials, and 

opposite opinions began to emerge. For example, Naziah et al. indicated that the toxicity 

of 2D nanomaterials to human lung carcinoma epithelial cells (A549) was ordered as 

graphene oxide < black phosphorus < transition-metal dichalcogenides (MoS2, WS2, WSe2), 

while Dr. Pumeraôs group insisted that the toxicity of exfoliated transition-metal 

dichalcogenides (MoS2, WS2, WSe2) to A549 was lower than that of graphene and its 

analogs.222,226  

Moreover, environmental transformations, such as aggregation, oxidation, reduction, 

photodegradation, biodegradation, etc. could change the chemo-physical properties of 2D 

nanomaterials to regulate the toxicity, further increasing the complexity of toxicity 



112 
 

evaluation.21,22,125,227ï229 Specifically, the photoreactive 2D nanomaterials may undergo 

photo-assisted transformation and degradation under sunlight irradiation in natural aquatic 

systems.14,18,124,230 Simultaneously, the photocatalytic production of reactive oxygen 

species could directly induce oxidative stress in biological systems. To this end, our study 

in evaluating the toxicity of g-C3N4 could provide insights into the risk assessment of 

photoreactive 2D nanomaterials. Our study revealed that reactive species-induced 

transformation could not only modify the structure of g-C3N4 nanosheets but also alter the 

toxicity to bacterial and human cells. The discovery highlights the importance of 

environmental transformation processes in determining the final toxicity of released and 

discharged nanomaterials. Studies investigating the toxic effects of transformed 

nanomaterials are still highly needed to fill data gaps. Scenarios with high nano-pollution 

potential should be considered first, and realistic environmental constituents, factors, and 

transformations should be incorporated. Systematic investigations should also be 

conducted to understand the influence of fundamental materials chemistry and physics on 

the biological behavior of nanomaterials. In addition, future works should also pay 

attention to the chronic effects of nanomaterials at a relatively low dose range and reveal 

the long-term impacts on ecosystems and human beings.   

On the other hand, our study also provided guidelines on the safe and reliable practices 

of g-C3N4 nanomaterials in various applications. For example, since oxygenation could 

significantly decrease the toxicity of g-C3N4 nanosheets, future works in developing 

biodegradable and biocompatible nanomaterials for medical applications could modify the 

surface termination to increase the contents of carbonyl and carboxyl groups. Considering 

that a trace level of covalently bonded Cl atoms could increase the toxicity of g-C3N4 
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nanosheets to bacterial cells while maintaining the benignity to human cells, doping a 

relatively high atomic percentage of Cl atoms to the backbone may serve as a possible 

strategy for designing antibacterial surface coating materials. These material design 

strategies can also be translated into the rational design and synthesis of other emerging 

photoreactive nanomaterials beyond g-C3N4 (e.g., boron nitride), and they will have a 

lasting impact on catalysis and material science.  
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Chapter 5: Environmental Application of Chlorine -doped Graphitic Carbon 

nitride: Continuous Solar-driven Photocatalytic Production of Hydrogen Peroxide 3 

 

 

5.1 Introduction 

Hydrogen peroxide (H2O2), a liquid compound widely used as bleach and an oxidant, 

is considered one of the 100 most important chemical compounds.231 It has broad 

environmental applications such as odor elimination, pollution control, water purification, 

disinfection, and many others.231ï233 The global market size of H2O2 was 1.44 billion 

dollars in 2020 even though various industries were negatively impacted by the COVID-

19 pandemic, and the rising demand for H2O2 from the healthcare industry is fueling the 

market growth at an annual rate of 5.7% from 2020 to 2028.(Grand View Research, 2021) 

Ever since the 1940s, the large-scale production of H2O2 has been almost exclusively 

relying on the anthraquinone autooxidation process.232 During the process, an 

anthraquinone is reduced by H2 to the corresponding hydroquinone in the presence of 

catalysts, then the hydroquinone is autoxidized back to the anthraquinone in the presence 

of O2 and produces H2O2. Although H2O2 can be efficiently synthesized during the reaction 

cycles, the processes of solution regeneration, impurities removal, and H2O2 extraction 

 
3 Adapted with permission from Li , M.; Zheng, Q.; Durkin, D. P.; Chen, H.; Shuai, D. 

Environmental application of chlorine-doped graphitic carbon nitride: continuous solar-

driven photocatalytic production of hydrogen peroxide. J. Hazard. Mater. 2022, 436, 

129251-129261. Copyright (2022) Elsevier B.V. The computational simulation was 

carried out by Dr. Hanning Chen. Partial of the data has been included in Dr. Qinmin 

Zhengôs Ph.D. thesis From Material Design to Engineering Application: Graphitic 

Carbon Nitride Based Photocatalysis for Sustainable Water Treatment and Value-added 

Chemical Production 
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requires significant energy and chemical input, which is unsustainable. In addition, 

chemicals and solvents used for the anthraquinone autooxidation process are considered as 

hazardous materials. Thus, there is a pressing need in developing simpler and greener 

protocols for H2O2 production, especially for on-site H2O2 production based on the needs. 

Solar-driven photocatalysis has thus been explored as a promising approach for H2O2 

generation since it can potentially utilize solar energy, water, and oxygen gas as the only 

energy and chemical input to improve the sustainability of chemical synthesis.235 

Photocatalytic H2O2 production over metal-containing semiconductors, such as TiO2, 

ZnO, CdS, BiVO4, and WO3, has been widely studied.236ï240 For example, Kim et al. 

deposited Au nanoislands of various sizes on TiO2 films to accelerate electron-hole 

separation.241 Although H2O2 was efficiently generated under ultraviolet (UV) light 

irradiation, the produced H2O2 suffered from UV light induced decomposition. Moreover, 

UV light only makes up roughly 4% of solar terrestrial radiation and thus solar energy 

cannot be effectively utilized by pristine TiO2.
242 According to the simulation of Goliaei et 

al., TiO2 supported Ag2Au2 clusters were predicted to be good candidates for adsorbing 

visible and infrared light to generate H2O2.
243 However, noble metals were needed and the 

decomposition of H2O2 on the surface of metals was commonly observed.244,245  

Recently, g-C3N4 has emerged as a promising photocatalyst for broad chemical, 

biomedical, and environmental applications due to its visible-light responsibility, low cost, 

superior stability, and high biocompatibility.5,246,247 In 2009, Wang et al. first reported the 

great potential of g-C3N4 for photocatalytic water splitting.248 Shen et al. applied g-C3N4 

for biofilm control and realized environmental pathogen inactivation under visible light 

irradiation.249 Tsukamoto et al. discovered the photocatalytic activity of g-C3N4 for H2O2 



116 
 

generation.250 However, pristine g-C3N4 suffers from insufficient light absorption, poor 

charge transfer, and fast recombination of photoinduced electron-hole pairs, thus exhibiting 

only moderate photocatalytic activities. In this regard, there is an urgent need to advance 

the photocatalytic performance of g-C3N4 for H2O2 production.251 Recently, heteroatom 

doping with metal elements, such as Na, K, Fe, and Cu, and nonmetal elements, such as S, 

O, P, and Cl, has been used to enhance the photocatalytic performance of g-C3N4 for NO 

removal, organic degradation, and hydrogen evolution.92,252ï258 Specifically, due to its 

moderate electronegativity, Cl is believed to be the desired dopant in regulating the 

electronic structure of g-C3N4, promoting charge carrier utilization efficiency, and 

enhancing oxygen adsorption.254,259  

In this work, we introduced Cl dopant into the g-C3N4 framework via a facile 

solvothermal synthesis method. Under visible light irradiation, the H2O2 generation rate 

over Cl-doped g-C3N4 (denoted as MCC) was 104 times higher than that of pristine g-C3N4 

(denoted as M). The long-term photocatalytic performance of MCC was also evaluated, 

and the H2O2 generation rate remains as 2.78 ± 0.10 µM min-1 throughout 54 h. Integrating 

advanced microscopic and spectroscopic characterizations with density functional theory 

(DFT) simulations, we highlighted the critical role of Cl dopant on the energy band 

structure, charge carrier transfer, and oxygen protonation of g-C3N4 and elucidated how Cl 

doping promoted H2O2 production in photocatalysis. This work sheds light on developing 

effective metal-free photocatalysts for solar-driven H2O2 production. It will pave the way 

for on-site H2O2 generation and its applications of disinfection, medical care, hygiene 

practices, food sanitation, and water purification, especially in developing countries, 

remote areas, and regions after natural disasters. 
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5.2 Materials and methods 

5.2.1 Synthesis of chlorine-doped g-C3N4 

MCC, the Cl-doped g-C3N4, was synthesized by a solvothermal method.260 15 mmol 

cyanuric chloride and 7.5 mmol melamine were put into a 100 mL of Teflon-lined 

autoclave and mixed with 60 mL of acetonitrile. After mixing for 12 h, the autoclave was 

sealed and maintained at 180 °C for 96 h and then cooled down to room temperature 

naturally. The obtained product was washed by acetonitrile, ultrapure water, and ethanol 

sequentially to remove impurities, and then dried at 60 °C. For comparison, M, the pristine 

g-C3N4, was synthesized via the thermal polycondensation of melamine based on the 

method described in our previous study.63 Cl-removed MCC was obtained via the thermal 

treatment of MCC at 500 °C under N2 protection for 1 h.261      

5.2.2 Characterization of g-C3N4 

Electrochemical measurements were conducted in a three-electrode system equipped 

with a Gamry Potentiostat to evaluate the charge transfer resistance of the g-C3N4 samples. 

An indium tin oxide (ITO) glass coated with samples, Pt wire, and Ag/AgCl KCl (3 M) 

were used as the working, counter, and reference electrodes, respectively, and 0.5 M 

Na2SO4 solution (pH 6.43) was used as the electrolyte. The ITO glasses were cleaned by 

sonication in acetone, ultrapure water, and ethanol sequentially, and dried at room 

temperature. 10 mg of g-C3N4 samples were suspended in a mixture with 180 L of ethanol 

and 20 L of Nafion by sonication. Then the suspensions were dropped onto the pre-

cleaned ITO glasses to make sure the effective area was 1 cm2. The electrochemical 

impedance spectra (EIS) were collected in the dark over a frequency range of 5 mHz to 

100 kHz with an amplitude of 10 mV at the zero potential.41,120,262 Other material 
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characterization details, including TEM and UV-vis diffuse reflectance spectroscopy, can 

be found in Section 2.2.2. CHNCl analysis is demonstrated in Section 3.2.1.  

5.2.3 Determination of H2O2 concentration 

The accumulated concentration of H2O2 was measured by the DPD method263. The 

fresh DPD reagent and POD reagent were prepared weekly by dissolving 0.1 g of DPD in 

10 mL of 0.1 N H2SO4, and 10 mg of POD in 10 mL of ultrapure water, respectively. Both 

DPD and POD reagents were stored in the dark at 4 ÁC. For analysis, a 400 ɛL aliquot of 

the sample was mixed with 100 ɛL of 25 mM phosphate buffer (pH 6), 15 ɛL of the DPD 

reagent, and 15 ɛL of the POD reagent. Absorbance was measured at 551 nm (UV-vis 

spectrophotometer, Hach DR 6000) and the resulting H2O2 concentration was determined 

via a calibration curve generated with known concentrations of H2O2. The standard H2O2 

solutions were prepared from the dilution of 30 wt% H2O2 solutions (Sigma-Aldrich) as 

the stock, and the H2O2 concentration in the stock was determined by measuring H2O2 

absorbance at 240 nm and the molar absorption coefficient of 38.1 M-1 cm-1.264 The 

detection limit of the DPD method was on the order of 10-7 M. 

The steady-state concentration of ÅOH was quantified by using p-CBA as the probe 

compound. More details can be found in Section 2.2.4. Similarly, the steady-state 

concentration of 1O2 was quantified by measuring the degradation rate of FFA, with more 

details demonstrated in Section 4.2.4. In our system, [1O2]ss equaled to 1.02×10-12 M. 

5.2.4 Photocatalytic H2O2 production 

Photosynthesis of H2O2 was first conducted in a jacketed beaker under the irradiation 

of a 1000 W xenon lamp equipped with a water optical filter to remove infrared light. A 

long-pass optical filter (ɚ > 400 nm) for simulating the visible light in solar irradiation or 
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an AM 1.5G filter for simulating the average sunlight irradiation for the 48 contiguous U.S. 

states over one year was used. Outdoor experiments were also conducted at midday (11:00 

am to 5:00 pm, May 9th, 2018) on the George Washington University campus, with sky 

conditions ranging from clear to partly cloudy and an ambient temperature of 25 °C. The 

artificial light source of white light emitting diodes (LEDs, 7W) was also used for 

evaluating H2O2 production. The photon fluences and irradiances of light sources were 

recorded by a spectroradiometer (AvaSpec ULS2048L) and reported in Table 5.1. For all 

H2O2 generation tests unless specified, dissolved oxygen in the air was used as the reactant 

at the ambient temperature and pressure, the pH values of the experiments were controlled 

at 7 by using 15 mL of 1 mM phosphate buffer solutions, the photocatalyst loading was 

maintained at 1 g L-1, and no scavenger was used. To improve the performance of H2O2 

production, 10% (v/v) isopropanol was introduced as the hole scavenger for some tests.121 

To understand the impact pH on H2O2 production, tests were also conducted at pH 3, 7, 

and 9, respectively, by using a 10 mM phosphate buffer, phosphate buffer, and borate 

buffer, respectively. The photosynthetic reactions were conducted under magnetic stirring 

at 500 rpm. All experiments were performed with at least three independent replicates.  

Table 5.1. Photon flux and irradiance of various light sources. 

Light sources a Optical filter 
Photon flux 

(µmol of photons) m-2 s-1 

Irradiance 

(mW cm-2) 

White LEDs b / 452 10.5 

Xenon lamp a 400 nm long-pass filter 586 12.8 

Xenon lamp an AM1.5 G filter 598 12.9 

Outdoor sunlight / 1.31× 103 31.2 

a Wavelengths ranging from 250 to 700 nm were recorded.  

b Light emitting diodes of 7 W.  
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The solar-to-chemical (SCC) conversion efficiency (ɖ) was evaluated under the 

irradiation of simulated sunlight (xenon lamp, AM 1.5G) and outdoor sunlight by the 

following equation265:  

– Ϸ
ЎὋ ὲ

ὸ Ὓ Ὅ
ρππϷ υȢρ 

Where ЎὋ  represents the free energy for H2O2 formation (117 kJ mol-1), ὲ is the 

molar amount of generated H2O2 (mol) and ὸ is the irradiation time (s). The irradiation 

area (Ὓ ) is 1.26×10-3 m2, and the overall irradiation intensity (Ὅ ) of the simulated AM 

1.5 global spectrum and outdoor sunlight (250-700 nm) is 129 and 312 W m-2, respectively 

(Table 5.1).  

5.2.5 Computational simulation 

A 6 × 6 supercell (Figure 1.1) of nitrogen-bridged heptazine was adopted to model the 

pristine g-C3N4. Its structure was optimized by the DFT simulation266 before its bandgap 

was evaluated by the same method. Unless otherwise specified, all DFT simulations in the 

present study were carried out by CP2K quantum mechanics software75 with GTH 

pseudopotential,76 Heyd-Scuseria-Ernzehof (HSE06) exchange-correlation functional,77 

polarized-valence-double-ɕ (PVDZ) basis set.78 Moreover, a generalized implicit solvation 

model135 with a dielectric constant of 78.4 was applied to mimic the aqueous environment. 

Since the protonation state of the Cl-doped g-C3N4 and its hydrogenated derivative (after 

removing  Cl) could be critical to O2 binding, the first step of catalyzed H2O2 production, 

we utilized the ChemAxon package to estimate their pKa values by solving the Hammett-

Taft equation.267 
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5.3 Results and discussions 

5.3.1 Characterization of Cl-doped g-C3N4   

The morphology and microstructure of the g-C3N4 samples were investigated with 

HAADF-STEM (Figure 5.1) and SEM (Figure 5.2). Compared to the g-C3N4 synthesized 

by thermal polycondensation (M, Figure 5.2 left), g-C3N4 synthesized by the solvothermal 

method (MCC, Figure 5.2 right) primarily showed a nanofibrous structure. The SEM 

indicated that the nanofibers had a uniform width of ~50 nm and lengths of several 

micrometers, which were consistent with TEM characterizations (Figure 5.1a). The EDS 

mapping of C (Figure 5.1b), N (Figure 5.1c), and Cl (Figure 5.1d) exhibited the 

homogenous distribution of Cl through MCC, and the atomic percentage of Cl was around 

1.83%. Clearly, the subcritical polar solvent, i.e., acetonitrile, served as an annealing fluid 

and provided a sufficient thermodynamic force to polymerize melamine and cyanuric 

chloride molecules to form nanofibers.260 As shown in Figure 5.3, XPS was used to study 

the surface composition and the chemical state of MCC. The deconvolution of the C 1s 

signals produced two peaks centered at 284.5 and 287.6 eV, which could be ascribed to C-

C and C=N, respectively.265 In the high-resolution N 1s spectrum of MCC, the peaks 

centered at 398.2 and 399.7 eV were indexed as sp2-hybridized aromatic nitrogen atoms 

(C=N-C) and tertiary nitrogen (N-(C)3) groups, respectively.268 The atomic ratio of carbon 

to nitrogen was 1.08 (Table 5.2), much larger than the stoichiometry of graphitic carbon 

nitride with a perfect structure (0.75), and it could be explained by the loss of amine groups 

or the introduction of N vacancies.3 These results indicated that melamine and cyanuric 

acid molecules did assemble to form extended aromatic carbon-nitrogen frameworks. The 

atomic percentage of Cl detected by XPS was 2.4%, consistent with the EDS mapping 
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analysis. Moreover, MCC exhibited clear Cl 2p signals with two pairs of Cl 2p3/2 and Cl 

2p1/2 peaks at 200.0 and 201.5 eV corresponding to C-Cl species, and 196.7 and 198.4 eV 

for the ionic Cl species, respectively,269 which confirmed the introduction of Cl into the 

carbon-nitrogen framework. FTIR spectrum (Figure 5.4) was also used to study the 

chemical structure and surface functional groups of MCC. The 776 cm-1 region was 

indexed as the breathing mode of triazine units, and the 1100-1600 cm-1 region was 

considered as the stretching vibration mode of aromatic CN heterocycles.270,271 Taking all 

together, Cl-doped g-C3N4 was successfully synthesized with a nanofibrous structure, and 

the Cl dopant was covalently introduced to the carbon-nitrogen framework.  
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Figure 5.1 (a) High-angle annular dark-field scanning transmission electron 

microscopy (HAADF-STEM) of Cl-doped graphitic carbon nitride (MCC) and its 

energy dispersive X-ray spectroscopy (EDS) mapping of (b) C, (c) N, and (d) Cl. 
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Figure 5.2 Scanning electron microscopy of M (left) and MCC (right). 

 

 

Figure 5.3 X-ray photoelectron spectroscopy of MCC, MCC after 6 h reaction in 1 

mM phosphate buffer without the hole scavenger, and Cl-removed MCC treated by 

annealing. 
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Table 5.2. X-ray photoelectron spectroscopy analysis of MCC, MCC after 6 h reaction in 

1 mM phosphate buffer without the hole scavenger, and Cl-removed MCC treated by 

annealing, regarding carbon, nitrogen, oxygen, and chlorine percentage. 

Sample 
Atomic percentages (at%) 

Percentage of Cl 

that is C-Cl 

Percentage of 

Cl that is Cl- C 1s N 1s O 1s Cl 2p 

MCC 44.7 41.3 11.7 2.4 50.3 49.7 

MCC after 6 h 

reaction 
43.6 44.2 11.2 1.0 100 0.0 

Cl-removed MCC 53.7 44.0 2.3 0.0 0.0 0.0 

 

 

Figure 5.4 Attenuated total reflectance-Fourier transform infrared spectroscopy of 

MCC, MCC after 6 h reaction in 1 mM phosphate buffer without the hole scavenger, 

and Cl-removed MCC treated by annealing. 

 



126 
 

5.3.2 H2O2 photosynthesis under various experimental conditions 

The photocatalytic H2O2 production on MCC and M under the irradiation of simulated 

visible sunlight (xenon lamp, ɚ > 400 nm) is shown in Figure 5.5. In contrast to the 

negligible amount of H2O2 produced on M, MCC catalyzed H2O2 generation from water 

and air to a notable concentration (up to ca. 650 µM) in 6 h, with an average production 

rate of 1.19 ± 0.06 µM min-1. The H2O2 production rate was comparable with other g-C3N4-

based photocatalysts (Table 5.3). H2O2 was produced via photocatalytic oxygen reduction 

(O2 + 2eï+ 2H+ Ÿ H2O2) rather than water oxidation (2H2O Ÿ H2O2 + 2H+ + 2eï), as 

confirmed by the lack of H2O2 formation under N2-saturated condition or in the dark 

(Figure 5.5b). Furthermore, MCC catalyzed the generation of H2O2 under various light 

resources, including white LEDs, visible light (xenon lamp, >400 nm) simulated sunlight 

(xenon lamp, AM 1.5G), and outdoor sunlight. As shown in Figure 5.6, the H2O2 

generation rate increased from 0.61 ± 0.05 µM min-1 (1.45 ± 0.12 µmol h-1) under white 

LEDs irradiation to 1.19 ± 0.06 µM min-1 (2.86 ± 0.14 µmol h-1) under visible light 

irradiation with the increase of irradiance from 10.5 mW cm-2 of white LEDs to 12.8 mW 

cm-2 of visible light. Under simulated sunlight irradiation, the H2O2 generation rate was 

further increased to 2.28 ± 0.09 µM min-1 (5.47 ± 0.22 µmol h-1) and the SCC was 0.112%, 

although the irradiance difference between simulated sunlight (12.9 mW cm-2) and visible 

light was negligible. Meanwhile, the irradiance of outdoor sunlight was the highest (31.2 

mW cm-2), but the H2O2 generation rate decreased to 1.93 ± 0.16 µM min-1 (4.63 ± 0.38 

µmol h-1) and the SCC was significantly decreased to 0.0384%. These inconsistencies were 

induced by the different spectra of diverse light sources.63 Even though the bandgap of 
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MCC is around 1.6 eV (Figure 5.7) and the optical absorption of MCC is up to 775 nm, 

the long-wavelength photons may not be efficiently utilized.  

 

Figure 5.5 Photocatalytic H2O2 production catalyzed by (a-b) MCC and Cl-removed 

MCC and (c) M. Experimental conditions were as follows: catalyst load of 1 g L-1, air (1 

atm) or N2 (1 atm), visible light irradiation (xenon lamp, l > 400 nm) or in the dark, and 

1 mM phosphate buffer (pH 7). (d) Long-term photocatalytic H2O2 production catalyzed 

by MCC with or without the hole scavenger of isopropanol. Experimental conditions 

were as follows: catalyst load of 1 g L-1, air (1 atm), visible light irradiation (xenon 

lamp, l > 400 nm), and 1 mM phosphate buffer (pH 7) or 1 mM phosphate buffer (pH 7) 

plus 10% (v/v) isopropanol. Error bars represent average value ± standard deviation.
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Table 5.3. Comparison of photocatalytic H2O2 production. 

Photocatalyst Experimental conditions H2O2 production Ref. 

Electron donor Gas Light 

source 
Rate 

(µM min-

1) 

Rate (µmol h-

1) 

Quantum yield 

g-C3N4 Isopropanol 

(10%) 

O2 AM 1.5G 0.68 - 2.3% at 380 nm 272 

g-C3N4 Ethanol (90%) O2 > 420 nm 8.33 2.50 - 250 

Oxygen-enriched g-C3N4 Isopropanol 

(10%) 

O2 > 420 nm 2.43 5.30 10.2% at 420 nm 245 

g-C3N4 (mesoporous) Ethanol (90%) O2 AM 1.5G 12.5 3.75 - 273 

Porous g-C3N4 nanosheet Ethanol (5%) O2 AM 1.5G 18.1 54.3 - 274 

Porous g-C3N4 nanosheet (Nitrogen 

vacancy rich) 

Ethanol (5%) O2 > 420 nm 1.68 10.1 - 275 

Nitrogen vacancy enriched C3N4 Isopropanol 

(10%) 

O2 > 420 nm 7.93 47.6 8.2% at 420 nm 276 

BN quantum dots/porous g-C3N4 

nanosheet 

Isopropanol 

(10%) 

O2 > 420 nm 1.21 3.63 - 277 

Ti3C2 MXene/porous g-C3N4 

nanosheet 

Isopropanol 

(10%) 

O2 > 420 nm 2.20 6.60 - 278 

Alkali metal doped g-C3N4 (with N 

vacancies) 

Isopropanol 

(10%) 

O2 > 420 nm 170 510 - 270 

Black phosphorus/C3N4 Isopropanol 

(10%) 

O2 > 420 nm 9.00 16.2 - 279 

2-hydroxy-4,6-

dimethylpyrimidine/ C3N4 

Isopropanol 

(10%) 

O2 > 420 nm 2.90 8.70 - 280 

Ag (1 wt%)/g-C3N4 Isopropanol 

(10%) 

O2 AM 1.5G 1.10 - - 272 

Pt/g-C3N4 Ethanol (90%) O2 > 420 nm 1.17 0.351 - 250 
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Pt (1 wt%)/g-C3N4 Isopropanol 

(10%) 

O2 AM 1.5G 0.87 - - 272 

Au (1 wt%)/g-C3N4 Isopropanol 

(10%) 

O2 AM 1.5G 1.21 - - 272 

K2HPO4/g-C3N4 Ethanol (10%) Air  AM 1.5G 1.90 4.56 26% at 320 nm 271 

Anthraquinone/g-C3N4 Isopropanol 

(10%) 

O2 AM 1.5G 3.01 - 19.5% at 380 nm 272 

Co (1.76 wt%)/g-C3N4 Ethanol (10%) O2 > 420 nm 1.17 1.40 - 281 

Nitrogen vacancy enriched g-C3N4 No O2 > 420 nm 2.83 17.0 4.3% at 420 nm 282 

Anthraquinone/Single Co atoms 

dispersed on C3N4 

No O2 AM 1.5G 1.03 >60% 0.054% full 

spectrum 

283 

Single Sb atoms dispersed on C3N4 No O2 > 420 nm 3.04 9.12 17.6% at 420 nm 265 

Mellitic triimide/g-C3N4 No Air  > 420 nm 0.28 0.504 37% at 450 nm 284 

Biphenyl diimide/g-C3N4 No O2 > 420 nm 0.47 0.846 6% at 400 nm  
285 

Diimide/rGO (0.05 

wt%)/g-C3N4 

No O2 > 420 nm 0.65 1.17 8% at 400 nm 286 

Diimide/g-C3N4 No O2 > 420 nm 0.58 1.04 2.6% at 420 nm 244 

Cl-doped g-C3N4 No Air  white LEDs 0.61 1.45 - This 

work 

Cl-doped g-C3N4 No Air  > 400 nm 1.19 2.86 - This 

work 

Cl-doped g-C3N4 No Air  AM 1.5G 2.28 5.47 - This 

work 

Cl-doped g-C3N4 No Air  outdoor 

sunlight 

1.93 4.63 - This 

work 

Cl-doped g-C3N4 Isopropanol 

(10%) 

Air  > 400 nm 2.78 6.67 - This 

work 
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Figure 5.6 Photocatalytic H2O2 production rate over MCC under (a) various light sources 

and (b) pH conditions. Experimental conditions for (a) were as follows: catalyst load of 1 

g L-1, air (1 atm), irradiation of white LEDs, visible light (xenon lamp, l > 400 nm), 

simulated sunlight (xenon lamp, AM 1.5G), or outdoor sunlight, and 1 mM phosphate 

buffer (pH 7). Experimental conditions for (b) were as follows: catalyst load of 1 g L-1, 

air (1 atm), visible light irradiation (xenon lamp, l > 400 nm), and 10 mM phosphate or 

borate buffer (pH 3, 7, or 9). Error bars represent average value ± standard deviation. 
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Figure 5.7 UV-vis absorption spectra and bandgap analysis (a,b) MCC and (c,d) Cl-

removed MCC by annealing. 

 

Most previous studies only focused on short-term H2O2 production via photocatalysis, 

i.e., up to several hours, while long-term H2O2 generation was largely underexplored. In 

our study, we evaluated H2O2 production under 54 h continuous irradiation of visible 

sunlight (xenon lamp, ɚ > 400 nm). In the system with water and air, substantial net 

production of H2O2 was only observed in the first 6 h of irradiation (Figure 5.5d). After 

that, the accumulated H2O2 concentration reached a plateau of 0.33 mM in 20 h. The 

conduction band energy level of MCC was quantified with Mott-Schottky analysis (Figure 

5.8) and the valence band edge (VBE) was determined in combination with bandgap 
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analysis. The VBE of MCC was less positive than the reduction potential of O2/H2O (0.829 

versus 1.23 V with respect to NHE, Figure 5.9). Hence water oxidation was not 

thermodynamically feasible. Surprisingly, we did not observe the loss of covalently bonded 

C-Cl (Figure 5.3 and Table 5.2) or the reduction of charge transfer rate after the 6 h 

reaction (Figure 5.10). MCC did not generate hydroxyl radical, the most powerful oxidant 

in water, but it produced singlet oxygen with a steady-state concentration of 1.02×10-12 M, 

suggesting that one-electron reduction of H2O2 to hydroxyl radicals was inhibited and 

hydroxyl radical was not responsible for destructing or decomposing the photocatalyst. 

These seemingly contradictory results indicate that photocorrosion induced by holes could 

occur at the defect sites of the photocatalyst but it did not decompose C-Cl, the key 

structure for promoting H2O2 production (details in Section 5.3.4). The fact that H2O2 

production leveled off after the 6 h reaction could also be explained by the comparable 

decomposition and generation rate of H2O2 in the phosphate buffer after H2O2 

accumulation to a certain level.287,288 We next introduced 10% (v/v) isopropanol as the hole 

scavenger for photocatalysis. The oxidation potential of isopropanol is 0.105 V,289 less 

positive than the valence band of MCC (Figure 5.9), indicating that scavenging 

photoinduced holes by isopropanol is thermodynamically favorable. The H2O2 production 

rate was not only improved but also maintained at 2.78 ± 0.10 µM min-1 (6.67 ± 0.24 µmol 

h-1) throughout 54 h (Figure 5.5d), realizing continuous accumulation of H2O2. The timely 

quenching of photoinduced holes not only suppressed the recombination of electron-hole 

pairs but also protected H2O2 from further oxidation.94,290,291 As a result, H2O2 generation 

was promoted while its decomposition might be inhibited,94,292 leading to substantial net 

production of H2O2.  
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Figure 5.8 Mott-Schottky plots of (a) MCC and (b) Cl-removed MCC by annealing. 

 

 

Figure 5.9 Band structure comparison of MCC and Cl-removed MCC. Special attention 

should be paid that the valence band of MCC was not sufficient positive to oxidize water. 

MCC might experience photocorrosion in H2O2 production when no scavenger was 

present, and its defect sites could be oxidized. 
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Figure 5.10 Electrochemical impedance spectroscopy Nyquist plots of MCC, MCC after 

6 h reaction in 1 mM phosphate buffer without the hole scavenger, and Cl-removed MCC 

treated by annealing. 

 

5.3.3 Acidic condition promoting H2O2 photosynthesis 

As shown in Figure 5.6b, with the decrease of pH from 7 to 3, the H2O2 generation 

rate increased from 1.02 ± 0.02 µM min-1 to 1.89 ± 0.09 µM min-1. On the contrary, 

increasing the pH from 7 to 9 did not have a statistically significant influence on the H2O2 

generation rate (i.e., 1.02 ± 0.02 versus 1.26 ± 0.22 µM min-1 at pH 7 and pH 9, 

respectively). The higher concentration of protons at the lower pH was believed to 

accelerate the protonation of adsorbed O2, however, the proton concentration was too low 

at both pH 7 and pH 9 to enhance the rate of H2O2 production. According to molecular 

simulation (Figure 5.11), the pKa of Cl-doped moiety was predicted to be 4.7 (pKa1) and 

2.7 (pKa2), respectively. In contrast, the pKa1 and pKa2 of the hydrogenated derivative 














































