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Abstract 

Photocatalysis has been found to be effective for the degradation of organic 

pollutants and for the inactivation of various pathogenic microorganisms in water, 

including disinfection resistant species. Development of a semiconductor 

photocatalyst that has a narrow band gap, responsive to visible light and suitable 

energy band structure is needed for effective redox capacity. In this study, we explored 

two different materials i.e., graphitic carbon nitride (g-C3N4) and bismuth vanadate 

(BiVO4) as photocatalysts for water treatment and attempted to correlate their 

physiochemical properties to the photocatalytic activity.  

g-C3N4 was investigated to analyse the effect of different precursors and 

reaction parameters on its physiochemical properties i.e., porosity, morphology, 

crystal structure, etc. and photocatalytic performance for phenol degradation and E. 

coli inactivation. The urea derived exfoliated g-C3N4 displayed high specific surface 

area (183.9 m2 g-1). The thiourea and urea derived exfoliated g-C3N4 samples exhibited 

better phenol degradation and E. coli disinfection performance than all other prepared 

g-C3N4 samples. However, the photocatalytic efficiency demonstrated by all the g-

C3N4 samples is still far behind the photocatalytic efficiency of P25-TiO2 under UV-

Vis irradiation.  

The inefficient photocatalytic performance of g-C3N4 was explained through 

its physiochemical properties, i.e., bandgap energy, band edge positions, work 

function, photocurrent, open circuit photopotential, and flat band potential, etc. It was 

found to behave as an intrinsic semiconductor as the Fermi level of g-C3N4 was 

quantified approximately in the middle of the forbidden gap. A very small 

photocurrent and photoelectrochemical photocurrent switching (PEPS) effect was 

observed in photoelectrochemical results. 
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Another photocatalyst BiVO4 was successfully synthesized with different 

morphologies (spheres, plates, pyramids/thorns) using hydrothermal and seed 

mediated methods. Although prepared samples did not show any photocatalytic 

activity for phenol degradation despite producing •OH radicals (detected by RNO 

photocatalytic discolouration), possibly due to its positive conduction band edge 

potential which is insufficient to reduce oxygen. 
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Chapter 1 – Introduction 

 

1.1 Background 

Water is the most important among all natural resources for health perspective and 

economic development which must be systematically conserved, treated, and recycled. 

Fast growing industrialization and modern development are posing a threat to life for 

every living species on this planet because of overuse of finite resources and pollution 

of the natural environment. Access to safe drinking water is a basic human right; 

However, the availability of safe drinking water is still a crucial issue in many 

countries.1–3  

The WHO and UNICEF JMP report (2021) states that in 2020 only 74% of the 

global population had access to safely managed drinking water services. Of this, 86% 

of urban population had access to safely managed drinking water services, whereas 

only 60% of rural population had access. This means that 4 out of 10 individuals in 

rural areas are still consuming contaminated water. The WHO defines safely managed 

drinking-water services as drinking water from an improved source that is accessible 

on premises, available when needed and free from faecal and priority chemical 

contamination.4 The consumption of contaminated water can spread diseases such as 

diarrhoea, cholera, dysentery, typhoid, and polio due to presence of pathogenic 

microorganisms.5 

According to WHO report (2019), it is estimated that contaminated drinking water 

is the individual cause of 829,000 diarrheal deaths each year.6 Most of these deaths 

occur in rural areas of developing and low income nations where the water source 

remains polluted and adequate sanitation is unavailable. Substantial efforts have been 

made to address this issue by different global organizations, but the target is still 
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unmet. The United Nations have set an agenda for 2030 as “17 sustainable 

development goals (SDGs) to improve the lives and future prospects of everyone, 

everywhere”. SDG 6 aims ensure availability and sustainable management of water 

and sanitation for all by 2030.7  

So far, various traditional approaches including coagulation-flocculation, 

sedimentation, reverse osmosis, filtration, solar disinfection, chemical and biological 

methods have been exercised for water treatment process but unfortunately these 

processes have their own limitations and side effects.3 Hence a collective demand and 

effort has arisen for the development of low-cost, efficient, and technically sound 

method for producing clean water. In this regard, the most widely studied processes 

are Advanced Oxidation Processes (AOPs) such as UVC/H2O2, sonolysis, ozonation, 

Fenton-like oxidation, electrochemical oxidation, photocatalysis, and their 

combinations. Semiconductor photocatalysis appears to be a promising and low-cost 

method among above-mentioned AOPs for water remediation, because it can utilize 

solar energy as a source of energy which is freely available and does not require the 

addition of consumable chemicals other than oxygen from air.8,9 This photochemical 

process has been shown to be an effective solution for water disinfection i.e., 

inactivation of various pathogenic microorganisms in water, including some that are 

resistant to chlorination, UVC or ozonation.10  

 

1.2  Semiconductor photocatalysis 

1.2.1 Basic principle of photocatalysis 

In a photocatalytic process, when a semiconductor is irradiated by photons having 

energy equal to or greater than its band gap, valence band electrons get excited to the 

conduction band while leaving holes in the valence band. Thus, produced e−/h+ pairs 



3 
 

can either recombine releasing the energy as heat or radiation, or they can react at the 

surface interface in redox reactions. Thus, the whole process revolves around excitons 

or charge carriers (Fig. 1.1). 

 
Fig. 1.1. Schematic of a photocatalytic process across semiconductor interface (A - Acceptor, 

D - Donor) 

The terms photokatalyse and photokatalytisch was first viewed in the 1910 in 

“Textbook on Photochemistry” by Plotnikov.11 The word photocatalyst was later 

introduced in France in 1913 by Landau12 but real concern was shown towards 

applications of photocatalysis by scientists after the publication of Fujishima and 

Honda13 in Nature in 1972 addressing water splitting through TiO2 electrode. 

Photocatalysis has the ability to eliminate low level concentration of resistant organic 

pollutants as well as microorganisms present in water.14 In 1977, Frank and Bard 

reported on the photocatalytic decomposition of cyanide in the presence of aqueous 

TiO2 powder.15 Later in 1985 Matsunaga et al. for the first time reported the 

photocatalytic microbial inactivation by platinum doped TiO2.16  Since then, 

semiconductor photocatalysis has been widely studied and explored with more 
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emphasis to energy and environmental subjects such as CO2 reduction, water splitting, 

organic degradation, microbial inactivation, etc. 

 

1.2.2 Photocatalyst and its prerequisites for photocatalysis 

A photocatalyst is a semiconductor, a material with conductivity between 

insulator and conductor. Its photoelectronic property is characterized by its energy 

band structure which mainly consists of a valence band and a conduction band (CB). 

At low temperature, a semiconductor has fully occupied valence band and empty 

conduction band and it behaves as an insulator at 0 K. The energy difference between 

the lowest energy level of conduction band (UCB) and the uppermost energy level of 

valence band (UVB) is termed as the optical band gap (Eg).17  

The main concept of semiconductor photocatalysis is the formation of 

electron-hole (e−-h+) pairs upon the absorption of photons with energy equal or greater 

than the band gap of semiconductor (photocatalyst). The redox capacity of these 

photogenerated carriers is closely related with the positions of corresponding VB and 

CB. The photoinduced h+ has a stronger oxidation capacity when the VB potential of 

a photocatalyst is more positive than e− donor species, while photoinduced e− exhibits 

more powerful reduction capacity when the CB potential of a photocatalyst is more 

negative than e− accepter species. The charge carriers, which do not undergo 

recombination process, can drift, or migrate to the surface of the material, and can 

participate in the redox reactions. The VB holes behave as good oxidizers between a 

potential of +1.0 to +3.5 V (NHE) and the CB electrons are good reducers between a 

potential of +0.5 to -1.5 V (NHE).18 For example, TiO2 in anatase phase has the CB 

potential (UCB = -0.51 V, pH 7) which permits the reduction of absorbed 

oxygen ሺ𝐸ሺைమോைమష•ሻ 
଴ = -0.33V and 𝐸ሺைమോுைమ•ሻ 

଴ = -0.45 V), both vs. NHE while the VB 
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potential (UVB = +2.69V, pH 7) allows the oxidation of water and hydroxyl ion 

ሺ𝐸ሺுమ୓ോைమሻ 
଴ = +0.82V and 𝐸ሺைுషോுை•ሻ

଴  = +2.29 V). Likewise, g-C3N4 has the CB 

potential (-1.3 V) and the VB potential (+1.4 V) both vs. NHE.9,13,14,19 For some other 

semiconductors, band gap and band edge energies are shown in Fig. 1.2.  

 
Fig. 1.2. Schematic of band gap and band edge energies of various semiconductors 

[Reproduced from Kumar et al., Catalysts, 2018, 8, 74]14 

The photoexcited e− in the CB may transfer to oxygen to form superoxide 

(•O2
−) or hydroperoxide radicals (•HO2), whereas photoinduced h+ in the valence band 

may oxidize water to form hydroxyl radicals (•OH) (equations 1.1-1.7).  

semiconductor + hν → e−CB + h+
VB (Photoexcitation)         (1.1) 

e−CB + h+
VB → heat or energy (Recombination)          (1.2) 

O2 + e−CB → Oଶ
ି⦁ (Reduction)                       (1.3) 

Oଶ
ି⦁+ H+   →HOଶ

⦁   (Protonation)            (1.4) 

HOଶ
⦁   + HOଶ

⦁   → H2O2 + O2                       (1.5) 

H2O2 + e−CB → •OH + −OH (Reduction)           (1.6) 

H2O + h+
VB → •OH + H+ (Oxidation)            (1.7) 
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These produced reactive oxygen species (ROS) can contribute to the inactivation 

of microorganisms and the degradation of organic pollutants.20,21 Hence, a 

semiconductor photocatalyst should have an appropriate energy band structure in 

order to remove organic pollutants and disinfect pathogens effectively. In the past few 

decades many materials such as ZnO, TiO2, SnO2, CdS, Fe2O3, C3N4, Cu2O, BiVO4, 

Bi2WO6, WO3 etc., have been investigated for their  efficacy for various photocatalytic 

applications.22  

 

1.2.3 Photocatalytic organic degradation 

Organic pollutants in water come from various sources such as industrial spills, 

leakage in chemical tanks, pesticides, household wastes, medicine, etc. These organic 

contaminants can be categorized into dyes, surfactants, phenolic compounds, 

hydrocarbons, organohalides, plasticizers etc. Their chemical stability, water 

solubility, toxicity, carcinogenicity, difficult to degrade, make them a risk to the 

environment and/or human health. Many studies of organic pollutant degradation have 

been reported so far.23–26 Although, depending on its chemical structure and functional 

groups, each organic pollutant can have a different degradation pathway27,28 but a 

general photocatalytic degradation pathway for organic compounds can be given by 

equation 1.8 where each organic substance decomposes into simple organic and 

inorganic molecules and finally mineralized into carbon dioxide and water or 

eventually simple inorganic compounds containing heteroatoms. 

           Organic pollutants →
 ௉஼,௛ఔ

organic/inorganic intermediates →
 ௉஼,௛ఔ

𝐶𝑂ଶ ൅ 𝐻ଶO   (1.8) 

Phenol is commonly used as a model organic pollutant to test the efficacy of prepared 

semiconductor photocatalyst for photocatalytic organic degradation. Phenol 
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(C6H5OH) is a common industrial pollutant which is toxic and available in many 

household products, pharmaceutical drugs etc.29–31 

 

1.2.4 Photocatalytic microbial disinfection 

The use of semiconductor photocatalysis has also been explored for removing 

microbiological contaminants from water. The common wastewater microorganisms 

include adenoviruses that cause respiratory diseases, enteroviruses that cause a variety 

of gastrointestinal diseases, coronaviruses that cause tracheitis, diarrhoea, and 

pneumonia, and Salmonella that cause dysentery, colitis, and meningitis.30 A 

microbial cell commonly made up of 70-90% water and compounds such as nucleic 

acids, lipids, proteins, polysaccharides, and lipopolysaccharides. Hence, reactive 

oxygen species (ROS) have ability to attack and render them inactive.32 Matsunaga et 

al.16 were the first who demonstrated the photoelectrochemical bacterial inactivation 

using platinized TiO2.  

Photocatalytic microbial inactivation is thought to be caused by number of 

processes. The key steps of mechanism of ROS to destroy microbial cell reported by 

Matsunaga and his co-workers are as follows: ROS damages the coenzyme A present 

on the cell membrane which prevents the respiratory activity. Further ROS penetrates 

the cell and oxidizes the compounds present in the cell matrix, resulting in cell 

death.16,33  Some researchers reported that ROS oxidizes the cell membrane resulting 

in destruction of outer layer of cell leading to the leakage of compounds present in cell 

matrix, resulting in cell death.34–36 

E. coli is commonly chosen as a model microorganism to test the performance of 

photocatalyst for photocatalytic microbial disinfection. E. coli has also been 
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designated by the World Health Organization as a model indicator organism for the 

faecal pollution of drinking water.37 

 

1.3  Aim and objectives 

1.3.1 Aim  

The overall aim of this research was to explore the different materials i.e., 

carbon nitride and bismuth vanadate as photocatalysts for water treatment and 

disinfection, and to correlate their physiochemical and photoelectrochemical 

properties to the photocatalytic activity.  

 

1.3.2 Objectives  

i. To conduct a comprehensive literature review on emerging photocatalytic 

materials for their application in photocatalytic water disinfection and organic 

degradation. 

ii. To synthesize graphitic carbon nitride (g-C3N4) and exfoliated g-C3N4 using 

different precursors under varying reactions conditions by thermal 

polymerization route. 

iii. To determine the effect of changing reactions parameters on physicochemical 

properties of g-C3N4 using different analytical techniques. 

iv. To study the impact of thermal exfoliation of g-C3N4 on its physicochemical 

properties using different analytical techniques. 

v. To study the effect of precursors and synthesis parameters on the 

photocatalytic activity of g-C3N4 for water disinfection and organic 

degradation under UV-visible light irradiation and to compare it with a model 

photocatalyst (P25-TiO2). 



9 
 

vi. To determine the optical bandgap and band edge positions of exfoliated g-C3N4 

vii. To investigate the photoelectrochemical properties of exfoliated g-C3N4.  

viii. To present an energy band diagram of exfoliated g-C3N4 based on the obtained 

results. 

ix. To synthesize different morphologies of bismuth vanadate (BiVO4) using 

different methods. 

x. To study the morphology and elemental mapping of as-prepared BiVO4 

through FESEM-EDX 

xi. To determine the elemental composition and chemical states present in the as-

prepared BiVO4 using XPS. 

xii. To explore the photoelectrochemical properties of BiVO4 photoelectrodes  

xiii. To investigate the photocatalytic activity of BiVO4 for the degradation of a 

model organic pollutant under UV-Vis irradiation 

 

1.4  Thesis structure 

The thesis is structured in seven chapters as follows: 

Chapter 2 presents a comprehensive literature review appropriate to the thesis title. 

This review begins with the brief introduction and the historical traces of carbon 

nitride. After that, characteristics, pioneering studies in design, and photocatalytic 

efficiency of g-C3N4 based photocatalysts for water remediation will be discussed. The 

latter section will be focused on another photocatalyst, BiVO4 where we will discuss 

pioneer work on the controlled synthesis of BiVO4 and approaches to improve the 

photocatalytic efficacy of BiVO4 for water disinfection and organic degradation. At 

the end, it will be concluded with recently reported photocatalysts, challenges ahead, 

and future perspectives, for water remediation. 
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Chapter 3 includes a description of materials, synthesis methods and characterization 

techniques that were used during the course of this research work. 

Chapter 4 describes the synthesis of graphitic carbon nitride (g-C3N4) and exfoliated 

g-C3N4 using different precursors under varying reactions conditions by thermal 

polymerization route. It further investigates the effect of changing reactions 

parameters on physicochemical properties of as-prepared g-C3N4 samples using XRD, 

FTIR, Raman, BET and DRS techniques. It also explores the work on the impact of 

thermal exfoliation of g-C3N4 on its physicochemical properties using XRD, FTIR, 

Raman, BET, DRS and FESEM techniques. At the end, it studies the effect of 

precursors and synthesis parameters on the photocatalytic activity of g-C3N4 for water 

disinfection and organic degradation under UV-visible light irradiation and also 

includes the comparison with model photocatalyst (P25-TiO2). 

Chapter 5 investigates the optical, electronic and photoelectrochemical properties of 

exfoliated g-C3N4 and determines its optical bandgap and band edge positions. It 

concludes with the energy band diagram of exfoliated g-C3N4 drawn on the basis of 

the acquired data. 

Chapter 6 explores the synthesis of BiVO4 with three distinct morphologies using 

different methods. It then investigates the physiochemical, electronic and 

photoelectrochemical properties as well as their photocatalytic activities of as-

prepared BiVO4 samples.  

Chapter 7 presents the overall conclusions of this research with discussion on 

potential future work and recommendations. 
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Chapter 2 - Literature review 

 

2.1 Introduction 

The world population currently stands at 7.9 billion and is projected to reach 9.8 

billion by 2050, with an annual increase of around 83 million.1 Population growth, 

accelerated industrialization and technological development have an adverse effect on 

water quality, which is caused by various kinds of chemical and microbiological 

pollutants/contaminants.2–5 Therefore, demand for safe water is growing rapidly and 

has become a major global concern. Conserving natural water resources and 

developing new technologies for wastewater treatment have emerged as critical 

environmental challenges for the twenty-first century. 

Solar energy is an inexhaustible and free energy resource that has proven to be an 

alternative solution to replace or improve existing techniques for addressing energy 

and environmental issues. Semiconductor photocatalysis is a potentially solar-

powered photochemical process that has demonstrated to be an effective technology 

for water treatment. Briefly, a semiconductor photocatalytic reaction may include four 

key steps: (a) generation of charge carriers, (b) migration, (c) recombination, and (d) 

charge utilization. The occurrence of these steps largely determined by the electronic 

band structure of the photocatalyst which absorbs solar irradiation and converts it into 

chemical energy.6  

In recent years, much effort has been made to develop novel and effective 

semiconductor photocatalyst focusing photocatalytic water treatment including 

organic degradation and microbial disinfection. Several compounds have been 

explored as potential semiconductor photocatalysts such as ZnO, TiO2, SnO2, CdS, 

Fe2O3, C3N4, Cu2O, BiVO4, Bi2WO6, WO3 etc.7 Among various photocatalytic 
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materials, TiO2 is still the most extensively explored photocatalyst but wide bandgap 

(3.2 eV) of TiO2 confines its effectiveness under UV photons which accounts for only 

4-5% of solar spectrum.8 To more effectively utilize solar irradiation, there is a 

demand to develop visible light responsive photocatalysts since solar spectrum 

comprises 45% of visible light photons.9 In this regard, graphitic carbon nitride (g-

C3N4)10–12 and bismuth vanadate (BiVO4)13,14 have been intensively investigated as 

visible-light-driven photocatalyst because of their narrow bandgap (2.7 eV, 2.4 eV), 

high physicochemical stability, and ease of availability. This thesis will be focused on 

these two photocatalytic materials including investigation into their synthesis, 

characterization, and photocatalytic applications. 

 

2.2  Graphitic carbon nitride (g-C3N4) 

Carbon nitride (C3N4) is one of the primitive synthetic polymers reported in the 

scientific literatures. g-C3N4-based materials have been gone through extensive 

research as a photocatalyst for various environmental applications since the first 

reported use of  g-C3N4 as a metal-free semiconductor photocatalyst for H2 evolution 

by Wang et al.15 in 2009.  

 

2.2.1 Carbon nitride from the beginning 

The comprehensive picture of the historical background of C3N4 has been reported 

by Zhang (2019),16 Ong (2016),12 Wang (2012),17 Semencha (2010),18 Thomas 

(2008),19 Kroke (2004), 20 and Matsumoto et. al (1999)21 in their review articles. 

In brief, C3N4 and its precursors have long back history since early days in 1834 

when Liebig found melamine, melon, melem, and melam, and perceived as triazine 

and heptazine based compounds.22 In 1922, Franklin studied and reinvestigated the 
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structure of compounds and revealed that the carbon nitride (C3N4)x could be the last 

polymerization product of heating melon although he could not provide the evidences 

in support.23 Pauling and Sturdivant came with evidences as X-ray crystallography 

studies in 1937 and a coplanar heptazine unit was suggested by them as a basic 

structure of these polymeric derivatives.24 Three years later Redemann and Lucas 

found some analogies between graphite and melon.25 Pauling’s finding was further 

confirmed by Hosmane and his fellow scientists in 1982 when they reported the first 

crystal structure of a cyameluric derivative (C6N7H3) and observed a coplanar 

arrangement in that.26  

For an extensive stretch of time, the melon (which is a linear polymer of 

interconnected tri-s-triazine through secondary nitrogen) based C3N4 had been 

overlooked as an unverified species because of its chemical inertness and insolubility 

in most solvents. Carbon nitride materials came in the limelight once again in 2006 

since the expectation drawn by Goettmann with the finding of g-C3N4 as a metal free 

heterogenous catalyst for the benzene activation (Friedel–Crafts reaction).27 Three 

years after that Wang and his co-workers reported first time g-C3N4 as a metal free 

photocatalyst for H2 evolution.15 Since then, g-C3N4 have been gone through intense 

research to enhance its photoactivity. 

 

2.2.2 Crystal structure and different phases of C3N4 and stability 

Seven different phases are possessed by C3N4 named as α- C3N4, β- C3N4, cubic 

C3N4, pseudocubic C3N4, g-h-triazine, g-o-triazine and g-h-heptazine, have been 

studied by Xu et al. using GW approximation.28,29 Theoretical and experimental works 

demonstrated graphitic C3N4 to be the most stable phase among all phases at ambient 

conditions and will be further discussed. Two phases (g-h-triazine and g-o-triazine) 
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are assembled on triazine (C3N3) rings with a hexagonal (Fig. 2.1a) and orthorhombic 

(Fig. 2.1b) unit cell, respectively. g-h-triazine unit cell comprises 14 atoms and 3 

coordinated N atoms that connect to the triazine rings, whereas g-o-triazine unit cell 

has direct C-N bonds between the rings. The third phase (g-h-heptazine) (Fig. 2.1c) is 

built from heptazine units (C6N7), also called tri-s-triazine which contains 3 fused s-

triazine rings linked by N atoms.  

 
Fig. 2.1. Crystal structure of three g-C3N4 phases (a) g-h-triazine, (b) g-o-triazine, and (c) g-

h-heptazine. [Reproduced from Xu et al.,  Int. J. Hydrogen Energy, 2012, 37, 11072–11080]29 

Each primitive cell of α- C3N4, β- C3N4, cubic C3N4, pseudocubic- C3N4, g-h-

triazine, g-o-triazine, and g-h-heptazine has 28, 14, 14, 7, 14, 14 and 28 atoms, 

respectively. The calculated lattice constant, 7.083 A° and inter planer distance, 

3.3436 A° for g-h-heptazine was matched nearby with experimental outcomes 

obtained by X-ray diffraction (XRD) and High-resolution transmission electron 

microscopy (HRTEM). The other lattice parameters and band gap of all seven phases 

optimized by Xu et al. using GW approximation are listed in Table 2.1.  
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Table 2.1. Structural parameters and band gaps of different phases of C3N4 [Adapted from Xu 

et al.,  Int. J. Hydrogen Energy, 2012, 37, 11072–11080]29 

Phases of C3N4 
Lattice parameter 

(A°) 
d1 

(A°) 
d2 

(A°) 
Band gap 

(eV) 
Type 

α-C3N4 a = 6.465, c = 4.709   5.49 Indirect 

β-C3N4 a = 6.406, c = 2.406   4.85 Indirect 

cubic C3N4 a = 5.411   4.30 Indirect 

pseudocubic-
C3N4 

a = 3.426   4.13 Direct 

g-h-triazine a = 4.746, c = 6.586 1.320 1.444 2.97 Direct 

g-o-triazine 
a = 4.147, b = 4.754 
c = 6.474 

1.317 1.440 0.93 Indirect 

g-h-heptazine 
a = 7.083, b = 
12.269 
c = 6.871 

1.335 1.458 2.88 Indirect 

d1 – Average C-N bond length in the aromatic rings 
d2 – Average C-N bond length that connects the rings 

In the bulk form, most C3N4 phases have direct band gap other than the 

pseudocubic and g-h-triazine phases which have indirect band gaps. Only g-h-triazine 

and g-h-heptazine phases are suitable for photocatalytic applications as they have 

appropriate band gaps for absorption of visible light photons. It has been established 

that tri-s-triazine based g-C3N4 was more energetically favoured and 30 kJ mol-1 more 

stable than the triazine based g-C3N4.20 In the recent works, it was found that the 

pyrolysis of dicyandiamide, cyanamide, or melamine produces a melon polymer 

composed of melem units confirming tri-s-triazine unit as the most stable tectonic unit 

of C3N4.30 Therefore, the tri-s-triazine/heptazine tectonic unit has been widely 

accepted as the elementary structure for the g-C3N4. 

Graphitic carbon nitride is made of earth abundant elements, carbon (C), nitrogen 

(N) and a few impurities of hydrogen (H). Due to the presence of sp2-hybridized C 

and N tends to form the π-conjugated plane (tri-s-triazine ring structure) and layered 

g-C3N4 shows high chemical and thermal stability (<600°C in air) due to high 
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condensation properties which results in an alluring electronic structure, having a 

medium and indirect band gap (Eg~2.7-2.8 eV). g-C3N4 is considered as a good 

photocatalyst because of having these exciting properties. Thus, it can be explored for 

photocatalytic applications. Polymeric characteristic enables g-C3N4 to alter its surface 

properties easily through surface engineering at the molecular level including 

protonation, copolymerization, doping, etc. which may improve its performance. 

It was widely reported the X-ray diffraction patterns of g-C3N4 showing two 

characteristic diffraction peaks located at near 27.4° and 13.0° corresponding to the 

(002) and (100) planes (JCPDS 87-1526) respectively.31 Wang et al. explained the 

XRD patterns in his paper for the g-C3N4 which was synthesized by thermal 

condensation of cyanamide at 550°C. The results reveal the high intensity peak at 

nearby 27.4°, belonging to an interlayer distance of 0.326 nm, is due to the stacking 

of the conjugated aromatic system, as in graphite and the weak peak at 13.0°, which 

corresponds to distance 0.681 nm can be associated with an in-planer structural 

packing motif. It has been reported that hydrogen content in a material reduces with 

rise in condensation temperature.15 Inspiring by this work, Thomas reported a detailed 

condensation study of cyanamide with the help of thermogravimetric analysis (TGA) 

and XRD to characterize the intermediates. The whole process involved polyaddition 

and polycondensation where cyanamide was first condensed to form melamine 

followed by ammonia elimination. The difference in products was also observed if 

condensation is performed in closed and open crucibles. Melamine based products 

were found up to 350°C, further heating to 390°C derived in the development of tri-s-

triazine units via melamine rearrangements. Additional heating led to condensation of 

tri-s-triazine units into polymers and final polymerization of g-C3N4 occurs at about 

520°C and it turned in to an unstable form somewhat above 600°C. Heating above 
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700°C resulted in the disappearance of material due to formation of nitrogen and cyano 

fragments.19  

Mo et al.32 and Papailias et al.33 also showed the similar XRD results for g-C3N4 

synthesized from melamine at different temperatures ranging 400–650°C and found 

similar results with 13.1° and 27.3° diffraction peaks. However, some researchers have 

been reported nanotubes of carbon nitride which exhibit one distinct diffraction peak 

than bulk carbon nitride at 17.4° indexed to an interplanar distance 0.49 nm, indicating 

the formation of the s-triazine units.34,35 Single layer carbon nitride has also been 

informed which shows the weak diffraction peak at 27.4° indicating the destruction of 

inter layer structure of bulk g-C3N4 after exfoliation.9 

 

2.2.3 Surface physicochemical properties 

Surface defects can form the multiple functionalities on the surface of polymeric 

carbon nitride. The basic primary (CNH2) and secondary amine (C2NH) functional 

groups could be created by hydrogen impurities (result of the incomplete 

polycondensation) on the edges of single layer g-C3N4. resulting the unique 

nucleophilic character. g-C3N4 may contain several basic groups such as =N-, -NH-, -

N-C=, and -NH2 on its surface which are favourable for the removal of acidic 

pollutants such as phenol through chemical adsorption.36 Hydrophobicity of g-C3N4 

could lead to the stacking of weakly interacted interfacial g-C3N4 layers in aqueous 

environment, which can restrict the electron transport and separation and surface 

electrocatalytic reactions. Hydrophilicity of g-C3N4 could be enhanced by chemical 

oxidation via introducing functional groups which contains oxygen such as hydroxyl 

and carboxyl. This will decrease the contact angle of water on surface of g-C3N4 



22 
 

particles which will improve their dispersion in aqueous solutions and will also 

enhance the photocatalytic activities.37 

Fourier transform infrared spectroscopy (FTIR) can be used to identify these 

functional groups and C-N bonding information could be identified by measurement. 

The characteristic FTIR spectrum of g-C3N4 shows characteristic peaks in three 

regions: 800-900 cm-1, 1200-1650 cm-1 and 3000-3600 cm-1. The sharp absorption 

peak nearby 810 cm-1 was indexed to heptazine/tri-s-triazine rings. The absorption 

peak at 883 cm−1 was corresponded as the deformation mode of N-H in amino groups. 

Various strong bands (1241, 1322, 1406, 1571, and 1631 cm-1) found in the region 

between 1200 and 1650 cm-1 were indexed to the typical stretching modes of CN 

heterocycles. The broad peaks between 3000 and 3600 cm-1 were related to the 

stretching modes of terminal -NH2 or -NH groups at the defect sites of the aromatic 

rings.38  

The Raman spectra (A diode laser of 780 nm was used for excitation) of g-C3N4 

has several characteristic peaks at 1616, 1555, 1481, 1234, 751, 705, 543, and 479 

cm−1 which are indexed to vibration modes of CN heterocycles.39 In case of single 

layer g-C3N4, a blue shift (1234 to 1250 cm-1) was observed which is related to the 

N=C (sp2) bending vibration (1250 cm-1) because exfoliated nanosheets shows a 

phonon confinement and quantum confinement effect of their ultrathin thickness. The 

ratio of peak heights is also described as characteristic feature i.e., the ratios of peak 

heights of 751–705 cm−1 (I751/I705) and 543–479 cm−1 (I543/I479), indexed to layer–layer 

deformation vibrations or the correlation vibrations increased with reducing the g-

C3N4 layers. This feature of Raman spectroscopy can be utilized to figure out the layer 

numbers of g-C3N4.39,40 
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The elemental composition and chemical states of C and N in g-C3N4 can be 

further quantitatively investigated by X-ray photoelectron spectroscopy (XPS). Ma et 

al.41 reported the XPS spectra including the survey, C 1s, N 1s, and Ag 3d spectra for 

g-C3N4 and Ag(3%)/g-C3N4. The survey XPS spectrum showed the presence of C, N, 

and O on the surface of g-C3N4, and presence of C, N, O and Ag on the surface of 

Ag(3%)/g-C3N4. Further, the two distinct peaks were displayed in C 1s spectra for 

both samples at 288.3 and 284.6 eV which relates to carbon atoms bonded with three 

adjacent N atoms in the g-C3N4 lattice and the C-C bonding of reference carbon on the 

surface, respectively. The N 1s peak can be divided into three synthetic peaks 

positioned at 398.8, 400.3, 404.7 eV corresponding to the sp2-hybridized aromatic 

triazine rings (C=N-C), the tertiary nitrogen (N-(C)3) or amino functional groups 

carrying hydrogen ((C)2-NH) and charging effects or positive charge localization in 

heterocycles, respectively. The two peaks of an Ag 3d align with binding energies 

(BE) 374.3 eV (3d3/2) and 368.3 eV (3d5/2) related to metallic silver. In a line, with the 

combination of Raman spectra, IR spectra and XPS spectra, one can completely reveal 

the information about surface functional groups of g-C3N4 based materials.  

Moreover, the isoelectric point (IEP) can also be a valuable physicochemical 

parameter for various compounds such as hydroxides, sulphides, nitrides, and oxides, 

which had been broadly used to measure the surface charge of compound particles at 

different pH conditions. At pH 7, the zeta potential of g-C3N4 prepared by melamine 

(MCN), thiourea (TCN) and urea (UCN) are -17.0, -30.7 and -19.9 mV respectively 

and their corresponding IEPs are 5.0, 4.4, and 5.1. At pH values below the IEP, the g-

C3N4 particles are positively charged, while above this point, they are negatively 

charged.42 The optical properties of g-C3N4 can be revealed by UV–Vis absorption 

spectroscopy and photoluminescence spectra. The typical absorption edge for the g- 
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C3N4 obtained at 550°C was at 455 nm therefore absorbing in the visible. The 

estimated optical band gap of g-C3N4 obtained by UV-Vis absorption curves and 

Kubelka–Munk function is about 2.7 eV calculated using the Tauc equation 2.143,44  

ሺ𝜶.𝒉𝝂ሻ𝟏/𝒏 ൌ 𝑩൫𝒉𝝂 െ 𝑬𝒈൯                                       (2.1) 

Where  - absorption coefficient, 𝜈 - photon’s frequency, B - proportionality 

constant, and Eg - bandgap. n=1/2 for direct absorption and n=2 for indirect absorption. 

Hence, the intercept of the tangents to the plots of (hν)1/n vs. photon energy (hν) can 

provide approximate bandgap.45 Literature shows that the bandgap can be decreased 

by increasing the condensation temperature which increases the degree of 

polymerization.46 

 

Fig. 2.2. The redox potentials of the relevant reactions with respect to the band edge potentials 

of the g-C3N4 at pH 7 
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redox potential for reactions of interest.  X-ray photoelectron spectroscopy (XPS) can 

be used to determine the valence band energy, and electrochemical impedance 

spectroscopy (EIS) to determine the flat band potential. The VB potential can then be 

determined by the optical gap energy difference from CB potential (flat band 

potential). Researchers reported the positive slope of M-S plot, showing n-type 

semiconductor47 and bottom edge of CB of g-C3N4 is positioned at -1.3 V (vs NHE) 

at pH=7, sufficient for water reduction, whereas the top edge of VB is positioned at 

+1.4 V (vs NHE) at pH 7, resulting in a small thermodynamic driving force for 

oxidation.37 Thus, to enhance the photooxidation ability of g-C3N4, modulation in the 

electronic band structure of g-C3N4 is required to make the VB edge more positive 

which may improve the performance of g-C3N4 as photocatalyst for water oxidation 

and water remediation applications. The redox potentials of the relevant reactions with 

respect to the estimated position of the g-C3N4 band edges at pH 7 are shown in Fig. 

2.2.37,48,49 

Cheng et al.50 measured the photoluminescence (PL) spectra of g-C3N4 at 365 

nm and found a broad emission band ranging from 400 to 650 nm, with the emission 

peak of around 470 nm. The intensity of PL signal is directly related to the 

recombination process of photo-generated electrons and holes upon photoexcitation. 

Generally, lower peak intensities in PL spectra reveal the improved charge separation 

and lower rates of recombination. 

 

2.2.4 Design and performance of g-C3N4-based photocatalyst for water 

remediation 

Since finding of photocatalytic properties of g-C3N4, researchers have investigated 

different ways to enhance the photocatalytic performance including modification in 
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synthetic techniques, different shapes, metal doping, metal deposition, coupling with 

other semiconductors to form heterojunctions. The recent developments in design and 

performance of g-C3N4-based photocatalyst for photocatalytic water remediation are 

listed in Table 2.2. 

 

2.2.4.1 Unitary structure- effect of precursors and exfoliation methods 

g- C3N4 can be easily synthesized by thermal polymerization of various precursors 

such as cyanamide,51 melamine,52 dicyandiamide,53 thiourea,54 ammonium 

thiocyanate,55 and urea56 but the photocatalytic efficiency of the bulk g-C3N4, tested 

for H2 evolution, organic degradation and microbial inactivation, is reported limited 

owing to fast recombination of photogenerated charge carriers (e- & h+) and its small 

surface area ca. ~10 m2 g-1. Nano-engineering is an approach to achieving a large 

surface area and more surface reactive sites. It is known that large surface area and the 

porous structure of photocatalysts produce more reactive sites, which decreases the 

diffusion length necessary to reach the interface and facilitate the diffusion of 

photogenerated charge carriers thus enhancing photocatalytic efficiency. In order to 

enhance photocatalytic efficiency, Lee et. al (2012) first time used the urea as a 

precursor and silica as template to synthesize mesoporous g-C3N4. The sample having 

mass ratio 4, (ratio of urea to silica) exhibited the highest BET surface area, 224 m2 g-

1 resulting in better photocatalytic activities for phenol removal than bulk g-C3N4.56 

Comparative studies on the role of precursors on photocatalytic properties have 

also been reported by Zhang et al. (2013),57 Teerthagiri et al. (2016),58 and Devthde 

et al. (2018).59 Their result reveals that urea derived g-C3N4 outperformed among all 

in their photocatalytic behaviour but considering the cost, toxicity, and yield of the g-

C3N4, melamine is recommended as best precursor.57  
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Preparation of 2D nanosheets by exfoliation of their bulk counterparts have been 

stimulated much interest due to their improved electrical, optical, and physicochemical 

properties. Huang et al.60 first time reported the bacterial inactivation properties of g-

C3N4 on E. coli K-12. Silica template and cyanamide as precursor were used to prepare 

mesoporous g-C3N4 whose surface area was 20 times (230 m2 g-1) larger compared to 

the bulk g-C3N4 (12 m2 g-1). Results exhibited that the mesoporous g-C3N4 inactivated 

100% E. coli (2.5×106 CFU mL-1) after visible light irradiation for 4 h while the bulk 

counterpart only inactivated 50% bacterial in same conditions. Almost at the same 

time, Zhao and his co-workers reported the fabrication of atomic single layer g-C3N4 

with the thickness of 0.5 nm by tow step process.9  

 

Fig. 2.3 (a) Photocurrent–time dependence of bulk g-C3N4 and SL g-C3N4 electrodes under 

visible light irradiation (λ > 400 nm), and (b) Photocatalytic disinfection efficiencies under 

different conditions. [Reproduced from Zhao et al. Appl. Catal. B Environ. 2014, 152–153, 

46–50]9 

Bulk g-C3N4 was processed into g-C3N4 nanosheets by thermal etching, followed 

by an ultrasonication exfoliation of g-C3N4 nanosheets. The prepared single layer g-

C3N4 exhibited the short charge-transfer distance which decrease the recombination 

probability, and the low charge-transfer resistance which promote the photo-generated 

charge separation. Correspondingly, single layer g-C3N4 showed the 17 times 

enhanced photocurrent density (1.8 µA cm-2) than bulk g-C3N4 (Fig. 2.3). Along with, 

(a) 

(b) 
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single layer g-C3N4 was outperformed in bacterial inactivation than its other 

counterparts, bulk g-C3N4 and g-C3N4 nanosheets with 7 log, 3 log and 5 log reduction 

respectively, in 4 h under visible light irradiation.  

Very recently, a novel approach of ‘alternated cooling and heating’, was used by 

Kang et al. to fabricate highly crystalline g-C3N4 nanosheets showing reduced band 

gap (2.62 eV), high crystallinity, improved specific surface area (88.59 m2 g-1) and 

enhanced electron transport ability. As a result, complete photocatalytic inactivation 

of 2.5×107 CFU mL-1 of E. coli within 120 min and 65% humic acid degradation after 

70 min was observed.61 Although the enhancement in photocatalytic properties further 

needs to be improved. 

 

2.2.4.2 g-C3N4 based binary/ternary/multi heterostructures 

Pristine g-C3N4 shows low electrical conductivity, fast recombination of charge 

carriers, and limited absorption up to 460 nm which affect its photocatalytic activity. 

It is highly required to tune the physiochemical properties of g-C3N4 to optimize the 

photoactivity. For this, introducing the impurities into the g-C3N4 matrix or formation 

of heterostructures can be an effective approach which could be achieved by 

copolymerization, metal deposition, elemental doping (metal and non-metal), and 

coupling with other appropriate semiconductors, etc.as shown in Fig. 2.4. 

Several studies have been published concerning nonmetal doping (O, C, P, S, B, I 

and F, etc.) and metal doping (Fe, Cu, Zn, Ni, and Ag, etc.) or their combination. 

Recently, Cui and his coworkers62 discussed the formation of sulphur doped g-C3N4 

microspheres using in situ solvothermal condensation process and trithiocyanuric acid 

as a sulphur source and tested its photocatalytic activity for Cr (VI) reduction. Sulphur 

doping was confirmed with the formation of C-S and N-S into the hybrid structure 
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realizing improved conjugated structure, increase in visible light harvesting and 

elevated conduction band potential. In result, sulphur doped graphitic carbon nitride 

exhibited 24 times higher reduction rate of Cr (VI) than un-doped g-C3N4.  

 

Fig. 2.4. Schematic representation of the band structures of different g-C3N4 based materials. 

[Reproduced from Wen et al., Appl. Surf. Sci., 2017, 391, 72–123]37 

Ouyang et al. incorporated fullerenes (C60, C70) by hydrothermal method into 

carbon nitride matrix to make it metal-free photocatalysts (C60/C3N4 and C70/C3N4) for 

bacterial disinfection minding the risk of the discharge of metals into treated water. 

Although researchers couldn’t observe the XRD diffraction peak indexed to fullerene 

because of the thin layer of fullerene. However, they displayed higher E. coli 

inactivation efficiency.63 

For metal doping, Gao et al. reported a novel synthesis approach for preparation 

of Cu-doped g-C3N4 nanosheets. The surface area (40.86 m2 g-1) of doped g-C3N4 was 

seven times higher than pure g-C3N4. The strong optical absorption in visible region 

and extended absorption in IR region was also observed by the team which enabled 

the Cu-doped g-C3N4 displaying improved photocatalytic activity for methylene blue 

dye degradation.64 Xu et al. increased the photocatalytic activity of oxidized porous 

g-C3N4 (PCNO) by loading of Ag nanoparticles using photo-assisted reduction 

method. Ag-PCNO could inactivate about 99.4% Staphylococcus aureus (107 CFU 

mL-1) after 3 h of visible light irradiation and it was found 2.4 times more effective 
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than PCNO for amaranth degradation.65 The 99.4% inactivation shows that 

photocatalyst is quite effective.  

However, reporting the percent inactivation in photocatalytic disinfection results 

is not really appropriate because 99%, 99.9%, and 99.99% inactivation reflect only 2, 

3, 4 log reduction, respectively. Therefore, one should prefer to report inactivation 

data in terms of log reduction rather than percentage when analysing photocatalyst 

efficacy. 

Jourshabani et al.66 combined both non-metal and metal doping and produced 

sulfur-doped mesoporous carbon nitride decorated with Cu particles. Characterization 

results of this study was indicating the improvement in the visible-light harvesting 

ability and facilitated the charge separation efficiency, and therefore, the 

photocatalytic activity was dramatically enhanced with 100% degradation of 

methylene blue dye in 90 min under visible light irradiation.  

However, dyes should not be used as predictors for the photocatalytic activity of 

the photocatalysts because upon photoexcitation, dye degradation could be due to 

either a photocatalytic process, a dye sensitization or both. Upon photoexcitation, as 

many dyes absorb radiation and transfer an electron into the CB of a semiconductor 

photocatalyst, resulting in bleaching of the oxidised dye. This process is called dye 

sensitization.67–69 Like percentage inactivation, reporting percentage degradation is 

also an inappropriate way of quantifying degradation because it does not provide any 

information about the reaction, instead, reporting the reaction rate is more informative 

and relevant. 

In addition to doping, coupling of other semiconductors with g-C3N4 and has also 

been practiced since last decades to be another effective approach for improving photo 

activity of g-C3N4. Various semiconductors such as TiO2, ZnO, Ag3PO4, BiVO4, 
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MoS2, SmVO4, WO3, GO, and many others have been coupled with g-C3N4 to form 

heterostructures. Liu et al. has accepted TiO2 as a proper partner to be combined with 

g-C3N4 to form vertical Z-scheme heterojunction by hydrothermal method (Fig. 2.5). 

The resultant heterostructure were able to inactivate 103 CFU mL-1 of E. coli within 

30 min under sun light.70  

 
Fig. 2.5. Type-Ⅱ (a) and Z-scheme (b) charge transfer models and corresponding proposed 

surface redox reactions for HT-CN/TiO2 composite. [Reproduced from Liu et al. Catal. Today 

2019, 335, 243–25]70 

Sun et al. prepared the graphene oxide/g-C3N4 composite, a metal free 

heterostructure, through sonication method. They reported that 100 µg mL-1 of GO/g-

C3N4 composite could inactivate 97.9% of 107 CFU mL-1 E. coli.71 Li et al. fabricated 

Bi2MoO6/g-C3N4 heterojunctions by an in situ solvothermal method which exhibited 

higher efficiency for photocatalytic hydrogen production and photocatalytic 

disinfection of bacteria compared with pristine materials (Bi2MoO6 or g-C3N4).72 Li et 

al. reported the synthesis of Ag2WO4/g-C3N4 composite by polymerization of thiourea 

and ammonia chloride followed by deposition-precipitation method. Ag2WO4(5%)/g-

C3N4 composites shown significantly enhanced photocatalytic activity compared with 

pure Ag2WO4 and g-C3N4 for E. coli disinfection. Increased light absorption, weaker 

PL intensity and reduced arc of Nyquist plots attributed to the effective separation and 
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transportation of the photo generated charge carriers and reduced recombination of 

free charges which support the efficiency of Ag2WO4/g-C3N4 composite for water 

disinfection application. Schematic energy band diagram for Ag2WO4/g-C3N4 

composite proposed by Li et al. is represented in Fig. 2.6.73  

 
Fig. 2.6. Mechanism of photocatalytic disinfection treated with Ag2WO4/g-C3N4 composite 

under visible light irradiation. [Reproduced from Li et al. J. Hazard. Mater. 2017, 338, 33–

46]73 

 
Fig. 2.7. Schematic representations of antibacterial activity for g-C3N4-SnO2/TiO2 

nanotubes/Ti plate toward E. coli under visible light irradiation. [Reproduced from Faraji et 

al. J. Photochem. Photobiol. B Biol. 2018, 178, 124–132]74 
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g-C3N4 can be coupled by more than two semiconductors with appropriate 

band gap to overcome the recombination problem for example, a ternary composite g-

C3N4-SnO2/TiO2 nanotubes/Ti plates were fabricated by Faraji et al. by simple dipping 

of TiO2 nanotubes/Ti in a solution containing SnCl2 and g-C3N4 nanosheets followed 

by annealing and enhanced photocatalytic activities in both chemical (acetic acid and 

2-propanol) and microbial (E. coli) systems were observed. The Schematic energy 

band diagram for the ternary composite g-C3N4-SnO2/TiO2 nanotubes/Ti plates 

proposed by Faraji et al. is represented in Fig. 2.7.74 Thus, by coupling with other 

metal, nonmetal, semiconductor, or combination of them and forming the 

heterostructures could reduce the recombination rate, increase the light harvesting 

resulting in enhancement in photocatalytic activities.   

 

2.3 Bismuth vanadate (BiVO4) 

BiVO4 is another visible light responsive photocatalytic material that has been 

given considerable attention as a potential photocatalytic material because of its 

excellent characteristics such as narrow bandgap (~2.4 eV), non-toxicity, good 

photostability with photo corrosion resistance and easy fabrication.75 Starting with 

Kudo et al. in 1999,76 many other researchers have reported suggesting its use for 

diverse applications such as gas sensors, solid-state electrolytes, paints and batteries, 

and for photocatalytic applications such as water splitting, pollutant degradation.77,78 

 

2.3.1 Crystal and electronic structure of BiVO4 

BiVO4 is an n-type semiconductor and found in three crystal phases: 

monoclinic-scheelite (m-s), tetragonal-zircon (t-z), and tetragonal-scheelite (t-s) as 

shown in Fig. 2.8.14,79,80  
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Fig. 2.8. Crystal structure of BiVO4 such as monoclinic scheelite (ms, space group: C2/c), 

tetragonal scheelite (ts, space group: 𝐼41/a), and tetragonal zircon (tz, space group: 𝐼41/amd). 

[Reproduced from Choi et al. Appl. Phys. Lett., 2021, 118, 161901]80  

Tetragonal-zircon phase absorbs predominantly UV light with a bandgap of 

2.9 eV, whereas monoclinic-scheelite phase absorbs light from both the visible and 

UV regions of the solar spectrum with a bandgap of 2.4 eV. UV light absorption in 

monoclinic and tetragonal phase are associated with the band transition from O 2p to 

V 3d and visible region absorption is caused by the transition from a valence band 

formed by Bi 6s or a hybrid orbital (made by overlapping of O 2p and Bi 6s) to a 

conduction band of V 3d.81 Owing to distorted Bi-O band caused by 6S2 lone pairs of 

Bi3+ which increases the separation efficiency of the photo-induced electrons and 

holes, the monoclinic phase is believed to be most photoactive phase among the three 

crystal phases.82 Therefore, controlled synthesis is important to obtain monoclinic 

phase of BiVO4 to achieve good photocatalytic activity. Although BiVO4 is an n-type 

semiconductor but whether it is a direct semiconductor, or an indirect semiconductor 

is still a matter of debate. Walsh et al.83 observed it to be a direct band gap 

semiconductor in their first-principles electronic structure analysis of BiVO4, while 

Cooper et al.84 found it to be indirect bandgap semiconductor in their study by resonant 

inelastic X-ray scattering.  
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2.3.2 Synthesis of BiVO4  

It is well known that physiochemical properties and photocatalytic activities 

of BiVO4 are highly influenced by its morphology, crystal structure and active facets, 

which are dependent on the preparation method and reaction conditions.85,86 To 

achieve required physiochemical properties and good photocatalytic efficiency by 

BiVO4, researchers have been explored various approaches to do the controlled 

synthesis including morphology-controlled synthesis, facet-controlled synthesis, and 

formation of heterostructures, which are discussed in the following sections., 

 

2.3.2.1 Morphology-controlled synthesis 

It has been demonstrated that the morphology of BiVO4 has a significant 

impact on the efficiency of photocatalytic applications shown by BiVO4 and the final 

morphology of BiVO4 particle is strongly influenced by the preparation method and 

reaction parameters such as concentration and pH of precursor solution, reaction 

temperature, time, molar ratio of Bi3+/V5+, etc. The initial pH of the precursor solution 

is found to be a critical parameter in defining the phase and final morphology of BiVO4 

particles.78,82,85,87–89 For example, Cao et al.88 recently published an article on the effect 

of pH on the phase composition and photocatalytic activity of BiVO4 produced via 

microemulsion method (Fig. 2.9). At pH = 1, they obtained a composite phase of 

monoclinic scheelite (ms-BiVO4), and tetragonal zircon (tz-BiVO4), while pure ms-

BiVO4 was formed in the pH range 4-10. In their study, the composite phase was 

shown to be more active for photocatalytic degradation of microcystin-LR than the 

pure ms-BiVO4 phase because of the lower recombination rate of charge carriers.  
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Fig. 2.9. Schematic diagram of the microemulsion synthesis of BiVO4 carried out at pH = 1, 

4, 7 and 10. [Reproduced from Cao et al. Ceram. Int., 2020, 46, 20788–20797]88 

Earlier in 2013, Tan and his colleagues reported the detailed study on the effect 

of pH on crystal structure and morphology of BiVO4. Various structures of BiVO4 

were produced by the microwave hydrothermal method at different pH values, ranging 

from highly acidic pH (0.59) to highly basic (12.93) as shown in Fig. 2.10. They found 

monoclinic BiVO4 crystals with decahedron and octahedron microstructures at 

pH=0.59 whereas spherical and polyhedral structures were obtained at strong acid 

condition (pH = 0.70−1.21) which exhibited a mixed crystal phase (tetragonal and 

monoclinic). Pure monoclinic phase of BiVO4 having rodlike and dendritic structures 

were obtained in a pH range of 4.26 to 9.76. At pH 3.65, they found the phase 

transformation from tetragonal phase to monoclinic phase and pH above 9.76, 

nonstoichiometric crystals were formed which were either mixed-phase BiVO4 or non-

BiVO4 structures. In their study, the ms-BiVO4 phase obtained at pH 7.81 

demonstrated high surface area and better photocatalytic activity than others for 

Rhodamine B (RhB) dye degradation.87  



37 
 

 
Fig. 2.10. The effect of different pH values on the crystalline phase and morphology of the as-

prepared BiVO4 [Reproduced from Tan et al., ACS Appl. Mater. Interfaces, 2013, 5, 5186–

5193]87 

Likewise, Wu et al.90 tuned the morphology of BiVO4 by adjusting the molar 

ratio of Bi3+/V5+ during hydrothermal synthesis of BiVO4. They obtained five different 

morphologies, dumbbell, rod, ellipsoid, sphere, and cake-like fabricated by varying 

molar ratio of Bi3+/V5+ from 1.0 to 0.4. The cake-like BiVO4 microstructure showed 

higher photocatalytic degradation of RhB dye than other microstructures, which were 

prepared at 0.4 molar ratio of Bi3+/V5+. 

In another report, Huang and his co-workers simultaneously investigated the 

influence of pH and reaction time during the hydrothermal synthesis of BiVO4. 

According to their findings, the better photocatalytic activity of ms-BiVO4 samples 

was found to be at low pH (=1) and a short period of hydrothermal reaction (12 h).82 

Similar to other parameters, reaction temperature and calcination temperature have 

also shown their influence on BiVO4 morphology leading in variation in their 

physiochemical and photocatalytic properties.91–95  
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2.4.2.2 Facet-controlled synthesis 

Several researchers have explored the facet-based engineering on BiVO4 to see 

impact of exposed facet on photocatalytic activity of BiVO4.81,96–99 Among low 

indexed facets (i.e. {001}, {010}, and {110} etc.), {001} is the preferred growth 

orientation which has also been proved to be favourable facet for photocatalytic water 

oxidation.  

 
Fig. 2.11. SEM images of samples of (a) BiVO4-a without TiCl3 and (b) BiVO4-d with TiCl3, 

HRTEM images of samples of c) BiVO4-a and d) BiVO4-d with its SEAD pattern. Schematic 

illustrations for e) BiVO4-a and f) BiVO4-d. [Reproduced from Wang et al. Chem. - A Eur. J., 

2011, 17, 1275–1282]99 

Han et al.100 had reported that exposed facet{001} demonstrated sixteen times 

photocurrent density than randomly oriented BiVO4.  Another preferred orientation is 

{010} which exhibited its importance for photocatalytic degradation.97,99,101 For 

example, Kamble and Ling recently carried out a facet dependent investigation and 
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found the sample with the {040} exposed facet as high-active facet for methylene blue 

degradation.97 In an earlier report, Wang et al.99 hydrothermally synthesized uniform 

decagonal monoclinic BiVO4 crystals with different facet {040}, {011} and {110} 

using a directing agent, TiCl3 as shown in Fig. 2.11a-f. The authors found a correlation 

between intensity ratio of {040}/{110} and photocatalytic oxidation of water. The 

higher {040}/{110} ratio means sample with {040} dominant exposed facet was found 

to be more efficient for the photocatalytic water oxidation.  

 

2.4.2.3 Formation of heterostructures 

Researchers have explored morphology and facet-based engineering to obtain 

efficient BiVO4 semiconductor, but the poor separation and fast recombination of 

charge pairs limits its photocatalytic efficiency. In comparison to a single 

semiconductor, a heterostructure semiconductor coupled with metal or another 

semiconductor having suitable band structure has been demonstrated an effective 

approach to improve photocatalytic performance of a semiconductor material. Many 

BiVO4 heterostructures have been reported by researchers to investigate the impact on 

charge separation and transfer.102–105 For instance, Rathi et al.104  fabricated a 

BiVO4/g-C3N4 heterostructure photocatalyst using hydrothermal method. The authors 

claimed that prepared heterostructure photocatalyst with 3:1 mass ratio of BiVO4/g-

C3N4 showed 3.7 times better photocatalytic activity for the 4-chlorophenol 

degradation than bare BiVO4 which might be due to improved charge separation and 

transfer.  

Dehdar and his co-corkers prepared S-scheme heterostructure by coupling 

WO3 with BiVO4 through hydrothermal route. Their experimental results suggested 

for 97% degradation of 4-chlorophenol within one hour of visible irradiation by 
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LED.103 Zou et al.105 recently synthesized mixed phase BiVO4 doped with Zn through 

hydrothermal method. They found that BiVO4 with 2.5% Zn doping exhibited better 

photocatalytic efficiency for RhB degradation as 96% degradation in 90 min. Thus, 

heterostructure formation strategies may pave the way for designing high performance 

visible light active photocatalyst to be effective for water remediation. Summary of 

other g-C3N4 based photocatalysts which are recently explored for water treatment and 

remediation, is given table 2.2. 

 

2.4 Other photocatalysts for water remediation 

Scientists have been developing a number of efficient, visible light driven 

photocatalysts to attain solar based applications such as organic degradation, 

disinfection of waterborne pathogens (bacteria, viruses, Fungai, etc.), water splitting 

and CO2 reduction. However, here we are mainly giving attention to the photocatalysts 

being investigated for water treatment application. A summarized data of recently 

reported photocatalysts other than g-C3N4, tested for water treatment is listed in table 

2.3 and some of them are discussed here.   

Zhang et al.106 successfully synthesized ZnSn(OH)6 (ZSH) microspheres 

decorated with carbon quantum dots (CQDs) with three different morphologies solid, 

hollow and yolk-shell using hydrothermal method etching-second growth strategy. He 

tested pure ZSH and ZSH@CQDs composites for RhB degradation and 

Staphylococcus aureus disinfection under visible light and reported increased 

photocatalytic activity (70.4% degradation in 8h, 100% inactivation in 16h) of 

ZSH@CQDs as compared to parent material ZSH moreover among three different 

structures, ZSH@CQDs yolk shell outperformed. Based on scavenger studies he 

suggested that h+ and •O2
− are the main reactive species for organic degradation while 
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for water disinfection of Staphylococcus aureus, •OH, h+ and •O2
− played major role. 

Unique up-conversion photoluminescence properties of CQDs and efficient charge 

separation contributed to enhance the photocatalytic activity of ZSH microspheres. 

Zeng et al.107 fabricated the Z-scheme hetero- junction photocatalyst TiO2/rGO/WO3 

by hydrolysis - hydrothermal method. Photocatalytic activity of TRW and parent 

materials were evaluated for disinfection E. coli in water which showed the 97.3%, 

67.5% bacterial inactivation efficiency in 80 min under simulated solar light and 

visible light respectively. 

Shandilya et al. 108 prepared EV/FG24 nanocomposites by dispersing  EuVO4 

(EV) over fluorine doped graphene sheets (FG) where 24 represents the time period 

given for mechanical shaking in the synthesis of fluorine doped graphene. In their 

experiments, phenol and 2, 4-dinitrophenol (DNP) were fully degraded by EV/FG24 

nanocomposites in 10 h and 89% E. coli inactivation was achieved in 3h under visible 

light. In other work they tried a similar process to prepare GdVO4/FG and SmVO4/FG 

composites which also showed the good photoinactivation properties.109,110 Li. et al.111 

reported the synthesis of Z-scheme heterostructure by deposition of SnS nanoplates 

on the surface of Bi2WO6 via bath sonication method. They reported that the 

photocatalytic activity of SnS-Bi2WO6 was better as compared to pure Bi2WO6 

typically, 68% E. coli inactivation and 5.8 times degradation of RhB dye in 60 min. 

Mazloom and Zamani prepared the CeO2-SnO2 nanocomposites doped with transition 

metals (Co, Ni and Mn) by sol-gel method. According to him, doping of transition 

metals reduced the crystallite size of cubic fluorite structure from 12.1 to 4.7 nm 

evidenced by XRD peak broadening by Williamson-Hall isotropic strain method and 

FESEM images. Moreover, decrease in optical bandgap was also observed from 3.23 
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to 2.91 eV by doping of transition metals. CeO2-SnO2 doped with transition metal Mn 

showed a better photodegradation rate compared to other samples.112 

A study was carried out by Zhang et al. in order to synthesize vanadium 

tetrasulfide (VS4) nanocomposites coupled by different carbon materials, including 

VS4/CP (carbon powder), VS4/rGO (reduced graphene oxides), VS4/CF (carbon fiber), 

and VS4/CNT (carbon nanotube). Among them, VS4/CP outperformed E. coli 

disinfection activity under simulated sunlight and visible light. It reduced the 9.7 log 

of E. coli in 30 min at 0.1 g L-1 catalyst loading under visible light irradiation. 

However, it was not effective for S. aureus inactivation with 1.7 log reduction in 30 

min.113 Misra and his colleagues used co-precipitation method to synthesize Fe-doped 

ZnO nanoparticles impregnated on Kaolinite clay and was found more effective  for 

photocatalytic disinfection of Enterobacter sp., ( a multidrug resistant enteric bacteria) 

than its parent material.114 

 

2.5 Challenges and future perspectives 

Although past few years have been witnessed enormous interest in the 

development of visible light active photocatalyst, their application in water 

disinfection has been somewhat overlooked if compared to other applications like H2 

evolution and CO2 reduction. Some good results have been reported for g-C3N4 and 

BiVO4 based materials related to water remediation but the materials and studies in 

this field are still in primary stages and further focused research and developments are 

required. Altogether there are several challenges which need to be resolved to get 

promising g-C3N4/BiVO4 based photocatalyst for water disinfection and organic 

degradation. These include, high recombination rate of charge carriers, limited light 
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absorption, stability after coupling with other semiconductors, dispersion, and 

recovery of photocatalyst.  

Comparing experimental results from different laboratories is also a major 

challenge before the scientific community as many factors such as light source, light 

scattering and reactor design are involved to assess the photocatalytic activity of a 

photocatalyst during an experiment.  According to recent studies, photocatalysts 

should be compared on the basis of photonic efficiencies or external quantum 

efficiency (EQE) which allows for reliable comparison and reproducibility of 

results.115,116 Most of publications reported photocatalytic disinfection results in terms 

of percent inactivation which is not really appropriate and hard to analyse the actual 

efficiency of a photocatalyst because 99%, 99.9%, and 99.99% inactivation reflect 

only 2, 3, 4 log reduction, respectively. Therefore, one should prefer to report 

inactivation data in terms of log reduction rather than percentage when analysing 

photocatalyst efficacy. Similarly, reporting percentage degradation is also 

inappropriate because it does not provide any information about the reaction, instead, 

reporting the reaction rate would be more informative and relevant. 

Also, there is still a demand to explore new visible light active photocatalyst 

which could be well effective for water remediation application. Some future 

perspective regarding effective visible light active photocatalyst comprise: (a) to 

explore new approaches for light harvesting to absorb the higher wavelengths (λ > 400 

nm), (b) Finding the way to increase the stability of the heterostructure photocatalysts, 

(c) finding the practical method for recovery of a photocatalyst. If above mentioned 

issues could be fixed, practical applications at pilot scale could be further explored.
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Table 2.2: Summary of g-C3N4 based photocatalysts for water treatment and remediation 

Photocatalyst 
Synthesis 
method 

Target microorganism 
/Organic 
solvent 

Operational Conditions 
Inactivation/ 

Degradation efficiency Year 
(Ref.) 

Light source 
Catalyst 
loading 

Initial 
Concentration 

Time 
Reduction/ 

Degradation 

g-C3N4/TiNT 
Chemical vapor 

deposition 
E. coli Visible light   3 h 84% (2018)117 

BT-CN-2d g-
C3N4 

Delamination E. coli 
300 W Xe lamp 

Cut off λ>420 nm 
1 mg mL-1 107 CFU mL-1 120 min 100% (2018)118 

g-C3N4/EP-520 Thermal method 
E. coli 

300 W Xe lamp 
Cut off λ>400 nm 

0.6 g/100 
mL 

108 CFU mL-1 
180 min 

100% (2018)119 
MS2 240 min 

2D- g-C3N4 
Alternated 
cooling and 

heating 

E. coli 
300 W Xe lamp 

Cut off λ>420 nm 
 

2.5*107 CFU 
mL-1 120 min 100% 

(2018)61 
Humic acid  70 min 65% 

g-C3N4/TiO2 Hydrothermal E. coli 
300 W Xe lamp 

1.5 AM filter 
3 mg/30 

mL 
103 CFU mL-1 30 min > 96.8% (2018)70 

AgVO3 QDs/g-
C3N4 

Ultrasonic 
reaction 

Salmonella 
300 W Xe lamp 

Cut off λ>410 nm 
0.75  

mg mL-1 
107 CFU mL-1 10 min 96.4% (2018)120 

Boron-and 
phenyl-

codoped g-
C3N4 

Thermal 
polycondensation 

E. coli 
300 W Xe lamp 

Cut off λ>420 nm 
0.15  

mg mL-1 
5*105 CFU 

mL-1 
180 min 99.9% (2018)121 

CHIT-CNP Solution casting E. coli Sun light 
10 mg/50 

mL 
106 CFU mL-1 90 min 6 log (2018)122 
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Photocatalyst 
Synthesis 
method 

Target microorganism 
/Organic solvent 

Operational Conditions 
Inactivation/ 

Degradation efficiency Year 
(Ref.) 

Light source 
Catalyst 
loading 

Initial 
Concentration 

Time 
Reduction/ 

Degradation 

Ag(2%)/PCNO 
Photo-assisted 

reduction 
Amaranth 500 W Xe lamp 

Cut off λ<420 nm 

10 mg/50 
mL 

1.5*10-5 M 4 h k=00.327 h-1 
(2018)123 

S. aureus 0.2 g L-1 107 CFU mL-1 3 h 99.4% 

g-C3N4-AgBr Deposition 
E. coli 

S. aureus 
300 W Xe lamp 

Cut off λ>400 nm 
0.1  

mg mL-1 
3*106 CFU 

mL-1 

E. coli-
60 min 

S. 
aureus-
150 min 

100% (2017)124 

Ag2WO4 
(5%)/g-C3N4 

Polymerization 
& deposition-
precipitation 

E. coli 
300 W Xe lamp 

Cut off λ<420 nm 
100 µg 
mL-1 

107 CFU mL-1 90 min 100% (2017)73 

g-C3N4/m-
Bi2O4 

Hydrothermal E. coli 
300 W Xe lamp 

Cut off λ<400 nm 
0.4 g L-1 106 CFU mL-1 1.5 h 100% (2017)125 

Ni2P/g-C3N4 Hydrothermal E. coli 
300 W Xe lamp 

Cut off λ>420 nm 
1 mg mL-1 107 CFU mL-1 4 h 100% (2017)8 

u-g-C3N4 
Thermal 

polymerization 
E. coli 

S. aureus 
300 W Xe lamp 

Cut off λ>426 nm 
1 mg mL-1 106 CFU mL-1  95.5% (2017)126 

GO/ g-C3N4 Sonication E. coli 
300 W Xe lamp 

Cut off λ<420 nm 
100  

µg mL-1 
107 CFU mL-1 120 min 97.9% (2017)71 

Fullerene (C60 
& C70)/ g-C3N4 

Hydrothermal E. coli 
300 W Xe lamp 

Cut off λ>420 nm 
 108 CFU mL-1 4 h 

C60/C3N4-86% 
C70/C3N4-

100% 
(2017)63 



46 
 

Photocatalyst 
Synthesis 
method 

Target 
microorganism/Organic 

solvent 

Operational Conditions 
Inactivation/ 

Degradation efficiency Year 
(Ref.) 

Light source 
Catalyst 
loading 

Initial 
Concentration 

Time 
Reduction/ 

Degradation 
Bi2MoO6/ g-

C3N4 
Solvothermal E. coli 

300 W Xe lamp 
Cut off λ>420 nm 

0.1 mg 
mL-1 

2.5*107  
CFU mL-1 

3 h 100% (2017)72 

ns- g-C3N4 
Thermal 

polymerization 
& sonication 

E. coli 
S. aureus 

270 W Xe lamp 
Cut off λ=400 nm 

1 mg mL-1 106 CFU mL-1 2 h 

E. coli – 
97.2% 

S. aureus-
93.7% 

(2016)127 

Ag (3%)/g-
C3N4 

Thermal 
polymerization 

& photo-assisted 
reduction 

E. coli 
300 W Xe lamp 

Cut off λ<420 nm 
4 mg mL-1 107 CFU mL-1 75 min 

104.73 
CFU/mL 

(2016)41 

g-C3N4/TiO2 
Hydrothermal 

calcination 
E. coli 

300 W Xe lamp 
Cut off λ>420 nm 

30 mg/50 
mL 

107 CFU mL-1 180 min 100% (2015)128 

Ag/ g-C3N4 
Polymerization 
& Sonication 

E. coli 
S. aureus 

Visible light 
50 

µg mL-1 
106 CFU mL-1 30 min 100% (2015)129 

SL g-C3N4 
Thermal etching 

& Ultrasonic 
exfoliation 

E. coli 
500 W Xe lamp 

Cut off λ>400 nm 
0.1 g L-1 

2*107  
CFU mL-1 

4 h 100% (2014)130 

g-C3N4 Condensation E. coli Visible light 1 mg mL-1 
2.5*106  

CFU mL-1 
4 h 100% (2014)60 
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 Table 2.3: List of other reported photocatalysts for water remediation 

Photocatalysts 
Synthesis 
method 

Target 
microorganism/or

ganic pollutant 

Operational Conditions 
Inactivation/ 

Degradation efficiency Year 
(Ref.) 

Light source 
Catalyst 
loading 

Initial 
Concentration 

Time 
Reduction/ 

Degradation 

SnS-Bi2WO6 Bath sonication 
E. coli 300 W tungsten 

lamp Cut off 
(λ>410 nm) 

0.1 g/100 
mL 

 

106 CFU mL-1 
60 min 68% (2019)111 

Rhodamine B 10 ppm 

Ag/Fe, N-
TiO2/Fe3O4@Si

O2 
Coprecipitation 

E. coli Eight CFL, 8W, 
(330 W/m2) 

1 g L-1 
106 CFU mL-1 120 

min 
100% (2019)131 

Bisphenol A 2 mg L-1 

CQDs 
decorated 

ZnSn(OH)6 

Etching-second 
growth & facile 
hydrothermal 

Staphylococcus 
aureus 300 W Xe lamp 

Cut off λ>420 nm 

80 mg/30 
mL 

108 CFU mL-1 16 h 100% 
(2019)106 

Rhodamine B 
50 mg/100 

ml 
0.01 mM 8 h 70.4% 

GdVO4/FG24 
Sonochemical 

exfoliation 

E. coli, B. subtilis, 
P. fluorescence, S 

aureus, and S. 
enterica 35 W LED lamp 

2 mg mL-1  
180 
min 

E. coli – 96%, 
B. subtilis-99%, 
P. fluore – 99%, 
S. aureus–100% 

S. enterica–100% 
(2019)110 

Phenol, DNP 
50 mg/100 

mL 
1*10-4 mol dm-3 

Phenol- 98% 
DNP-95% 

meso-Ag/Al2O3 Hydrothermal E. coli & S. aureus 
Simulated visible 

light 
8 mg L-1 106 CFU mL-1 

120 
min 

>99.999% (2018)132 

Ag/AgBr/ 
ZnFe2O4 

Hydrothermal 
E. coli 300 W Xe lamp 

Cut off λ<420 nm 

0.1  
mg mL-1 

105.5 CFU mL-1 
120 
min 

100% 
(2018)133 

Methyl orange 1 g L-1 10 mg L-1 6 min 93.2% 
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Photocatalysts 
Synthesis 
method 

Target 
microorganism/or

ganic pollutant 

Operational Conditions 
Inactivation/ 

Degradation efficiency Year 
(Ref.) 

Light source 
Catalyst 
loading 

Initial 
Concentration 

Time 
Reduction/ 

Degradation 

Fe-(ZnO/K) Co-precipitation 
Enteric MDR 

bacterium, 
Enterobacter sp. 

160 W LED 
visible light 

150 mg L-1 107 CFU mL-1 
120 
min 

100% (2018)114 

Fe3O4@BiOI@
AgI 

Multi step 
process 

(solvothermal, 
precipitation, 
ion exchange 

reaction) 

Rhodamine B and 
Bisphenol A 300 W Xe lamp 

Cut off λ>420 nm 

0.5  
mg mL-1 

RhB - 5 mg/L 
BPA - 20 mg L-1 

RhB-
60 

min, 
BPA- 

50 min 

RhB- 92%, 
BPA- 70% 

(2018)134 

E. coli 
0.08  

mg mL-1 
3*107 CFU mL-1 48 min 100% 

CeO2-SnO2:TM 
(TM= Co, Ni 

and Mn) 
Sol-gel 

Rhodamine B 
UV -A Light 

(400 W) 
2 mg L-1 

40 mg L-1 
120 
min 

 

(2018)112 E. coli 
P. aeruginosa 

S. aureus 
1.5*108 CFU mL-1 50% 

Ag (2%)/CeO2 

Impregnation 
and photo-

assisted 
reduction 

E. coli 
300 W Xe lamp 

Cut off λ<420 nm 
4 mg mL-1 107 CFU mL-1 

150 
min 

100% (2018)135 

ZnO/AAO 
Anodization and 

Hydrothermal 
E. coli UV light  108-109 CFU mL-1  70% (2018)136 

CdSe 
(QDs)/graphene

/TiO2 

Precipitation & 
Hydrothermal 

E. coli 350 W Xe lamp 
Cut off λ<420 nm 

20 mg/ 30 
mL 

107 CFU mL-1 60 min 90% 
(2018)137 

Methylene blue 2.5mg mL-1 2*10-5 M 60 min  
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Photocatalysts 
Synthesis 
method 

Target 
microorganism/or

ganic pollutant 

Operational Conditions 
Inactivation/ 

Degradation efficiency Year 
(Ref.) 

Light source 
Catalyst 
loading 

Initial 
Concentration 

Time 
Reduction/ 

Degradation 

Cu-TiO2 Electrospinning 
Bacteriophage f2 & 

E. coli 
300 W Xe lamp 

Cut off λ>400 nm 
75 mg/L 10*5 CFU mL-1 

120 
min 

100% (2018)138 

VS4/CP Hydrothermal 
E. coli 300 W Xe lamp 

Cut off λ>420 nm 
0.1 g L-1 109 CFU mL-1 30 min 

9.7 log 
(2018)113 

S. aureus 1.7 log 

Polyether 
sulfone (PES) 

fiber 

Electrospinning 
technique 

Methylene blue Simulated visible 
light 

3 cm*3 cm 
in 30 mL 

10 µM 
180 
min 

80% 
(2018)139 

E. coli  6 h 78% 

Ag/AgCl/ZnFe2

O4 
Hydrothermal 

RhB 
BPA 300 W Xe lamp 

Cut off λ>400 nm 
1 mg mL-1 

10 mg/L 

RhB- 
70 min 
BPA–
120 
min 

RhB- ~100% 
BPA- 66.8% (2018)140 

E. coli  15 min 100% 

SmVO4/FG24 
Sonochemical 

exfoliation 

E. coli, B. subtilis, 
P. fluorescence, S 

aureus, and S. 
enterica 

35 W LED lamp 
2 mg mL-1 106 CFU mL-1 

180 
min 

E. coli –95%, 
B. subtilis–98%, 
P. fluore – 90%, 
S aureus–96%, 

S. enterica–100% 
(2018)109 

Phenol 
DNP 

50 mg/100 
mL 

1*10-4 mol dm-3 
Phenol- 95% 
DNP-88 % 

N-doped TiO2-
coated 

membrane 

Sol-gel 
deposition 

MS2 bacteriophage 
300 W Xe lamp 

Cut off λ>400 nm 
 106 CFU mL-1 

120 
min 

99.99% (2018)141 
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Photocatalysts 
Synthesis 
method 

Target 
microorganism/or

ganic pollutant 

Operational Conditions 
Inactivation/ 

Degradation efficiency Year 
(Ref.) 

Light source 
Catalyst 
loading 

Initial 
Concentration 

Time 
Reduction/ 

Degradation 

EuVO4/FG24 
Sonochemical 

exfoliation 

E. coli, B. subtilis, 
P. fluorescence, S 

aureus, and S. 
enterica 

35 W LED lamp 
2 mg mL-1  

180 
min 

E. coli – 89% 
B. subtilis – 95%, 
P. fluore. – 97%, 
S. aureus – 99%, 
S. enterica–100% 

(2018)108 

Phenol 
DNP 

50 mg/100 
mL 

1*10-4 mol dm-3 
Phenol- 95% 
DNP-88 % 

Ag-doped 
TiO2/SiO2 

 B. subtilis 
Four 6W lamp 

(λ: 300-400 nm) 
 105 CFU mL-1 

180 
min 

0.053 min-1 (2017)142 

TiO2 and (C-
dots) co-
decorated 
reduced 

graphene oxide 

Hydrothermal E. coli 
300 W Xe lamp 

1.5 AM filter 
3 mg/30 

mL 
1.5*103 CFU mL-1 60 min 1.03 log (2017)143 

TiO2/rGO/WO3 
hydrolysis-

hydrothermal 
E. coli 

200 W Hg-Xe 
lamp 1.5 AM 

filter 

3 mg/30 
mL 

2*103 CFU mL-1 80 min 97.3+3.8% (2017)107 

Ag@MOF-5  E. coli Visible light   70 min >91% (2017)144 

Ag@TiO2 Hydrolysis E. coli 
Real sun 

(Iavg=970*102 lux) 
0.4 g L-1 40*108 CFU mL-1 15 min 100% (2017)145 
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Chapter 3 - Materials and methods 

 

This chapter presents the raw materials, preparative procedures, equipment, 

and instruments used and followed throughout this research work. This incorporates 

the details of all the preparative methods of photocatalytic materials used in this whole 

study. A summary of all the analytical techniques used to characterise photocatalytic 

materials are also provided. The experimental set up used to test the efficacy of 

photocatalysts is also presented. Unless otherwise stated, all experiments were carried 

out by the author at NIBEC. The help and support of others is explicitly cited in the 

acknowledgement section.   

 

3.1 Materials 

3.1.1 List of chemicals, materials, source, and purity 

All the chemicals used throughout this research were of analytical grade and 

used in experiments without any further purification. All the utilized chemicals and 

other materials are alphabetically listed below in Table 3.1 along with their molecular 

formula, source of purchase and purity grade. 

Table 3.1 List of chemicals with their molecular formula, source, and purity 

Name 
Molecular 
Formula 

Source Purity* 

Absolute ethanol C2H5OH Sigma-Aldrich ≥99.5% 

Acetic acid  Fisher scientific  

Ammonium vanadate NH4VO3 Aldrich 99.99% 

Bismuth nitrate 
pentahydrate 

Bi(NO3).5H2O Aldrich 98% 

Citric acid C6H8O7 Sigma-Aldrich 99.5% 

Conductive Epoxy CW 
2400 

 Circuit works  
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Name 
Molecular 
Formula 

Source Purity* 

Decon 90  
Decon 

Laboratories Ltd 
 

De-ionized water Millipore H2O ELGA Pure Lab 15 MΩ.cm-1 

Durapore Membrane 
Filter 

PVDF Merck Millipore 
Hydrophilic, 

0.22μm, 25 mm 

Ethanolamine  Sigma-Aldrich 98% 

Formic acid CH2O2 Merck 98-100% 

Hydrochloric acid HCl Merck 37% 

Isopropanol (CH3)2CHOH Sigma-Aldrich ≥99.5% 

Kapton tape  Amazon 
Heat resistant 
≤ 300°C 

Melamine C3H6N6 Sigma-Aldrich 99% 

Methanol 
(For HPLC) 

CH3OH Sigma-Aldrich ≥99.9% 

Nitric acid HNO3 Sigma-Aldrich ≥65% 

Nitrogen 
(Oxygen-free) 

OFN BOC ≥ 99.99% 

N, N-Dimethyl-4-
nitrosoaniline (RNO) 

ONC6H4N(CH3)2 Sigma-Aldrich 97% 

Phenol C6H6O 
VWR, BDH, 

PROLAB 
AnalaR 

Normapur 

Polyvinyl alcohol  Aldrich 99% 

Potassium perchlorate KClO4   

Ringer’s solution ¼ 
strength tablets 

 Fluka Analytical 
For 

microbiology 

Sodium bicarbonate NaHCO3 Aldrich 99% 

Sodium chloride NaCl Sigma-Aldrich ≥99.8% 

Sodium Hydroxide NaOH Sigma-Aldrich ≥98.0% 

SU8 photoresist  MicroChem  

Thiourea  Merck 98% 

Titanium dioxide (P25) TiO2 Evonik aeroxide ≥ 99.5% 

Tryptone agar (C12H18O9)n Sigma-Aldrich 
For 

microbiology 

Tryptone soya broth  Fulka-analytical 
For 

microbiology 

urea  Fluka 99.5% 

*Information provided by the suppliers  
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3.2 Synthesis methods of photocatalysts 

After the detailed literature assessment, graphitic carbon nitride (g-C3N4) and 

bismuth vanadate (BiVO4) were chosen to explore their photocatalytic and 

physicochemical properties. Both photocatalysts were synthesised in lab under 

controlled reaction conditions with taking care of all the safety measures. Synthesis 

methods and corresponding reaction parameters are discussed here.  

 

3.2.1 Thermal polymerization of g-C3N4 

Thermal polymerisation is a process that uses thermal energy to convert a 

monomer into a polymer in a chain or step reaction. In this study, thermal 

polymerization method was employed to synthesize graphitic carbon nitride (g-C3N4) 

using different precursors (monomer) such as melamine, urea, thiourea and 

dicyandiamide. The synthesis process of g-C3N4 through thermal polymerization is a 

combination of polyaddition and polycondensation pathways.1  

In this study, g-C3N4 was synthesised at varied thermal polymerization 

conditions to analyse the effect of precursors and reactions conditions on its properties, 

thus detailed reaction conditions are provided in the respective sections of chapter-4. 

However, in a typical synthesis process, adapted from the literature, a certain amount 

of precursor was loaded into a covered alumina crucible, then it was heated to the 

desired temperature and time with up and down heating ramp of 5°C min−1 in a muffle 

furnace. The obtained yellow colour product was collected and ground into a fine 

powder using a mortar and pestle before further characterization and that is termed as 

bulk g-C3N4. Following the same procedure, all bulk g-C3N4 samples were prepared 

using melamine, urea, thiourea and dicyandiamide with the respective reaction 

parameters.  
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3.2.2 Thermal exfoliation of g-C3N4 

The g-C3N4 stacking layers comprise the hydrogen bonding and the Van der 

Waals interactions between strands of polymeric melon units with NH/NH2 group.2 

The layers of g-C3N4 can gradually vanish and oxidise throughout the thermal 

annealing process by a layer-by-layer exfoliation pathway because hydrogen bonds 

are not sufficiently robust against thermal oxidation in air. Simultaneously, the large 

size of stacked g-C3N4 is split up into thin layers after a longer pyrolysis time.3 Fig. 

3.1 explains a layered exfoliation and splitting mechanism.4 

 

Fig. 3.1. The illustration for the layer exfoliation and splitting mechanism of g-C3N4 with the 

correlation between layer thickness of g-C3N4 and the pyrolysis time. [Reproduced from Dong 

et al. J. Colloid Interface Sci. 2013, 401, 70−79]4 

Thus, thermal exfoliation may produce near to complete, exfoliated single 

layer graphitic carbon nitride. Although thermal exfoliation process significantly 

reduces the yield of the end-product. Since formation of polymeric g-C3N4 occurred 

about 500°C, to produce exfoliated g-C3N4 in this study, bulk g-C3N4 samples were 

further heated at 500°C in an open crucible with heating ramp up and down of 2°C 

min−1.   
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3.2.3 Hydrothermal synthesis of BiVO4 

Hydrothermal synthesis refers to a heterogenous chemical reaction that occurs 

in the presence of aqueous solvents under self-generated pressure and high 

temperature in a closed system. This high pressure and temperature conditions causes 

the dissolution and recrystallisation of the materials which are relatively insoluble 

under normal conditions.5 This method has been used to prepare different materials 

having various morphologies, crystal structure, sub-micron to nanoparticles with a 

narrow size distribution using simple equipment and size. 

 
Fig. 3.2. Hydrothermal Parr reactor (Parr Instruments) used for BiVO4 synthesis 

A typical hydrothermal set up consists of a closed stainless-steel vessel (also 

called a Parr reactor vessel) incorporating inputs for temperature sensor probe and 

pressure gauge. Along with high pressure and temperature, hydrothermal methods 

may require highly acidic or alkaline conditions which are subject to corrosion. To 

avoid this, reactions are executed in Teflon vessel which is placed inside stainless-

steel vessel. Hydrothermal setup used in this study is shown in Fig. 3.2. This simple 

experimental setup for hydrothermal synthesis has been used to prepare high purity 

and homogenous product with different morphologies, crystal structure, sub-micron 
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to nanoparticles size and narrow particle size distributions, thus considered suitable 

for scale-up. However, it all depends on reaction parameters such as precursor, 

temperature, time, pH, chelating agent, etc. 

 
Fig. 3.3. Flowchart for the hydrothermal synthesis of (a) BiVO4 spheres and (b) BiVO4 

nanoplates 

In this study, a hydrothermal method was used to prepare bismuth vanadate 

(BiVO4) spheres and nanoplates. Bismuth vanadate having spherical shape particles 

were synthesized by adapting the method reported by Zhao et al.6 while BiVO4 

nanoplates were produced by adapting the method reported by Xi et al.7 A flowchart 

for the hydrothermal synthesis of BiVO4 spheres and nanoplates are given in Fig. 3.3. 

The detailed synthesis procedures are provided in chapter 6. 
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3.2.4 Nucleation/seed mediated synthesis of BiVO4 

Seed mediated method (SMM) is a wet chemistry method used to prepare 

different shapes of nanoparticles such as spheres, cubes, rods, etc. Seed mediated 

method is also known as nucleation method. Nucleation refers to the process whereby 

nuclei (seeds) act as templates for crystal growth. Thanh et. al has reported the various 

nucleation and growth mechanisms those can occur within solution such as LaMer 

nucleation, Ostwald ripening, digestive ripening, Finke-Watzky two step mechanism, 

coalescence and orientated attachment, and intraparticle growth.8  

 
Fig. 3.4. Flowchart for the seed mediated synthesis of BiVO4 pyramids/thorns 

In this study, a seed mediated synthesis method was used to prepare 

pyramid/thorn shape bismuth vanadate by adapting the method reported by Su et al.9 

with some modification. Flowchart for seed mediated synthesis of BiVO4 

pyramids/thorns is given in Fig. 3.4. The detailed synthesis procedure is provided in 

chapter 6. 

 

3.3 Electrode preparation 

To test photoelectrochemical properties of prepared materials, they were 

coated on electrically conductive substrate to form electrode. Procedure to prepare a 

working electrode is given below.  
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3.3.1 Substrate and its cleaning 

FTO (Fluorine-doped Tin Oxide) coated glasses (300 mm × 300 mm × 2.2 mm, 

surface resistivity ~7 Ω/sq) were purchased from Sigma-Aldrich, which were further 

cut into pieces (20 mm × 15 mm) to use as an electrically conductive substrate for 

photoelectrodes. Before further processing, these FTO substrates were cleaned by bath 

sonication firstly with Decon 90 (5%) which is a surface-active cleaning agent, 

followed by sequential sonication with distilled water and ethanol. The cleaned FTO 

glasses were then dried under oxygen-free nitrogen stream.  

 

3.3.2 Spray coating on FTO substrates 

The synthesized samples were immobilized on pre cleaned FTO substrates by 

spray coating method. These FTO substrates were masked with Kapton tape (heat 

resistant up to 300°C) to leave an unexposed area (5 mm × 15 mm) by spray coating 

for making electrical contacts and placed on a hot plate. 1 wt.% homogenous 

suspension of each sample prepared in methanol, was uniformly spray-coated on the 

exposed area of FTO coated glass using a lab spray gun (air brush) maintaining the 

catalyst loading of 0.5 mg.cm-2 for each sample which was ensured by measuring the 

dry weight of the FTO coated glass pre and post spray-coating. The spray coated FTO 

glass were annealed at 400°C in the muffle furnace for 1 h (ramp up = 2°C.min-1; ramp 

down = 2°C.min-1) to sinter particles and improve adhesion of the sample to the 

substrate. 

 

3.3.3 Electrical contact on FTO substrates 

A copper wire was used to make electrical contact with the FTO glass. An 

abrasive sanding sponge block was used to clean the copper wire before the contact 



73 
 

was made. Conductive silver epoxy (CircuitWorks CW2400) was used to make the 

connection between FTO substrate and Cu wire, which was allowed to cure at 120°C 

for 60 min. The contact and area uncoated with photocatalyst were insulated with SU8 

photoresist (MicroChem), followed by two slots of UV exposure for 5 min both sides 

(twice) and then hard baking at 160°C for 30 min. The UV exposure step was repeated 

two times to ensure proper curing of the photoresist. Thus, A working electrode with 

a photoactive area of 15 mm × 15 mm was obtained. 

 

3.4 Materials characterization 

Various analytical techniques were employed to characterize physicochemical 

properties of synthesized materials which includes X-ray diffraction (XRD) to 

determine crystal structure of the materials, field emission scanning electron 

microscopy (FESEM) to determine the morphology, Fourier transform infrared 

spectroscopy (FTIR) to obtain chemical composition, Raman spectroscopy to acquire 

the information about chemical structure, X-ray/UV photoelectron spectroscopy 

(XPS/UPS) to perform elemental analysis and valence band position of the 

semiconductor, ultraviolet-visible spectroscopy and diffuse reflectance analysis to 

investigate optical properties and BET Measurement to analyse the surface area and 

porosity of synthesized materials. A brief description is provided here for all these 

analytical techniques. 

 

3.4.1 X-ray diffraction (XRD) 

XRD analysis was carried out on PANalytical X’PERT ProMPD (Malvern 

Panalytical Empyrean 3rd generation XRD system) equipped with a Cu Kα X-ray 

source (λ = 1.54 Å) in 2θ range of 5-50° and 10-70° for g-C3N4 and BiVO4, 
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respectively, with step size 0.03 and scan speed 25 s/step. The applied voltage and 

current of the x-ray tube were 40 kV and 40 mA, respectively. The diffraction patterns 

of the samples were compared to the standard JCPDS files available in the inorganic 

crystal structure database (ICSD). 

 

3.4.2 Field emission scanning electron microscopy (FESEM) 

A Hitachi SU5000 FESEM was used for morphological analysis. The FESEM 

was operated in an accelerating voltage of 10 kV, under high vacuum of ~10-8 bar and 

at a 5 mm of working distance. The images were recorded using the secondary electron 

(SE) detector. Energy dispersive x-ray analyser (EDX/EDS) was also attached with 

FESEM which were used to determine the bulk elemental composition of the as-

prepared samples. EDX Images were captured with a backscattered secondary electron 

(BSE) detector, and Aztec software was used for EDS analysis. 

 

3.4.3 Fourier transform infrared spectroscopy (FTIR) 

A Varian 640-IR FTIR spectrometer was used to record the interferograms the 

range of 4000–500 cm−1. KBr was used as a carrier for the samples since it is optically 

transparent in the IR range of measurements. It possesses 100 % transmittance in the 

range of wave number (400-4000 cm-1), hence there is no absorption interference. 

Each sample (1-2%) was mixed with KBr thoroughly in a mortar while grinding with 

the pestle and pressed into a pellet within a disc.  

 

3.4.4 Raman spectroscopy 

Because carbon materials have a high polarizability, they are Raman active, 

hence Raman is generally favoured over FTIR. Raman spectra was collected at room 
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temperature using a Raman spectrometer (Renishaw inVia) equipped with laser 532 

nm and 785 nm Lasers are used as a photon source due to their highly monochromatic 

nature, and high beam fluxes. Lasers in the visible region (e.g.,532 nm) offer high 

Raman scattering but also provide high fluorescence background, while near infra-red 

lasers (e.g.,785 nm) provide low fluorescence background while maintaining high 

Raman intensity. In this study, a 532 nm laser was used for the BVO4 samples, and a 

785 nm laser was used for the g-C3N4 samples because fluorescence suppression was 

required.  

Using a spatula, a little amount of powdered sample was mounted on a glass 

slide. The spectrometer was focused on the powder sample through the objective lens 

using the associated microscope and camera. For each sample, the scan was recorded 

with 10 acquisitions, 0.1% of laser power for 10 s exposure time in the range of 1600–

100 cm−1. 

 

3.4.5 X-ray and ultraviolet photoelectron spectroscopy (XPS/UPS) 

X-ray photoelectron spectroscopy was carried out on an ESCALAB XI+ 

instrument (ThermoFisher) with Al Kα anode as X-ray source (hυ = 1486.68 eV) 

operated at approximately 15 kV and 15 mA. For XPS analysis, the as-prepared 

samples were spray coated on Si substrates for uniformity. A typical XPS analysis 

includes a wide energy survey scan (WESS) and a high-resolution scan for each 

element possibly available in the material. All the scans were performed at minimum 

three different sites to reduce the error in determining the elemental proportion. The 

CasaXPS software was used to analyse the XPS spectra. All the spectra were 

calibrated for charge correction with respect to adventitious carbon peak (C 1s at 284.8 
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eV). XPS spectra were further quantified after performing the U2Tougaard 

background correction.  

Valance band XPS (VBXPS) and ultraviolet photoelectron spectroscopy 

(UPS) were also employed to explore the band edge energies and work function of g-

C3N4 samples. A He I emission UV source (21.22 eV) was used to collect UPS spectra 

of carbon nitride. 

 

3.4.6 Ultraviolet-visible diffuse reflectance spectroscopy  

 A UV-Vis spectrophotometer (Perkin Elmer Lambda 365) equipped with 

integrating sphere (50 nm) was employed to determine the optical bandgap of prepared 

materials by measuring diffuse reflected light. The diffuse reflectance spectra (DRS) 

were recorded in 200-800 nm range.  

The Tauc plot is a widely used method for determining band gap using optical 

absorption spectra that employs the following relational expression (equation 3.1) 

proposed by Tauc, Davis, and Mott.10,11  

ሺ𝜶.𝒉𝝂ሻ𝟏/𝒏 ൌ 𝑩൫𝒉𝝂 െ 𝑬𝒈൯                                          (3.1) 

Where, 𝛼 is the absorption coefficient, h is the Planck constant, 𝜈 is the photon’s 

frequency, Eg is the band gap energy, B is a constant and the factor ‘n’ depends on the 

nature of the electron transition and is equal to 1/2 or 2 for the direct and indirect 

transition band gap semiconductors, respectively.  

To calculate the band gap energy by diffuse reflectance spectroscopy, the 

acquired reflectance spectra was converted to the corresponding absorption spectra 

using Kubelka-Munk (K-M) function (equation 3.2) according to the theory presented 

by Kubelka and Munk in 1931.12 

𝑭ሺ𝑹ሻ ൌ 𝑲

𝑺
ൌ

ሺ𝟏ି𝑹ሻ𝟐

𝟐𝑹
                       (3.2) 
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Where R is the reflectance, while K and S are the absorption and scattering 

coefficients, respectively. F(R) is the K-M function which is proportional to the 

absorption coefficient. Thus 𝛼 in the Tauc equation (3.1) can be substituted with F(R), 

which yields the equation 3.3 

ሺ𝑭ሺ𝑹ሻ.𝒉𝝂ሻ𝟏/𝒏 ൌ 𝑩൫𝒉𝝂 െ 𝑬𝒈൯                                   (3.3) 

Further, ሺ𝐹ሺ𝑅ሻ. ℎ𝜈ሻଵ/௡ was plotted against the photon energy (ℎ𝜈) where the x-axis 

intersection point of the linear fit of the Tauc plot provides approximate bandgap.13  

 The UV-Vis spectrophotometer was also used to record absorption spectra for 

p-nitrosodimethylaniline (RNO) at 440 nm, to detect the hydroxyl (•OH) radicals. 

 

3.4.7 BET surface area analysis (BET) 

Surface area analysis of prepared photocatalyst was performed on 

Quantachrome Autosorb-1 system. Specific surface area, pore size distribution and 

pore volume were examined from obtained N2 adsorption - desorption isotherms. The 

known weight of each sample was outgassed under a flow of dry and inert gas 

(Helium) at 250°C for 3 h to remove any water/organic vapours present of the surface 

of the sample. A sample cell of 12 mm outer diameter without rod was used for all 

measurements. According to IUPAC six types of nitrogen adsorption isotherms (type 

I to type VI) and four types of hysteresis shapes of adsorption isotherms (type H1 to 

type H4) has been distinguished.14 

 

3.5 Photoelectrochemical measurements  

3.5.1 Photoelectrochemical cell 

Photoelectrochemical measurements were performed using a three-electrode 

system in a borosilicate beaker (Fig. 3.5). This three-electrode set up consists of a 
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reference electrode (saturated calomel electrode, Hanna instruments), a counter 

electrode (platinum mesh paddle (5.9 cm2) and a working electrode (photocatalyst 

deposited on FTO coated glass). These electrodes are immersed in an electrolyte to 

prevent migration of charged reactants and products and allowing only diffusion to 

transport electroactive species to and from the electrode surface. Herein, 0.1 M KClO4 

solution (pH = 6) was used as an electrolyte. All photoelectrochemical measurements 

were performed in a Faraday cage (Metrohm) to protect electrochemical cell setup 

from electro-magnetic interference from external sources such as computer monitors, 

power lines or other instruments in the lab.  

 

Fig. 3.5. A schematic representation of photoelectrochemical cell used for PEC measurements 

A computer controlled electrochemical workstation (AUTOLAB PGSTAT 30, 

Metrohm) was used for potentiostatic or galvanostatic control during the 

measurements and 450 W Xe lamp (Jobin Yvon FL-1039/40) equipped with an IR 

water filter was used a light source to illuminate the working electrode. A spectral 

radiometer (FLAME-S-UV-VIS-ES, Ocean Optics B.V, Netherlands) was used to 
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measure the incident light intensity of 450 W Xe lamp. The spectral emission of the 

light source is shown in Fig. 3.6. The incident light intensity on the reactor window 

was measured as 240 W m-2 in the UV-visible region (280-800 nm) and the UV portion 

(280-400) of the spectrum was 13.8 W m-2. Chopped irradiation measurements were 

employed using an optical shutter (Uniblitz, WMM-T1). All electrode potentials in 

this study potentials are given with respect to the saturated calomel electrode (SCE) 

unless stated otherwise. The potential and current measurements were done using the 

General-Purpose Electrochemical Software (GPES) included with the AUTOLAB 

workstation. 

 
Fig. 3.6 – Spectral emission of the 450 W Xe lamp (250 – 800 nm) 

3.5.2 Photoelectrochemical methods  

3.5.2.1 Linear sweep voltammetry (LSV) 

Linear sweep voltammetry (LSV) is the commonly used voltametric technique 

for investigating redox reactions of both organic and inorganic compounds. For LSV 

measurements, potential of working electrode is swept linearly with time from 
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potential Vi to Vt and the resulting output current is recorded which is represented as 

current vs applied potential (I-V) curve or current density vs applied potential (J-V 

curve), known as voltammogram. The photocurrent is defined as the difference 

between light and dark current which can be measured through LSV measurement 

under irradiation. 

LSV measurements were performed from -1.0 V to +1.0V (anodic sweeps) and 

+1.0 V to -1.0 V (cathodic sweeps) at a constant scan rate (5 mV s-1). Chopped LSV 

measurements were recorded by chopping the irradiation source at every 10 second 

interval.  

 

3.5.2.2 Chronoamperometry  

Chronoamperometry is another widely used method in photoelectrochemistry 

which refers to the measurement of current between the working and counter 

electrodes at a fixed potential applied between the working and reference electrodes. 

The resulting current–time response is monitored and recorded in chopped irradiation. 

Irradiation was chopped ON/OF once current achieved a steady state at the applied 

potential. In this study, a number of current-time response were performed at various 

potentials in between -1.0 to +1.0 V potential range to determine onset potential.  

 

3.5.2.3 Spectral photocurrent response  

Spectral photocurrent was determined by measuring photocurrent at fixed 

potential under monochromatic light at various wavelengths. The spectral 

photocurrent response was recorded at applied voltage of +1.0 V (SCE) and 0 V (SCE) 

while varying the wavelength of the incident irradiation from 280 to 450 nm at 10 nm 

periods. The intensity output was measured at every 10 nm interval in the range of 
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250-500 nm, as shown in Fig. 3.7. The resulting spectral wavelength versus 

photocurrent data can be used to calculate the incident photon-to-current conversion 

efficiency (IPCE) using following equation 3.4.15–17 

              IPCE(%) = 
௛௖

௘
ቀ
௃೛೓ሺఒሻ

ఒ.௉ሺఒሻ
ቁ ൈ 100                                            (3.4) 

where, h = the Plank’s constant (6.626 × 10-34J s), c = speed of light (3× 108 m s-1), e 

= charge of one electron (1.6 × 10-19 C), Jph(λ) = output current density (A cm-2) at 

wavelength λ (m) and P(λ) = incident spectral intensity (W cm-2).  

 
Fig. 3.7 Monochromatic spectral intensity for 450 W Xe lamp from 270-430 nm at 10 nm 

intervals. 

 

3.5.2.4 Open-circuit potential and open circuit photopotential  

The open circuit potential (OCP), also known as the rest potential of an 

electrode, is the potential of an electrode that is not electrically connected to any other 

conducting materials, thus there is no net current at OCP conditions. In other words, 

the OCP is the measure of electrolyte redox potential or Fermi level in the equilibrium. 

When an electrode is irradiated at the open-circuit potential, there is a change in 
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potential due to electron-hole pairs generation which continues until the rates of hole 

and electron transfer equalize, this new equilibrium upon illumination is referred to as 

quasi-Fermi level. Upon irradiation, OCP is shifted to more negative and more positive 

for n-type and p-type materials, respectively. The difference between illuminated 

quasi-Fermi level and dark Fermi level is named as open circuit photopotential.18 

Before taking measurements, the electrolyte was sparged with inter gas (O2 

free N2) for 30 min to avoid interference from dissolved oxygen.19 The AUTOLAB 

workstation was operated in potentiometric mode to perform open circuit 

photopotential measurements. 

 

3.5.2.5 Electrochemical impedance spectroscopy  

Electrochemical impedance spectroscopy (EIS) is a very useful method for 

studying the influence of mass transfer and reaction kinetics. The EIS measurements 

were carried out on OCP as set potential, 10 mV AC amplitude, the frequency range 

of 10 mHz to 100 kHz, a logarithmic frequency step and a single sine wave type. The 

Nyquist and Bode plots were obtained which are the 3D representations of the 

experimental results. In a typical Nyquist plot, imaginary part of impedance (-Z”) is 

plotted against the real part of impedance (Z’) while in a typical Bode plot, the phase 

angle (ϕ) and modulus (|Z|) are plotted as a function of frequency.  

An electrochemical equivalent circuit was obtained after fit and simulation of 

Nyquist plot using Nova software (version 1.11) which is a combination of electrical 

(resistance, capacitance) and electrochemical (faradaic) impedances.20 The 

electrochemical impedance measurements were carried out in both dark and light 

conditions. 
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3.5.2.6 Mott Schottky analysis  

Mott-Schottky (M-S) analysis is a widely adapted method for determining the 

flat band potential of a semiconductor electrode.20  The flat band potential (UFB) helps 

in the estimation of band edge energies of a semiconductor material. UFB of a 

semiconductor photoanode can be estimated by measuring the capacitance as a 

function of potential.18,21 An FRA potential scan was carried out on OCP as set 

potential, in the range of -1.0 to +1.0 V with step potential of 0.02 V at a frequency 

where Bode phase angle was maximum, with single sinusoidal 10 mV AC voltage as 

the root mean square (RMS) value. The Mott–Schottky equation is used to evaluate 

the semiconductor capacitance (CSC) as given in equation 3.5.21,22 

ଵ

௖ೞ೎
మ ൌ

ଶ

ఌఌబ௘ே
ቀ𝑈 െ 𝑈ி஻ െ

௞ಳ୘

௘
ቁ                       (3.5) 

where ε is dielectric constant, ε0 is vacuum permittivity, e is electronic charge, N is Nd 

(donor concentration for an n-type materials) or Na (acceptor concentration for an p-

type materials), kB is the Boltzmann constant, U is applied potential (vs. reference 

electrode), UFB is flat band potential (vs. reference electrode) and T is the temperature. 

A graph of 1/C2 as a function of applied potential gives a Mott-Schottky plot. 

The flat band potential was computed from the intercept of liner part of the Rs-Cp/Rp 

Mott-Schottky plot to the potential axis.  

 

3.6 Photocatalysis experiments  

3.6.1 Experimental setup for photocatalytic testing 

All photocatalytic experiments were carried out in a custom-built stirred tank 

reactor which has been previously reported by McMurray et al. 23 and Alrousan et al.24 

The reactor has a cylindrical vessel with inner diameter of 7 cm, and a working volume 

of 200 mL. A stainless-steel propeller (500 rpm) and baffle were used to give effective 
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mixing in the reactor. Dissolved oxygen was maintained in the solution through 

continuous air sparging. The lab set up for photocatalytic experiments is shown in Fig. 

3.8.  

 
Fig. 3.8. Schematic of stirred tank reactor used for photocatalytic experiments (Adapted from 

Alrousan et al. water research, 2009, 43, 47–54)24 

 
Fig. 3.9. Spectral irradiance for the 1 kW Xe lamp for UV-Vis irradiation (250-800 nm) with 

and without AM 1.5 filter. 
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The photocatalytic activities for E. coli disinfection and phenol degradation 

were evaluated under UV-visible light irradiation which was provided by a 1 kW 

xenon lamp (LoT-QuantumDesign) equipped with AM 1.5 filter. The incident 

irradiance was measured using a spectroradiometer (FLAME-S-UV-VIS-ES, Ocean 

Optics B.V, Netherlands) at bottom of the reactor at different points. The average 

spectral emission of the light source in the range of 250-800 nm is shown in Fig. 3.9. 

The constant temperature (20 ± 2°C) was maintained in the reactor through water 

circulation in outer jacket during the photocatalytic experiments. Before starting of 

each experiment, the lamp was allowed to warm up for at least 30 min. 

 

3.6.2 Photocatalytic degradation of organic pollutants 

The photocatalytic activities of synthesized materials and P25-TiO2 were 

evaluated by the degradation of phenol under UV-visible irradiation (AM 1.5 filter was 

used). Phenol (200 mL of 0.1 mM) solution containing as synthesized photocatalyst 

(100 mg L-1) were placed in stirred tank reactor. Before irradiation, the suspension was 

stirred in the dark for 60 min to ensure the equilibrium adsorption state between the 

photocatalyst and the organic solution. At certain time intervals (-60, 0, 60, 120, 180, 

240, 300 min), 3 mL of the suspension was taken out for analysis which was filtered 

using syringe filter (membrane filter, 0.22 µm, 25 mm) to remove the particles. 

 

3.6.3 Phenol analysis by high performance liquid chromatography (HPLC) 

HPLC is a qualitative and quantitative technique that is used for the 

identification and quantification of compounds in a various application such as 

pharmaceutical applications, environmental applications, forensics, clinical, food and 

flavour, etc. A typical HPLC system includes, a column that holds stationary phase, a 
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pump that moves the mobile phase (s) through the column and a detector that displays 

the retention time of the molecules.25 

In our study, HPLC technique was employed to detect and quantify the change 

in phenol concentration during photocatalytic experiments. A series of experiments 

were performed to degrade phenol using synthesized photocatalysts and analysed 

using HPLC system (Agilent technologies 1200 series) equipped with UV detector 

and C18 column (Phenomenex guard, 22.0 mm x 4.0 mm, 5μm). The mobile phase 

solution was a mixture of methanol (100 %) and formic acid (1000 ppm) in the ratio 

of 40:60 (v/v). The flow rate of mobile phase was maintained at 1 mL/min and 20 μL 

of the sample was injected by inbuilt autosampler in HPLC and analysed at 270 nm 

wavelength.  

 

3.6.4 Photocatalytic disinfection 

In this study, E. coli K-12 was selected as a model micro-organism for 

investigating the performance of photocatalyst for water disinfection. Fresh stock of 

E. coli K-12 (CTEC 4624) was cultured in tryptone soya broth (30 g L-1) and incubated 

at 37°C in aerobic conditions for 21 h, yielding a concentration of 109 CFU mL-1. 

Prepared E. coli culture (200 µL) was spiked into 200 mL saline water (9 g L-1 NaCl) 

to obtain an initial bacterial concentration of 106 CFU mL-1. The photocatalytic 

activities for water disinfection experiments were performed in stirred tank reactor 

under UV-visible irradiation (AM 1.5 filter was used) in the absence and presence of 

carbon nitride. Air was sparged into the suspension during the reaction to provide 

oxygen as an electron acceptor. The catalyst loading was kept constant 100 mg L-1 for 

each sample tested for water disinfection. Each experiment was run for 5 h and about 

500 µL sample was collected from reactor at 0, 30, 60, 120, 180, 240 and 300 min and 
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a serial 10-fold dilution in Ringer’s solution was made up to 103 CFU mL-1. Further, 

both drop plate method and plate spreading technique were used with aliquots of 10–

100 µL according to the expected E. coli concentrations to reach a detection limit of 2 

CFU mL-1. Colony forming units were counted using the standard plated counting 

method after incubation of 24 h at 37°C.26,27  

 

3.6.5 GInaFiT modelling tool for disinfection kinetics 

In order to understand photocatalytic disinfection process, appropriate fitting 

models should be used to simulate the disinfection kinetics. GInaFIT tool (Geeraerd 

and Van Impe Inactivation Model Fitting Tool, version 1.6) can serve this purpose 

which was developed by Geeraerd et al.28 It is a free tool and used as an add-in to 

Microsoft Excel. It can predict the model of the microbial population evolution over 

time among nine model types available in the tool. These nine model types cover all 

eight shapes of survival curves illustrated in Fig. 3.10.  

 

Fig. 3.10. Eight types of inactivation curves included in GInaFiT modelling tool. Left plot: 

linear (▽, shape I), linear with tailing (×, shape II), sigmoidal-like (□, shape III), linear with a 

preceding shoulder (○, shape IV). Right plot: biphasic (▽, shape V), concave (×, shape VI), 

biphasic with a shoulder (□, shape VII), and convex (○, shape VIII). [Reproduced from 

Geeraerd et al. Int. J. Food Microbiol., 2005, 102, 95–105]28 
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This model has previously been used to fit experimental data from 

photocatalytic29–31 and solar disinfection32,33 studies. Each data set was fitted for all 

nine models and out of nine inactivation models, best fit model is selected based on 

sum of squared errors (SSE), root mean sum of squared errors (RMSE), the coefficient 

of determination (R2) and other parameters. 
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Chapter 4 - The effect of precursors and synthesis 

parameters on the physicochemical properties and 

photocatalytic activity of g-C3N4 

 

4.1 Aim and objectives 

4.1.1 Aim: This chapter aims to study the effect of different precursors and reaction 

parameters on the physicochemical properties and photocatalytic activity of g-C3N4. 

 

4.1.2 Objectives 

1. To synthesize graphitic carbon nitride (g-C3N4) and exfoliated g-C3N4 using 

different precursors and reactions conditions in a thermal polymerization route. 

2. To determine the effect of reaction temperature on physicochemical properties 

of g-C3N4 using XRD, FTIR, Raman, BET and DRS. 

3. To determine the effect of synthesis reaction time on physicochemical 

properties of g-C3N4 using XRD, FTIR, Raman, BET and DRS. 

4. To determine the effect of different synthesis precursors on the 

physicochemical properties of g-C3N4 using XRD, FTIR, Raman, BET and 

DRS. 

5. To study the impact of thermal exfoliation of g-C3N4 on its physicochemical 

properties using XRD, FTIR, Raman, BET, DRS and FESEM. 

6. To study the effect of precursors and synthesis parameters on photocatalytic 

activity of g-C3N4 for water disinfection and organic chemical degradation 

under UV-visible irradiation and compare it against P25-TiO2.  
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4.2 Introduction 

Graphitic carbon nitride (g-C3N4) has been reported to be an n-type narrow band 

gap semiconductor (~2.7 eV), physically and chemically stable, and earth abundant in 

nature.1,2 It was first time synthesized by Berzelius and labelled as “melon” by Liebig 

in 1834.3 Carbon nitride has possessed seven different phases named as α-C3N4, β-

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

been discussed in detail in chapter 2).4,5 Among these phases, g-h-heptazine unit which 

is also known as tri-s-triazine unit has been widely accepted as the most sable phase 

and as the elementary structure of layered g-C3N4 which is composed of covalently 

crosslinked sp2-hybridized alternative C and N atoms.6,7 Wang et al. was the first to 

report the photocatalytic behaviour of g-C3N4 for H2 evolution in 2009.8 Since then, it 

has been explored for different photocatalytic applications such as organic pollutant 

degradation in water,9 bacterial inactivation,10 CO2 reduction,11 and H2 evolution, 

etc.12  

g- C3N4 can be easily synthesized by thermal polymerization of various precursors 

such as cyanamide,13 melamine,3 dicyandiamide,14 thiourea,15 ammonium 

thiocyanate,16 urea,17 etc. The whole synthesis process is a combination of 

polyaddition and polycondensation where cyanamide, dicyandiamide, or melamine 

produces a melon polymer made up from melem units followed by ammonia 

elimination to get final product as carbon nitride. A difference in products was also 

observed if condensation is performed in closed and open crucibles. Melamine based 

products were found up to 350°C, further heating to 390°C derived in the development 

of tri-s-triazine units via melamine rearrangements. Additional heating lead to 

condensation of tri-s-triazine units in to polymers and final polymerization of g-C3N4 

occurs at temperature above 500°C and heating above 700°C resulted in the 
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disappearance of material due to formation of nitrogen and cyano fragments.6,18 Urea 

and thiourea are oxygen and sulfur containing precursors respectively, thus they have 

some different intermediate species and additional elimination gases. A possible 

mechanism of the reaction pathways of polymeric carbon nitride formation using 

different precursors are shown in Fig. 4.1a-c.15,19,20 

 

 

Fig. 4.1. Possible mechanisms of the reaction pathways of polymeric carbon nitride formation 

using (a) Cyanamide [Reproduced from Ong et al. Chem. Rev. 2016, 116, 7159−7329],20 (b) 

Urea, and (c) Thiourea, as precursor [Reproduced from Zhang et al. J. Mater. Chem. 2012, 

22, 8083]15 

Precursors and reactions conditions have a significant effect on the chemical and 

physical properties of final product which may affect its photocatalytic performance. 

Any change in reaction parameters such as condensation temperature, time and heating 

rate also affect the optical and electronic properties of g-C3N4. A precursor is judged 

based on cost, toxicity, yield and its impact on properties and applications of end 

product.21 Comparative studies on the role of precursors21–23 and condensation 

a 

b 

c 
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temperature24–26 on photocatalytic properties of g-C3N4 have previously been reported. 

For instance, Vidyasagar et al. investigated the role of precursors on photocatalytic 

performance of g-C3N4 for degradation of acid violet 7 dye AV 7 under visible light. 

Their results revealed the negative photocatalytic performance of thiourea derived g-

C3N4 while urea-based g-C3N4 was reported to be an efficient photocatalyst.22 In 

another study by Papailias et al., g-C3N4 was prepared using melamine precursor at 

different temperatures and photocatalytic activity was evaluated by NO oxidation 

under UV and visible light irradiation.25 

The photocatalytic efficiency of the bulk g-C3N4 is reported to be very low owing 

to fast recombination of photogenerated charge carriers (e- & h+), low electrical 

conductivity, small surface area, less active sites and the inability of absorption above 

460 nm.27,28 In general, higher surface area and higher crystallinity could improve 

photocatalytic performance of a material. However, in most of the cases both surface 

area and crystallinity are contradictory and hard to achieve at the same time because 

the particle size increases as the crystallisation progresses, hence the specific surface 

area decreases. Improvement in crystallinity also reduces the defects in crystal 

structure which prevent the e- - h+ recombination while a material with higher surface 

area may provide more reactive sites for adsorption.29 Therefore, optimization of 

synthesis parameters is essential to balance good crystallinity and high specific surface 

area to obtain a good catalyst. 

The aim of this chapter is to analyze the effect of different precursors and reaction 

parameters on the physiochemical properties of g-C3N4 i.e., porosity, morphology, 

crystal structure, etc. and photocatalytic performance for organic degradation and 

bacterial inactivation. In this study, we used phenol as a model organic pollutant and 
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Escherichia coli as a model microorganism. The photocatalytic activity of g-C3N4 

were investigated under UV-visible irradiation and compare against P25-TiO2. 

 

4.3 Experimental Section 

4.3.1 Materials 

All the chemicals, melamine (Sigma Aldrich, 99 %), urea (Fluka, 99.5 %), 

thiourea (Merck, 98 %), TiO2 (Evonik Aeroxide P25) were of analytical grade and 

used in experiments without any further purification. 

 

4.3.2 Synthesis of bulk g-C3N4 

The g-C3N4 was synthesized by direct heating using four different precursors 

(melamine, dicyandiamide, urea and thiourea). In a typical synthesis, 8 g melamine 

was loaded into a covered alumina crucible, then heated it in a muffle furnace at 

desired temperature and time with heating ramp up and down of 5°C min−1. Finally, 

the obtained yellow colour product was collected and ground into fine powder using 

mortar and pestle before further characterization and is referred to as bulk g-C3N4. 

Following the same procedure, all g-C3N4 samples were prepared using melamine, 

dicyandiamide, urea, and thiourea with respective synthesis conditions as shown in 

Table 4.1. The different g-C3N4 samples were given abbreviated names with temp and 

time indicated i.e., melamine (MCN-temp-time), urea (UCN-temp-time), and thiourea 

(TCN-temp-time). 

 

4.3.3 Thermal exfoliation of g-C3N4 

Bulk g-C3N4 samples were further heated at 500°C for 4 h in an open crucible 

to get exfoliated g-C3N4. Samples treated previously at 545°C for 4 h were used to 
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determine exfoliation impact on its physiochemical properties and photocatalytic 

performance.  

Table 4.1. Summary of all the prepared g-C3N4 samples with their reaction parameters 

Parameters 
Temperature 

effect 
Time effect 

Precursor 
effect 

Exfoliation 
effect 

Precursor Melamine Melamine 

Melamine, 
thiourea, 

dicyandiamide, 
urea 

Melamine, 
thiourea, urea 

Temperature 
(°C) 

450, 510, 545, 
580, 650 

545 545 545 

Time (h) 4 1, 2, 3, 4, 5 4 4 

Exfoliation -  - - 
Thermal 

(500°C, 4h) 
 

4.3.4 Characterizations 

The synthesized g-C3N4 samples were characterized by X-ray diffraction 

(XRD) in the 2θ range of 5–50°, Fourier-Transform Infrared spectroscopy (FTIR) in 

the range of 4000–500 cm−1 and Raman spectroscopy in the range of 1600-400 cm−1. 

The Brunauer–Emmett–Teller (BET) method was used to measure specific surface 

area of g-C3N4 samples. Optical properties were analysed using diffuse reflectance 

spectroscopy (DRS). The morphology of the resultant product was examined by a field 

emission scanning electron microscope (FESEM). The details of all the 

characterization techniques are provided in chapter 3. 

 

4.3.5 Photocatalysis experiments 

4.3.5.1 Water disinfection 

4.3.5.1.1 Preparation of bacterial culture 

In this study, E. coli K-12 was selected as a model micro-organism for 

investigating the performance of photocatalyst for water disinfection. Fresh stock of 
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E. coli K-12 (CTEC 4624) was cultured  in tryptone soya broth (30 g L-1) and 

incubated at 37°C in aerobic conditions for 21 h, yielding a concentration of 109 CFU 

mL-1. 

 

4.3.5.1.2 Inactivation of E. coli 

200 µL of prepared E. coli culture was spiked into 200 mL saline water (9 g L-

1 NaCl) to obtain an initial bacterial concentration of 106 CFU mL-1. The 

photocatalytic activities for water disinfection were evaluated in stirred tank reactor 

(see chapter 3) under UV-visible irradiation (AM 1.5 filter was used) in the absence 

and presence of carbon nitride. The catalyst loading was kept constant 100 mg L-1 for 

each sample tested for water disinfection. Each experiment was run for 5 h and about 

500 µL sample was collected from reactor at 0, 30, 60, 120, 180, 240 and 300 min and 

a serial 10-fold dilution in Ringer’s solution was made up to 103 CFU mL-1. Both the 

drop plate method and plate spreading technique were used with aliquots of 10–100 

µL according to the expected E. coli concentrations to reach a detection limit of 2 CFU 

mL-1. Colony forming units were counted using the standard plated counting method 

after incubation of 24 h at 37°C.  

 

4.3.5.2 Photocatalytic degradation of phenol 

The photocatalytic activities of as prepared g-C3N4 materials and P25-TiO2 

were also evaluated by the degradation of phenol under UV-visible irradiation (AM 

1.5 filter was used). Phenol (200 mL of 0.1 mM) solution containing as synthesized 

photocatalyst (100 mg L-1) were placed in stirred tank reactor. Before irradiation, the 

suspension was stirred in the dark for 1 h to ensure equilibrium between the 

photocatalyst and the organic solution. At certain time intervals (-60, 0, 60, 120, 180, 
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240, 300 min), 3 mL of the suspension was taken out for analysis which was filtered 

using syringe filter (membrane filter, 0.22 µm, 25 mm) to remove the particles. The 

degradation of phenol was analysed using high performance liquid chromatography 

(HPLC) at 270 nm. More details are provided in chapter 3.  

 

4.4 Results and Discussion 

4.4.1 Physicochemical properties 

4.4.1.1 Effect of synthesis reaction temperature 

In this section, effect of synthesis temperature on the physiochemical 

properties (i.e., crystal structure, chemical structure, surface area, bandgap, etc.) of g-

C3N4 is investigated through various characterization techniques such as XRD, FTIR, 

Raman, BET, and DRS, etc.  Five different synthesis temperatures (450°C, 510°C, 

545°C, 580°C, 650°C) were investigated. All prepared g-C3N4 samples with reaction 

conditions and their abbreviated names are summarized in Table 4.2, also varying 

parameter marked in bold letters for easy understanding. 

Table 4.2. Abbreviated names of synthesized samples with their reaction parameters 

Precursor Temperature (°C) Time (h) Abbreviation 

Melamine 450 4 MCN-450-4h 

Melamine 510 4 MCN-510-4h 

Melamine 545 4 MCN-545-4h 

Melamine 580 4 MCN-580-4h 

Melamine 650 4 MCN-650-4h 

 

XRD patterns of melamine calcinated in a closed crucible at various 

temperatures for similar time period, 4 h are shown in Fig. 4.2. The XRD pattern of 

melamine calcinated at 450°C for 4 h (MCN-450-4h) shows a series of diffraction 
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peaks which belongs to melem derivatives.30 Interestingly, when the calcination 

temperature is increased above 500°C (MCN-510-4h, MCN-545-4h, MCN-580-4h 

and MCN-650-4h), the peaks at around 13° have almost disappeared whereas there is 

one strong peak at 27.3° and other weak intensity peak at 12.8° were observed which 

is melon characteristic signature, hence g-C3N4. This demonstrates that melamine 

could not be fully transformed from the melem phase to the melon phase until the 

calcination temperature was higher than 500°C.  

 
Fig. 4.2. XRD patterns of g-C3N4 samples synthesized at different temperatures using 

melamine as a precursor 

It can also be observed in Fig. 4.2 that above 500°C, all the samples have XRD 

pattern similar to melon which is elementary unit of g-C3N4. However, the 

characteristic peak position of these patterns is not exactly same with each other, but 

there is a shift to higher angle (27.3° to 27.8°) while increasing the calcination 

temperature and therefore slightly lower interplanar distance, d-values (0.326 nm to 

0.321 nm). This indicates a structural contraction along the layer stacking direction, 

probably as a result of a more prolonged condensation of the carbon nitride chains at 
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elevated temperature.25 The interplanar distance (d) or d-spacing was calculated using 

Bragg’s law as given in equation 4.1.31 

nλ = 2dsinθ             (4.1) 

Where n = 1 is a positive integer, λ is the wavelength of the incident X-ray beam 

(0.15406 nm), and θ is the incident angle. 

These two characteristic peaks (12.8° & 27.3°) of g-C3N4 are associated with 

two different crystallographic planes, (100) and (002), respectively and are in good 

agreement with JCPDS 87-1526.32 The weak intensity peak at 12.8° (d = 0.691 nm) 

represents the structural heptazine (tri-s-triazine) unit of g-C3N4 whereas the strong 

diffraction peak at 27.3° (d = 0.326 nm) corresponds to the characteristic interlayer 

stacking structure as graphite.8 

Further, g-C3N4 may contain several basic groups such as -NH-, =N-, -NH2 

and -N-C= on its surface which are favourable for the removal of acidic pollutants. 

Fourier transform infrared spectroscopy (FTIR) can be used to identify these 

functional groups and C-N bonding information. In Fig. 4.3, FTIR spectra of g-C3N4 

samples synthesized at different temperatures using melamine are shown for the range 

of 4000-500 cm-1. The main characteristic peaks were observed in three regions in the 

spectra: 800-900 cm-1, 1200-1650 cm-1 and 3000-3600 cm-1. The sharp absorption 

peak nearby 810 cm-1 advocates the existence of heptazine/tri-s-triazine rings. The 

absorption peak at 891 cm−1 indicates the presence of the deformation mode of N-H 

in amino groups. Various strong bands (1249, 1330, 1419, 1556, and 1652 cm-1) found 

in the region between 1200 and 1650 cm-1 suggests the presence of typical stretching 

modes of CN heterocycles (C-NH-C or C-N(-C)-C), which can be inferred for the 

polymeric material. The broad peaks between 3000 and 3500 cm-1 were related to the 

stretching modes of terminal -NH2 or -NH groups at the defect sites of the aromatic 
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rings.33 Here is no noticeable difference in FTIR spectra of g-C3N4 samples with 

increasing calcination temperature above 500°C indicating the presence of all 

characteristic stretching vibrations in the spectra of g-C3N4 samples synthesized at 

different temperatures using melamine which ensure the existence of uninterrupted g-

C3N4 framework in all the prepared samples. 

  
Fig. 4.3. FTIR spectra of g-C3N4 samples synthesized at different temperatures using 

melamine as a precursor 

All prepared g-C3N4 samples were also characterized by Raman spectroscopy. 

As shown in Fig. 4.4, all g-C3N4 samples have multiple characteristic peaks in the 
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vibrations of nitrogen aromatic rings. The major peaks are located at 1310, 1231, 976, 
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assigned to the specific vibration modes. The strong peak located at 707 cm−1 is 

indexed to heptazine ring, the weak peak at 976 cm-1 is attributed to the triazine 
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and 1310 cm−1 are the typical peaks for g-C3N4 and intensifying with increasing 

calcination temperature from 510°C to 650°C, highest intensity was observed at 650°C 

which highlights the change is composition of g-C3N4 samples during thermal 

polymerization. These findings are in agreement with earlier reports by Praus et al.34 

and Yuan et al. 35  

 
Fig. 4.4. Raman spectra of g-C3N4 samples synthesized at different temperatures using 

melamine 

In order to determine the impact of calcination temperature on specific surface 

area of g-C3N4, BET measurements for samples MCN-545-4h, MCN-580-4h and 

MCN-650-4h were performed. Fig. 4.5a-c show nitrogen adsorption-desorption 

isotherms and corresponding pore size distribution curve altogether five-point BET 

surface area graph, corresponding values are tabulated in Table 4.3.  
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Fig. 4.5. (a) Nitrogen adsorption-desorption isotherms, (b) Specific surface area by five-point 

BET, and (c) corresponding pore size distribution curves for g-C3N4 samples synthesized at 

different temperatures using melamine 
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Based on the IUPAC classification, all prepared samples followed type IV 

isotherm and type H3 hysteresis loop indicating the presence of nonuniform 

mesopores (mesopores have pore diameter between 2 and 50 nm).36 It can be depicted 

from isotherm (Fig. 4.5a) that sample calcinated at higher temperature adsorbs more 

nitrogen than sample calcinated at lower temperature which turns into the high surface 

area. For specific surface area calculation, five points (0.10, 0.15, 0.20, 0.25 and 0.30) 

were considered between relative pressure range, 0.1-0.3. Fig. 4.5b clearly reveals the 

three times increment (i.e., 11.1 m2 g-1 to 33.1 m2 g-1) in specific surface area of MCN-

650-4h than for MCN-545-4h supporting the more active sites available for reaction. 

Average pore-size and average pore volume distribution was determined by the BJH 

(Barrett–Joyner–Halenda) method. Pore volume distribution curves (Fig. 4.5c) shows 

the sharp peak at 20 Å (in terms of pore radius) conforming the mesoporous structures. 

Remarkably, sample MCN-650-4h shows a wide distribution of pores than other 

samples since it contains larger size mesopores and some macropores. One might 

expect that a high surface area and large pore size are favourable for better 

photocatalytic properties, as a result of better adsorption and more active sites.25  

Table 4.3. Effect of calcination temperature of g-C3N4 on BET parameters and band gap 

energy 

Sample 
Name 

SBET 
a 

(m2 g-1) 
Pr

b  
(Å) 

PV
c 

(cc g-1) 
Eg

d  
(eV) 

Mass yield  
(%) 

MCN-510-4h 9.9 20.8 0.088 2.75 51.1 

MCN-545-4h 11.1 20.8 0.094 2.69 50.2 

MCN-580-4h 15.6 20.7 0.148 2.65 39.1 

MCN-650-4h 33.1 20.8 0.329 2.54 37.2 
[a] Specific surface area (SBET) was determined by the BET equation. [b] Mode of pore radius (Pr) was 

determined by the BJH method. [c] Average pore volume (PV) was determined by the BJH method. [d] 

Band gap energy (Eg) calculated from Tauc plots 
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A digital photograph of melamine derived g-C3N4 samples is shown in Fig. 4.6 

which depicts the colour change from light yellow to dark yellow with increasing 

synthesis temperature suggesting improved absorption in the visible light region. It 

was also found that mass yield of the final product also deceases as temperature rises 

which is due to the accelerated degree of polymerization and condensation. The mass 

yield for final product was found 51.1% (at 510°C), 50.2% (at 545°C), 39.1% (at 

580°C) and 37.2% (at 650°C). The rapid weight loss at 580°C compared to 545°C 

suggests that the degree of polymerization and condensation increases rapidly when 

the temperature is raised from 545°C to 580°C. 

 
Fig. 4.6. Digital photograph of melamine derived g-C3N4 samples at different temperatures 

The optical absorption of melamine derived g-C3N4 samples synthesized at 

different temperatures were studied by UV-Visible diffused reflectance spectroscopy. 

Variation in absorption edge can be noticed in Fig. 4.7a that sample MCN-650-4h 

exhibited highest absorption in visible region estimated up to 500 nm compared to 

other g-C3N4 samples whereas MCN-510-4h sample has the lowest absorption in 

visible region estimated up to 450 nm which means with increase in temperature there 

is a red shift in absorption edge.  
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Fig. 4.7. (a) UV-Vis diffuse reflectance spectra, (b) Tauc plots for the band gap energy 

calculation, of melamine derived g-C3N4 samples synthesized at different temperatures, and 

(c) Correlation between bandgap and calcination temperature 

200 300 400 500 600 700
0

20

40

60

80

100

120

140

160

180

R
ef

le
ct

an
ce

 (
%

)

Wavelength(nm)

 MCN-510-4h
 MCN-545-4h
 MCN-580-4h
 MCN-650-4h

(a)

2.25 2.50 2.75 3.00 3.25 3.50
0.0

0.5

1.0

1.5

2.0

2.5

3.0

3.5 (b)

|F
(R

)h
|

^
1

/2

heV)

 MCN-510-4h
 MCN-545-4h
 MCN-580-4h
 MCN-650-4h

500 520 540 560 580 600 620 640 660
2.50

2.55

2.60

2.65

2.70

2.75

(C)

E
g
 (

e
V

)

Temperature (°C)

R2 = 0.9968 



108 
 

To calculate the band gap energy of g-C3N4 samples the Kubelka-Munk (K-

M) function was used. The intercept of the tangents to the Tauc plots of ሺ𝐹ሺ𝑅ሻ.ℎ𝜈ሻଵ/௡ 

vs. photon energy (h𝜈) can provide approximate bandgap as shown in Fig. 4.7b. Where 

F(R)-Kubelka-Munk function, 𝜈-frequency, n=2 as g-C3N4 follows indirect 

absorption.37 More details about Kubelka-Munk function and Tauc plots are provided 

in chapter-3. The obtained values of band gap energies are listed in Table 4.3 which 

reveals that with increase in calcination temperature, band gap energies decrease from 

2.75 eV to 2.54 eV hence increase in the light absorption. Theoretically, improved 

light absorption ability should also improve the photocatalytic activity of g-C3N4. 

degree. 

An approximate linear relationship may also be established (Fig. 4.7c) between 

temperature and band gap energy of g-C3N4 as equation 4.2. which is very close to the 

findings of Liu et al..37 

Eg (T) = 3.5016 - 0.0015T           (4.2) 

where T is in degrees Celsius.  

 

4.4.1.2 Effect of reaction time 

The effect of calcination time on the physiochemical properties (i.e., crystal 

structure, chemical structure, surface area, band gap, etc.) of g-C3N4 was investigated 

through XRD, FTIR, Raman, BET, and DRS, etc. The melamine was calcined for five 

different time periods (1 h, 2 h, 3 h, 4 h, 5 h) following the protocol discussed in section 

4.3.2 and obtained powder samples were further characterized. All prepared g-C3N4 

samples with their reaction conditions and abbreviated names are summarized in Table 

4.4, also varying parameter marked in bold letters for easy understanding. 
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Table 4.4. Abbreviated names of synthesized samples with their reaction parameters 

Precursor Temperature (°C) Time (h) Abbreviation 

Melamine 545 1 MCN-545-1h 

Melamine 545 2 MCN-545-2h 

Melamine 545 3 MCN-545-3h 

Melamine 545 4 MCN-545-4h 

Melamine 545 5 MCN-545-5h 

XRD pattern of melamine derived g-C3N4 samples calcinated in a closed 

crucible at 545°C for varying time period are shown in Fig. 4.8. It can be observed 

that there is no change in characteristic peak position in XRD pattern with changing 

in calcination time however, all the samples have both characteristic peaks at 12.8° & 

27.4° and their d-values are 0.691 nm & 0.325 nm respectively. 

 
Fig. 4.8. XRD patterns of melamine derived g-C3N4 samples calcinated for different time 

period 
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stretching vibrations discussed earlier. Although there couldn’t be seen significant 

impact of variation in calcination time period on the FTIR spectra of melamine derived 

g-C3N4 samples which supports the XRD data and again ensure the existence of 

uninterrupted g-C3N4 framework in all the prepared samples. 

 
Fig. 4.9. FTIR-spectra of melamine derived g-C3N4 samples calcinated for different time 

period 

 
Fig. 4.10. Raman spectra of melamine derived g-C3N4 samples calcinated for different time 

period 
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Raman spectra of all prepared g-C3N4 samples are compared in Fig. 4.10. All 

the g-C3N4 samples have several characteristic peaks at 1310, 1231, 976, 750, 707, 

632, 543, and 472 cm−1 which are indexed to vibration modes of CN heterocycles and 

are intact in all the samples with increasing calcination time from 1 h to 5 h except 

some peaks at 632, 543 cm−1, their intensity is reduced after 1h calcination time. 

Table 4.5. Effect of calcination time of g-C3N4 on BET parameters and band gap energy 

Sample Name SBET 
a (m2 g-1) Pr

b (Å) PV
c (cc g-1) Eg

d (eV) 

MCN-545-1h 5.1 20.7 0.221 2.74 

MCN-545-2h 6.2 20.8 0.115 2.70 

MCN-545-3h 9.2 20.8 0.106 2.70 

MCN-545-4h 11.1 20.8 0.094 2.69 

MCN-545-5h 8.4 20.9 0.107 2.69 

[a] Specific surface area (SBET) was determined by the BET equation. [b] Mode of pore radius (Pr) was 

determined by the BJH method. [c] Average pore volume (PV) was determined by the BJH method. [d] 

Band gap energy (Eg) calculated from Tauc plots 

In order to determine the impact of calcination time on specific surface area of 

g-C3N4, BET measurements for samples MCN-545-1h, MCN-545-2h, MCN-545-3h, 

MCN-545-4h and MCN-545-5h were performed. Fig. 4.11a-c shows nitrogen 

adsorption-desorption isotherms and corresponding pore size distribution curve 

altogether five-point BET surface area graph, corresponding values are tabulated in 

Table 4.5. 
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Fig. 4.11. (a) Nitrogen adsorption-desorption isotherms, (b) Specific surface area by five-point 

BET, and (c) corresponding pore size distribution curves for g-C3N4 samples synthesized at 

different temperatures using melamine 
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The optical responses of melamine derived g-C3N4 samples calcinated for 1 h 

to 5 h at 545°C temperature examined by UV-Visible diffused reflectance 

spectroscopy are shown in Fig. 4.12a and b which reveals that there is no significant 

change in absorption edge could be noticed with varying calcination duration. All g-

C3N4 samples has the absorption in visible region estimated up to 450 nm and band 

gap energies about 2.7 eV (Table 4.5). 

 

 
Fig. 4.12. (a) UV-Vis diffuse reflectance spectra, and (b) Tauc plots for the band gap energy 

calculation, of melamine derived g-C3N4 samples calcinated for different time period. 
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4.4.1.3 Effect of precursors 

The effect of the different precursors a on the physiochemical properties (i.e., 

crystal structure, chemical structure, morphology, surface area, etc.) was investigated 

through XRD, FTIR, Raman, BET, DRS, and so on.  For instance, four different 

precursors (Melamine, Thiourea, Dicyandiamide, Urea) were taken into consideration. 

All prepared g-C3N4 samples with their reaction conditions and abbreviated names are 

summarized in Table 4.6, also varying parameter is marked in bold letters for easy 

understanding. 

Table 4.6. Abbreviated names of synthesized samples with their reaction parameters 

Precursor Temperature (°C) Time (h) Abbreviation 

Melamine 545 4 MCN-545-4h 

Thiourea 545 4 TCN-545-4h 

Dicyandiamide 545 4 DCN-545-4h 

Urea 545 4 UCN-545-4h 

XRD pattern of g-C3N4 samples prepared from four different precursors for 

same reaction conditions are shown in Fig. 4.13. However, all the samples have both 

characteristic peaks near to 12.8° and 27.4° but urea derived g-C3N4 (UCN-545-4h) 

has shown a small deviation in (002) peak position from 27.4° to 27.2° (d=0.328 nm), 

also it shows the peak broadening than its counterparts. Reduction in sheet thickness 

of urea derived g-C3N4 might be the reason behind this peak broadening which can 

also be justified with FESEM image (Fig. 4.28).  

FTIR spectra of g-C3N4 samples synthesized from different precursors are 

shown in Fig. 4.14. All characteristic stretching vibrations discussed earlier are present 

and similar with each other which confirm the presence of uninterrupted g-C3N4 

structure in all the prepared samples. Sample UCN-545-4h has the intense peak at 810 
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cm−1 than others and that is the confirmation of formation of tri-s-triazine rings in 

more numbers which also supports the XRD data. 

 
Fig. 4.13. XRD patterns of g-C3N4 prepared using different precursors for same reaction 

conditions 

 
Fig. 4.14. FTIR-spectra of g-C3N4 prepared using different precursors for same reaction 

conditions 
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Raman spectra of all prepared g-C3N4 samples are presented in Fig. 4.15. All 

the g-C3N4 samples have several characteristic peaks at 1310, 1231, 980, 750, 706, 

632, 542, and 477 cm−1 which are indexed to vibration modes of CN heterocycles 

however, peak pattern and peak intensity are different in these samples which can also 

be corelate with number of triazine rings. 

 
Fig. 4.15. Raman spectra of melamine derived g-C3N4 samples prepared using different 

precursors for same reaction conditions 

In order to determine the impact of precursors on specific surface area of g-

C3N4, BET measurements for samples MCN-545-4h, TCN-545-4h, DCN-545-4h and 

UCN-545-4h were performed. Fig. 4.16a-c shows nitrogen adsorption-desorption 

isotherms and corresponding pore size distribution curve altogether five-point BET 

surface area graph, corresponding values are tabulated in Table 4.7. 
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Fig. 4.16. (a) Nitrogen adsorption-desorption isotherms, (b) Specific surface area by five-point 

BET, and (c) corresponding pore size distribution curves for g-C3N4 samples synthesized 

using different precursors 
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Table 4.7. Role of precursors on BET parameters and band gap energy 

Sample Name SBET 
a (m2 g-1) Pr

b (Å) PV
c (cc g-1) Eg

d (eV) 

MCN-545-4h 11.1 20.8 0.094 2.69 

TCN-545-4h 39.1 20.7 0.140 2.56 

DCN-545-4h 5.93 19.6 0.042 2.67 

UCN-545-4h 52.7 19.5 0.424 2.74 

[a] Specific surface area (SBET) was determined by the BET equation. [b] Mode of pore radius (Pr) was 

determined by the BJH method. [c] Average pore volume (PV) was determined by the BJH method. [d] 

Band gap energy (Eg) calculated from Tauc plots 

Based on the IUPAC classification, all prepared samples followed type IV 

isotherm and type H3 hysteresis loop indicating the presence of nonuniform 

mesopores. It can be depicted from isotherm (Fig. 4.16a) that UCN-545-4h adsorbs 

more nitrogen than other precursor’s mediated g-C3N4 samples which turns into the 

high surface area for urea derived g-C3N4 i.e., 52.7 m2 g-1 because of improved 

porosity due to high evolution of ammonia and CO2 gas during pyrolysis. Pore volume 

distribution curves (Fig. 4.5c) shows the sharp peak at 20 Å conforming the 

mesoporous structures. Noticeably, urea derived g-C3N4 has the smallest pore size 

(mode) than others, however, UCN-545-4h also shows a wide distribution of pores 

than other samples since it contains larger size mesopores and some macropores 

similar to MCN-650-4h sample which is discussed in previous section. It is said that 

high surface area and large pore size are favourable for better photocatalytic 

properties, as a result of better adsorption and more active sites. If we consider the v/w 

ratio, urea holds the highest v/w ratio (Urea>Thiourea>Melamine), however it 

possesses the lowest mass yield among the three precursors 

(Melamine>Thiourea>Urea). For thermal polymerization at 545°C for 4 h, the 

efficiency or mass yield of precursor to g-C3N4 conversion was found to be 47.5% 

(melamine), 33.3% (thiourea), and 4.7% (urea). Very low mass yield for urea is due 
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to the rapid degree of polymerization and condensation. Moreover, above 550°C there 

was no product found in case of urea as it decomposed completely above this 

temperature.   

  

 

 
Fig. 4.17. (a) UV-Vis diffuse reflectance spectra, and (b) Tauc plots for the band gap energy 

calculation, for g-C3N4 samples synthesized using different precursors 
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The optical responses of g-C3N4 samples synthesized from different precursors 

studied by UV-Visible diffused reflectance spectroscopy are shown in Fig. 4.17a in 

which only small variation in adsorption edge can be seen. Their transformed Tauc 

plots using Kubelka-Munk (K-M) function is shown in Fig. 4.17b and the obtained 

value of band gap energies are listed in Table 4.7. Sample TCN-545-4h shows lowest 

band gap i.e., 2.56 eV means the approximate absorption up to 485 nm. 

 

4.4.1.4 Effect of exfoliation 

For this study, bulk g-C3N4 was synthesized using different precursors as 

previously discussed and then further heat treated to get exfoliated g-C3N4. Combined 

impact of precursor and exfoliation on physiochemical properties (i.e., crystal 

structure, chemical structure, morphology, surface area, etc.) was investigated through 

XRD, FTIR, Raman, BET, DRS, FESEM and so on.  For instance, four different 

precursors (Melamine, Thiourea, Dicyandiamide, Urea) were taken into consideration 

and further exfoliated at 500°C for 4h. All prepared g-C3N4 samples with their reaction 

conditions and abbreviated names are summarized in Table 4.8, also varying 

parameter marked in bold letters for easy understanding. 

Table 4.8. Abbreviated names of synthesized samples with their reaction parameters 

Precursor 
Temperature 

(°C) 
Time (h) Exfoliation Abbreviation 

Melamine 545 4 

500°C, 4h 

MCN-exf 

Thiourea 545 4 TCN-exf 

Urea 545 4 UCN-exf 

In Fig. 4.18a-c, XRD pattern of exfoliated g-C3N4 synthesized with melamine, 

thiourea & urea, is compared with their respective partner in bulk form. However, each 

sample has both characteristic peaks near to 12.8° and 27.4° but there could be seen a 
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shift in peak position towards higher angle (27.4° to 27.8°) when we compare exfoliate 

g-C3N4 samples with their bulk counterpart which indicates a structural contraction 

along the layer stacking direction due to more prolonged condensation of the carbon 

nitride chains. Also, after exfoliation, the intensity of this peak (002) significantly 

decreases, indicating the successful exfoliation of bulk g-C3N4.
38 FTIR spectra of 

exfoliated g-C3N4 samples synthesized from different precursors are shown in Fig. 

4.19a-c. All characteristic stretching vibrations discussed earlier are present and 

similar with each other which confirm the presence of same chemical structure as their 

parent bulk g-C3N4.  

Raman spectra of all prepared g-C3N4 samples are presented in Fig. 4.20. All 

the g-C3N4 samples have characteristic peaks which are indexed to vibration modes of 

CN heterocycles however, peak pattern and peak intensity are different in these 

samples which can be corelate with number of triazine rings. Moreover, this is similar 

to that of bulk g-C3N4, suggesting that the structure of g-C3N4 nanosheets is well kept 

during our exfoliation process. 
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Fig. 4.18. XRD patterns of bulk and exfoliated g-C3N4 samples prepared using (a) melamine, 

(b) thiourea, and (c) urea as precursor 
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Fig. 4.19. FTIR spectra of bulk and exfoliated g-C3N4 samples prepared using (a) melamine, 

(b) thiourea, and (c) urea as precursor 
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Fig. 4.20. Raman spectra of bulk and exfoliated g-C3N4 samples prepared using (a) melamine, 

(b) thiourea, and (c) urea as precursor 
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In order to determine the effect of exfoliation on specific surface area of g-

C3N4, BET measurements for samples MCN-exf, TCN-exf and UCN-exf were 

performed and analyzed in detail. Fig. 4.21a-c shows nitrogen adsorption-desorption 

isotherms and corresponding pore size distribution curve altogether five-point BET 

surface area graph, corresponding values are tabulated in Table 4.9. 

Table 4.9. Combined impact of precursor and exfoliation on BET parameters and band gap 

energy 

Sample Name SBET 
a (m2 g-1) Pr

b (Å) PV
c (cc g-1) Eg

d (eV) 

MCN-exf 70.4 19.5 0.454 2.70 

TCN-exf 117.9 20.7 0.756 2.69 

UCN-exf 183.9 18.4 1.364 2.98 
[a] Specific surface area (SBET) was determined by the BET equation. [b] Mode of pore radius (Pr) was 

determined by the BJH method. [c] Average pore volume (PV) was determined by the BJH method. [d] 

Band gap energy (Eg) calculated from Tauc plots 

Based on the IUPAC classification, all prepared samples followed type IV 

isotherm and type H3 hysteresis loop indicating the presence of nonuniform 

mesopores. It can be depicted from isotherm (Fig. 4.21a) that UCN-exf adsorbs more 

nitrogen than other exfoliated g-C3N4 samples which turns into the high surface area 

for it i.e., 183.9 m2 g-1. If we compare surface area of bulk g-C3N4 (Table 4.7) with 

exfoliated g-C3N4 (Table 4.9), we can see the clear effect of exfoliation on surface area 

since it improved the porosity due to more evolution of ammonia and CO2 gas during 

pyrolysis. Pore volume distribution curves (Fig. 4.21c) shows that after exfoliation, 

number of larger sizes mesopores and macropores has been increased in sample UCN-

exf and TCN-exf. Although major number of pores are still near to 20 Å in all samples 

even after exfoliation. Increasing surface area and large pore size theoretically result 

in better photocatalytic properties, as a result of better adsorption and more active 

sites. 
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Fig. 4.21. (a) Nitrogen adsorption-desorption isotherms, (b) Specific surface area by five-point 

BET, and (c) corresponding pore size distribution curves for exfoliated g-C3N4 samples 

synthesized using different precursors 
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Fig. 4.22. (a) UV-Vis diffuse reflectance spectra, and (b) Tauc plots for the band gap energy 

calculation, for exfoliated g-C3N4 samples synthesized using different precursors 
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obtained value of band gap energies are listed in Table 4.9. After exfoliation bandgap 

energy is increased compared to their parent bulk g-C3N4 listed in Table 4.7. 

The morphology of prepared of g-C3N4 samples were characterized by 

FESEM. The g-C3N4 appeared as flake/sheet like structure with multiple layers as 

shown in Fig. 4.23-4.28. The lateral size of the bulk g-C3N4 flakes is about 400-700 

nm, which supports the hypothesis of multiple layered structure of g-C3N4. 

Layers/sheet thickness can be reduced by increasing polymerization temperature and 

exfoliation process.  

   
Fig. 4.23. FESEM micrograph of melamine derived bulk g-C3N4 sample (MCN-545-4h) 

    
Fig. 4.24. FESEM micrograph of melamine derived exfoliated g-C3N4 sample (MCN-exf) 
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Fig. 4.25. FESEM micrograph of thiourea derived bulk g-C3N4 sample (TCN-545-4h) 

    
Fig. 4.26. FESEM micrograph of thiourea derived exfoliated g-C3N4 sample (TCN-exf) 

    
Fig. 4.27. FESEM micrograph of urea derived bulk g-C3N4 sample (UCN-545-4h) 
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Fig. 4.28. FESEM micrographs of urea derived exfoliated g-C3N4 sample (UCN-exf) 

4.4.2 Photocatalytic activity 

This section focuses on the photocatalytic activity of g-C3N4. Samples were 

selected for photocatalytic testing based upon favourable physicochemical parameters. 

 

4.4.2.1 Phenol degradation 

The prepared g-C3N4 samples were explored to evaluate their photocatalytic 

efficacy for the photocatalytic degradation of phenol as a model organic pollutant, 

under UV-Vis irradiation. Results shown in Fig. 4.29 reveals that exfoliated g-C3N4 

samples perform better than their counterpart (bulk form) owing to higher surface area. 

The experimental data of phenol degradation were observed follow pseudo-zero order 

kinetics. For each sample, initial rate in first two light hours was considered as rate of 

reaction or rate constant for pseudo-zero order reaction. The rate of reaction and linear 

fitting regression coefficients shown by all tested samples are tabulated in Table 4.10. 

Exfoliated samples of g-C3N4 prepared by thiourea and urea performed well among 

all the tested g-C3N4 samples, with reaction rates (rate constants) of 1.83×10-7 mol L-

1 min-1 (TCN-exf) and 2.14×10-7 mol L-1 min-1 (UCN-exf) while other samples showed 
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very slow degradation rate. However, the photocatalytic efficiency for phenol 

degradation achieved by exfoliated g-C3N4 is still far behind the photocatalytic 

efficiency of P25-TiO2, i.e., complete degradation in phenol concentration with initial 

rate of 4.48×10-7 mol L-1 min-1 in 5 h of UV-Vis irradiation.  

 
Fig. 4.29. Photolytic and photocatalytic phenol degradation using different g-C3N4 samples 

and P25-TiO2 under UV-Vis irradiation. Initial phenol concentration: 0.1 mM, Photocatalyst: 

100 mg L-1 (Markers are experimental data, while lines represented the trendline based upon 

regression analysis) 

Table 4.10: Initial rate of zero order reaction (k), coefficient of regression (R2) shown by g-

C3N4 samples in phenol degradation 

Sample Name k (mol L-1 min-1) R2 

Light Control 2.34×10-9 0.8625 

MCN-545-4h 4.96×10-8 0.8768 

TCN-545-4h 5.93×10-8 0.9796 

UCN-545-4h 8.04×10-8 0.9479 

MCN-exf 6.16×10-8 0.9816 

TCN-exf 1.83×10-7 0.9636 

UCN-exf 2.14×10-7 0.9646 

P25-TiO2 4.48×10-7 0.9685 
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4.4.2.2 Bacterial inactivation 

Similar to organic degradation, synthesized g-C3N4 samples were also 

explored to evaluate their photocatalytic efficacy for bacterial inactivation of a modal 

bacteria, E. coli under UV-Vis irradiation. As seen in the results of phenol degradation, 

mainly exfoliated samples exhibit significant photocatalytic efficacy, thus only 

exfoliated samples were evaluated for E. coli disinfection. Each sample was plated for 

the multiple dilution (103, 104 & 105) and in triplicate to get more accurate counts, and 

the results were averaged correspondingly. Control experiment (photolysis) was also 

conducted in the absence of any photocatalyst. Images of E. coli colonies on solid 

culture medium showing photocatalytic disinfection performance by exfoliated g-

C3N4 samples are summarized in Table 4.11 for 103 dilution and the results, fitted with 

GInafit tool, are shown in Fig. 4.30.  

   
Fig. 4.30 E. coli disinfection shown by exfoliated g-C3N4 samples synthesized using different 

precursors and P25-TiO2 at 100 mg L-1concentration. Detection limit = 2 CFU mL-1. (Markers 

are experimental data, while lines represented the best fitted data using GInaFiT models) 
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In the photolysis of E. coli, only 1-log reduction of E. coli was observed in 5 h 

of UV-Vis irradiation. Like phenol degradation, sample TCN-exf outpaced than others 

with 3-log reduction in 5 h of irradiation, followed by UCN-exf and MCN-exf showing 

2.6 and 2.3 E. coli log reduction, respectively. However, again P25-TiO2 outperformed 

with total E. coli inactivation within 180 min. 

Further, the experimental data of E. coli inactivation by each g-C3N4 sample 

were fitted with nine models of the GInaFiT tool (Geeraerd and Van Impe Inactivation 

Model Fitting Tool, version 1.6).39 The details of GInaFiT tool are in chapter 3. To 

compare the results of the nine models, sum of squared errors (SSE), root mean sum 

of squared errors (RMSE), the coefficient of determination (R2), and other obtained 

parameters are reported in Table 4.12-4.15 for photolysis, MCN-exf, TCN-exf and 

UCN-exf, respectively. Out of nine inactivation models, best fit model is selected for 

each sample and kept in bold for easy understanding. 

It can be seen in Table 4.12-4.15 that most of the fitting models gives 

unrealistic high standard errors, represented as non-significant (n.s.) in tables which 

means those models are unfit for particular data set. Simple log-linear model is also 

not suitable for these data sets due to low value of R2. For models with tailing (Log-

linear + tail, Log-linear + shoulder + tail, and Weibull + tail), program warns, 

“Log10(Nres) is less than the minimal measured value. Model with tailing is unlikely 

for these data.” thus a model without tailing should be selected. For the biphasic model 

fit, the program gave waring as “The parameter estimate for kmax1 is exactly equal to 

kmax2. This indicates that the biphasic model is unlikely for these data”. Considering 

all the parameters, only Log-linear + shoulder and Weibull models look feasible for 

the data set of light control and MCN-exf for E. coli disinfection but if we compare 

both of these models, Weibull model gives low SSE, low RMSE and higher R2 value 
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which makes it the best fitting model for experimental data set of light control and 

MCN-exf. Similarly considering same parameters, double Weibull model becomes the 

best fitting model for data set of TCN-exf and UCN-exf. 

The best fitting model and obtained parameter values for each experimental 

data set of E. coli disinfection by exfoliated g-C3N4 samples are filtered and 

summarized in Table 4.16. E. coli inactivation model is usually described in three 

stages, (i) duration of initial decay, termed as "shoulder" which is denoted by δ or δ1 

in models of GInaFiT tool. This refers to the time taken for the first log reduction in 

E. coli cells which depends on generation of reactive oxygen species (ROS), (ii) “a 

log-linear region”, here rapid inactivation occurs, it covers the most part of reaction, 

but some cells show higher resistance than others which can be compared by another 

scale parameter, δ2 mentioned in double Weibull model, (iii) “Tail”, a deceleration of 

the phase.40 Now if one evaluates the Table 4.16, we can see that light control 

experiment (photolysis of E. coli) had its first log reduction (δ1) of E. coli in 

308.0±10.4 min while exfoliated g-C3N4 samples (MCN-exf, TCN-exf and UCN-exf) 

took 186.1±11.7, 169.0±2.1, 145.1±6.8 min to deliver first log reduction of E. coli, 

respectively. Thus, it reveals that urea derived g-C3N4 sample was faster in doing first 

log reduction than other exfoliated samples (U<T<M). if we consider error factor, time 

taken to inactivate more resistant bacterial cells (δ2) is almost similar for UCN-exf 

(283.3±15.9 min) and TCN-exf (294.9±6.9 min) although TCN-exf sample was better 

in inactivating E. coli in 5 h of UV-Vis irradiation with 3 log reductions.  
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Table 4.11 Images of E. coli colonies on solid culture medium showing photocatalytic 

disinfection performance by exfoliated g-C3N4 samples (MCN-exf, TCN-exf and UCN-exf) 

under 5 h of UV-Vis irradiation. (Sampling- 100 µl of 103 dilution) 
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Table 4.12 Statistical measures and parameter values obtained when applying nine models 

available in GInaFiT Version 1.6 on the experimental data set of light control 

Model 
Type 

SSE Log10(N0) 
[cfu mL-1] 

RMSE R2 Log10(Nres)  
[cfu mL-1] 

Sl/ δ1/ δ2 
[min] 

kmax / kmax1/ 
kmax2 

[min-1] 

Log-linear 
regression 

0.09 6.41±0.11 0.1494 0.8703   kmax=0.01±0.00 

Log-linear 
+ shoulder 

0.02 6.26±0.05 0.0734 0.9765  Sl=187.4±22.9 kmax=0.02±0.00 

Log-linear 
+ tail 

0.09 6.41±0.15 0.1725 0.8703 0.46n.s.  kmax=0.01±0.01 

Log-linear 
+ shoulder 

+ tail 
0.02 6.26±n.s 0.0899 0.9765 -189.4n.s. Sl=187.4±n.s kma =0.02±n.s. 

Weibull 0.01 6.25±0.05 0.0693 0.9791  δ=308.0±10.4  

Weibull + 
tail 

0.01 6.25±0.07 0.0849 0.9791 -1.21n.s. δ=308±n.s.  

Double 
Weibull 

0.01 6.25±0.11 0.0849 0.9791  
δ1=307.9±n.s 
δ2=308.3±n.s. 

 

Biphasic 
model 

0.09 6.41±0.21 0.2113 0.8703   
kmax1=0.01±n.s. 
kmax2=0.01±n.s. 

Biphasic + 
shoulder 

0.02 6.26±0.13 0.1271 0.9765  Sl=187.4±n.s. 
kmax1=0.02±0.05 
kmax2=0.02±n.s. 

 

Table 4.13 Statistical measures and parameter values obtained when applying nine models 

available in GInaFiT Version 1.6 on the experimental data set of MCN-exf 

Model 
Type 

SSE Log10(N0) 
[cfu mL-1] 

RMSE R2 Log10(Nres) 
[cfu mL-1] 

Sl/ δ1/ δ2 
[min] 

kmax / kmax1/ 
kmax2 

[min-1] 

Log-linear 
regression 

0.23 6.53±0.17 0.2375 0.9423   kmax=0.02±0.00 

Log-linear 
+ shoulder 

0.03 6.27±0.09 0.1039 0.9917  Sl=96.3±18.7 kmax=0.03±0.00 

Log-linear 
+ tail 

0.23 6.53±0.22 0.2743 0.9423 -0.86n.s.  kmax=0.02±0.00 

Log-linear 
+ shoulder 

+ tail 
0.03 6.27±0.11 0.1273 0.9917 -5.28n.s. Sl=96.3±29.2 kmax=0.03±0.01 

Weibull 0.02 6.28±0.08 0.0904 0.9937  δ=186.1±11.7  

Weibull + 
tail 

0.02 6.28±0.10 0.1107 0.9937 -1.11n.s. δ=186.1±14.3  

Double 
Weibull 

0.02 6.28±0.16 0.1107 0.9937  
δ1=186.1±n.s. 
δ2=192.7±n.s. 

 

Biphasic 
model 

0.23 6.53±0.27 0.3359 0.9423   
kmax1=0.02±n.s. 
kmax2=0.02±n.s. 

Biphasic + 
shoulder 

0.03 6.27±0.17 0.1800 0.9917  Sl=96.3±n.s. 
kmax1=0.03±0.09 
kmax2=0.03±n.s. 
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Table 4.14 Statistical measures and parameter values obtained when applying nine models 

available in GInaFiT Version 1.6 on the experimental data set of TCN-exf 

Model 
Type 

SSE Log10(N0) 
[cfu mL-1] 

RMSE R2 Log10(Nres) 
[cfu mL-1] 

Sl/ δ1/ δ2 
[min] 

kmax/ kmax1/ 
kmax2 

[min-1] 

Log-linear 
regression 

0.75 6.75±0.31 0.4335 0.9087   kmax=0.03±0.00 

Log-linear 
+ shoulder 

0.08 6.30±0.13 0.1651 0.9901  Sl=105.4±17.5 kmax=0.04±0.00 

Log-linear 
+ tail 

0.75 6.75±0.40 0.5006 0.9087 -1.45n.s.  kmax=0.03±0.01 

Log-linear 
+ shoulder 

+ tail 
0.08 6.30±0.16 0.2023 0.9901 -10.2n.s. Sl=105.4±26.3 kma =0.04±0.01 

Weibull 0.19 6.38±0.21 0.2529 0.9767  δ=154.6±24.5  

Weibull + 
tail 

0.02 6.29±0.07 0.0929 0.9979 3.3±0.1 δ=169.4±7.4  

Double 
Weibull 

0.00 6.26±0.03 0.0228 0.9999  
δ1=169.0±2.1 
δ2=294.9±6.9 

 

Biphasic 
model 

0.75 6.75±0.48 0.6131 0.9087   
kmax1=0.03±n.s. 
kmax2=0.03±n.s. 

Biphasic + 
shoulder 

0.02 6.31±0.10 0.1237 0.9981  Sl=110.8±16.9 
kmax1=0.04±0.01 
kmax2=0.00±0.10 

 

Table 4.15 Statistical measures and parameter values obtained when applying nine models 

available in GInaFiT Version 1.6 on the experimental data set of UCN-exf 

Model 
Type 

SSE Log10(N0) 
[cfu mL-1] RMSE R2 

Log10(Nres) 
[cfu mL-1] 

Sl/ δ1/ δ2 
[min] 

kmax/ kmax1/ kmax2 

[min-1] 

Log-linear 
regression 

0.18 6.61±0.16 0.2143 0.9664   kmax=0.02±0.00 

Log-linear 
+ shoulder 

0.06 6.40±0.13 0.1372 0.9897  Sl=63.3±22.9 kmax=0.03±0.00 

Log-linear 
+ tail 

0.18 6.61±0.20 0.2475 0.9664 -1.07n.s.  kmax=0.02±0.00 

Log-linear 
+ shoulder 

+ tail 
0.06 6.40±0.16 0.1680 0.9897 -10.9n.s. Sl=63.3±35.1 kma =0.03±0.01 

Weibull 0.08 6.43±0.15 0.1648 0.9851  δ=143.3±20.7  

Weibull + 
tail 

0.04 6.39±0.14 0.1490 0.9919 3.7±0.2 δ=149.1±17.0  

Double 
Weibull 

0.00 6.32±0.06 0.0468 0.9992  
δ1=145.1±6.8 
δ2=283.3±16 

 

Biphasic 
model 

0.18 6.61±0.22 0.3031 0.9664   
kmax1=0.02±n.s. 
kmax2=0.02±n.s. 

Biphasic + 
shoulder 

0.02 6.37±0.14 0.1467 0.9961  Sl=80.4±25.2 
kmax1=0.04±0.03 
kmax2=0.02±0.02 
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Table 4.16 The best fitting model and obtained parameter values on the experimental data set 

of E. coli disinfection  

Sample 
Model 
Type 

SSE 
Log10(N0) 
[cfu mL-1] 

RMSE R2 
Sl/ δ1/ δ2 

[min] 

Light 
Control 

Weibull 0.01 6.25±0.05 0.0693 0.9791 δ=308.0±10.4 

MCN-exf Weibull 0.02 6.28±0.08 0.0904 0.9937 δ=186.1±11.7 

TCN-exf 
Double 
Weibull 

0.00 6.26±0.03 0.0228 0.9999 
δ1=169.0±2.1 
δ2=294.9±6.9 

UCN-exf 
Double 
Weibull 

0.00 6.32±0.06 0.0468 0.9992 
δ1=145.1±6.8 
δ2=283.3±15.9 

 

Despite achieving similar or even better physiochemical properties for g-C3N4 

to prior studies, we did not achieve as much photocatalytic activity of g-C3N4 as many 

others have claimed in literature.9,17–19,21–25 Although the majority of these research 

employed dyes as a model pollutant to evaluate photocatalytic efficiency of g-C3N4, 

which is not recommended because most dyes are photosensitive.41,42 For instance, 

Devthade et al.22 claimed the excellent photocatalytic performance of urea-derived g-

C3N4 (specific surface area of 55.1 m2g-1 and a bandgap of 2.69 eV) by achieving 100 

% degradation of acid violet 7 (AV7) dye after 30 minutes of visible light exposure. 

However, some researchers also used the typical contaminants other than sensitized 

dyes and microbes to evaluate photocatalytic efficiency of g-C3N4. For example, Ge26 

reported 92.5% phenol degradation by the g-C3N4 samples heated at 520 °C for 4 h. 

Likewise Kang et al.9 achieved a specific surface area of 14.48 m2g-1 for bulk g-C3N4 

and 89.59 m2g-1 for exfoliated g-C3N4 using melamine as a precursor, and for the latter 

one, they claimed for 7-log reduction of E. coli in 120 min and 65% degradation 

(k=0.01) of humic acid after 70 min of visible-light irradiation, which sounds 

unrealistic because they did not show any specific argument behind this enhanced 

photocatalytic performance. However, in our study we observed limited photocatalytic 
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activities shown by exfoliated samples of g-C3N4 prepared from melamine, thiourea 

and urea with reaction rates of 4.96×10-8 (MCN-exf), 1.83×10-7 (TCN-exf) and 

2.14×10-7 mol L-1 min-1 (UCN-exf) for phenol degradation and ~2-3 log reduction in 

E. coli colonies after 5 h of UV-Vis irradiation. 

 

4.5 The possible photocatalytic mechanism of g-C3N4 

The photocatalytic processes leading to the disinfection and organic 

degradation usually involve the formation of various reactive oxygen species (ROS) 

such as hydroxyl radicals (•OH), superoxide anion radicals (Oଶ
ି⦁), and hydrogen 

peroxide (H2O2). Although hydroxyl radical is considered the primary ROS leading to 

photocatalytic disinfection and organic degradation. A photocatalyst should possess 

suitable band edge potentials for the formation of these ROS i.e., to reduce molecular 

O2 to generate superoxide (Oଶ
ି⦁) radicals (E0 = -0.33 V (NHE)) and to oxidise water to 

produce hydroxyl radicals (•OH) (E0 = +2.32 V (NHE)) at pH 7.  

TiO2 fulfils the above criterion because its CB potential (-0.51 V) and the VB 

potential (+2.69V) are aligned with the required band edge potentials thus it can easily 

produce hydroxyl radicals hence can disinfect E. coli and degrade phenol. On the other 

hand, the VB and CB potential of g-C3N4 is estimated to be situated around +1.51 V 

and -1.17 V (NHE), respectively (see chapter 4).  Although the VB potential of g-C3N4 

is insufficient for the water oxidation which is the primary mechanism to produce •OH 

radicals. Thus g-C3N4 may utilize different process to generate OH radicals. The CB 

potential of g-C3N4 is negative enough for the generation of other ROS such as Oଶ
ି⦁ by 

reduction of adsorbed O2 that may further produce H2O2 or •OH radicals by multiple 

reduction reactions of O2 (equation 4.3-4.7).43,44 
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O2 + e- → Oଶ
ି⦁                                   Eo(-0.33 V)                            (4.3) 

O2 + H+ + e- → HOଶ
⦁                            Eo(-0.07 V)                            (4.4) 

HOଶ
⦁   + H+ + e- → H2O2                    Eo(+1.46 V)                           (4.5) 

 Oଶ
ି⦁ + 2H+ + e- → H2O2                             Eo(+0.89 V)                           (4.6) 

H2O2 + H+ + e- → H2O + ⦁OH          Eo (+0.38 V)                          (4.7) 

O2 + 4H+ + 4e- → 2H2O                             Eo(+1.23 V)                           (4.8) 

Oଶ
ି⦁ and •OH radicals are the oxidants, which may oxidise phenol and disinfect E. 

coli.45–47 The schematic of possible photocatalytic mechanism of g-C3N4 explicating 

degradation of phenol and E. coli disinfection is given in Fig. 4.31. 

 

Fig. 4.31. The schematic of possible photocatalytic mechanism of g-C3N4 explicating 

degradation of phenol and E. coli disinfection 

4.6 Conclusions 

In summary, bulk g-C3N4 samples were prepared by a simple thermal 

polymerization of various precursors i.e., thiourea, dicyandiamide, melamine, and 
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urea at different combinations of reaction conditions. Further heat treatment was given 

to bulk g-C3N4 samples to get exfoliated g-C3N4 samples. All the obtained samples 

exhibited physicochemical properties of graphitic carbon nitride as confirmed by wide 

characterisation techniques such as XRD, FTIR, Raman, BET and DRS. All the 

prepared samples were compared with each other for their structural, optical, and 

morphological properties. The systematic result analysis confirmed that the precursors 

and reaction parameters have significant effect on the surface area, pore size, pore 

volume, band gap, morphology, and photocatalytic activity of g-C3N4.  Considering 

the v/w ratio, urea derived g-C3N4 holds the highest v/w ratio (U>T>M), however it 

possesses the lowest yield among the three precursors (M>T>U). Above 550°C there 

was no product found in case of urea as it decomposed completely above this 

temperature. Increase in calcination temperature led to increase in surface area and 

decrease in band gap energies hence more available active sites and increased light 

absorption which may improve the photocatalytic activity of g-C3N4. The urea derived 

samples displayed high specific surface area than all the other samples which could be 

linked to an increase in photocatalytic active sites. When compared to their bulk 

counterpart, surface area and bandgap energy of exfoliated g-C3N4 samples increases 

after exfoliation. Samples having favourable physicochemical properties have been 

tested for their photocatalytic performance by degradation organic pollutant, phenol, 

and E. coli inactivation under UV-Vis irradiation. The thiourea and urea derived 

exfoliated g-C3N4 samples exhibited better phenol degradation and E. coli disinfection 

performance than all the other samples due to their high specific surface area which 

could be correlated with an increase in the available active sites for photocatalytic 

reactions. GInaFiT (Geeraerd and Van Impe Inactivation Model Fitting Tool) was 

used to get suitable fit for experimental data sets of E. coli disinfection. After the 
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comparison of obtained parameters, Weibull model becomes the best suit for light 

control and MCN-exf sample while double Weibull model is for TCN-exf and UCN-

exf samples. Urea derived g-C3N4 sample shows faster first log reduction than other 

exfoliated samples (U<T<M). However, the photocatalytic efficiency demonstrated 

by all the g-C3N4 is still much lower than the photocatalytic efficiency of P25-TiO2 

tested for phenol degradation and E. coli inactivation. The study provides the detailed 

insights into appropriate selection of precursors and reaction conditions for g-C3N4 

synthesis and their effect on physicochemical and photocatalytic performance of 

graphitic carbon nitride and photocatalytic efficiency comparison for water treatment 

against P25-TiO2. 
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Chapter 5 - Photoelectrochemical properties of exfoliated 

graphitic carbon nitride (g-C3N4)  

 

5.1 Aim and objectives 

5.1.1 Aim: This chapter aims to examine the photoelectrochemical properties of 

exfoliated g-C3N4 and correlate to other physicochemical properties. 

 

5.1.2 Objectives 

1. To synthesize exfoliated graphitic carbon nitride (g-C3N4) through thermal 

polymerisation method. 

2. To estimate the C/N ratio through elemental mapping using EDX. 

3. To determine the elemental composition and chemical states present in g-C3N4 

using XPS. 

4. To determine the optical bandgap and band edge positions of g-C3N4 using 

Tauc plots and valence band XPS. 

5. To determine the work function of g-C3N4 using UPS. 

6. To prepare g-C3N4 working electrode on FTO coated glass using spray coating. 

7. To investigate photoelectrochemical properties of g-C3N4.  

8. To determine the flat band potential of g-C3N4 by electrochemical impedance 

spectroscopy (EIS) 

9. To propose an energy band diagram of g-C3N4 based on the obtained results. 
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5.2 Introduction 

Graphitic carbon nitride (g-C3N4) has been widely reported as a promising 

material for various photocatalytic applications. The physiochemical properties and 

photocatalytic activities (phenol degradation, E. coli disinfection) of g-C3N4 samples 

prepared from different precursors were discussed in chapter 3. However, the 

photocatalytic activity of this material was very poor as compared to P25.  These 

findings are contradictory with the previous published work reported by Zhao et al. 

(2014),1 Lee et al. (2012),2 Huang et al. (2014),3 Thurston et al. (2017),4 Yang et al. 

(2021),5 and many others6–9 who have reported good photocatalytic activities for g-

C3N4. It should be noted that there are also some reports of poor photocatalytic activity 

of bare g-C3N4. 10,11 

To understand the efficiency of photocatalytic processes of semiconductors, it 

is necessary to understand the thermodynamics and kinetics of charge transfer at the 

semiconductor/solution interface. A semiconductor photocatalyst should have 

appropriate band edge energies to generate reactive oxygen species (ROS) such as 

hydroxyl radical (⦁OH), superoxide anion radial (Oଶ
ି⦁ሻ, singlet oxygen (1O2) and 

hydrogen peroxide (H2O2), etc.12 However, ⦁OH and Oଶ
ି⦁ are the leading ROS involved 

in photocatalytic organic degradation and microbial disinfection. Therefore, a good 

photocatalyst should have a VB edge potential to be more positive than the oxidation 

potential of water, i.e., +2.73 V (vs. NHE), to form hydroxyl radicals (⦁OH) and the 

CB edge potential to be more negative than the reduction potential of oxygen, i.e., -

0.33 V (vs. NHE), to form superoxide anion radicals (Oଶ
ି⦁). However, in order to 

absorb visible light photons, the bandgap of a semiconductor should be less than 3.1 

eV.13 Therefore, visible light active photocatalysts must present different reaction 
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pathways to form ROS. Table 5.1 provides the typical redox reaction pathways and 

their corresponding redox potentials to form reactive oxygen species.  

Table 5.1 Redox reactions, redox couples, and their corresponding redox potentials to form 

reactive oxygen species.  

Half reactions Redox couple 
Redox potential 
(V vs. NHE)14–17  

O2 (g)+ e- → Oଶ
ି⦁ O2 / Oଶ

ି⦁ -0.33 

O2 (g) + H+ + e- → HOଶ
⦁    O2 / HOଶ

⦁    -0.07 

HOଶ
⦁   + H+ + e- → H2O2 HOଶ

⦁  / H2O2 +1.46 

Oଶ
ି⦁ + 2H+ + e- → H2O2 Oଶ

ି⦁ / H2O2 +0.89 

H2O2 + H+ + e- → H2O + ⦁OH H2O2 / ⦁OH +0.38 

H2O + h+ → H+ + ⦁OH H2O /⦁OH +2.32 

O2 + 2H+ + 2e- → H2O2 O2 /H2O2 +0.28 

O2 + 4H+ + 4e- → 2H2O O2 /H2O +1.23 

1O2 (g) + e- → Oଶ
ି⦁ 1O2 /Oଶ

ି⦁ +0.64 

The VB and CB potential of g-C3N4 is reported to be around +1.4 V and -1.3 

V (NHE) respectively.18 Although the VB potential is not enough positive to produce 

OH radicals but the CB potential is negative enough for the reduction of  H+ ions into 

H2 (0 V, NHE) and can generate other ROSs such as Oଶ
ି⦁ (-0.33 V, NHE), H2O2 (+0.89 

V, NHE) or •OH radicals by multiple reduction reactions of O2. Despite its ability to 

produce reactive oxygen species, the photocatalytic efficiency of g-C3N4 is still 

inferior to those of TiO2, the benchmark commercial photocatalyst, owing to the low 

separation efficiency and rapid recombination of photogenerated electron–hole pairs 

and limited utilization of visible light. 

In this work, to understand the relatively inefficient photocatalytic 

performance of g-C3N4, its electronic and photoelectrochemical properties were 

investigated by diffuse reflectance spectroscopy (DRS), X-ray and UV photoelectron 
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spectroscopy (XPS/UPS) and photoelectrochemical methods including linear sweep 

voltammetry (LSV), chronoamperometry, spectral response, electrochemical 

impedance spectroscopy (EIS) and photo-potential. The measurement of electrical 

variables such as current, potential as well as their correlation to chemical parameters, 

is the focus of electrochemical techniques. Several characteristics, obtained from 

photoelectrochemical methods and other techniques such as XPS/UPS, were 

calculated and correlated including onset potential, flat band potential, Fermi energy, 

work function, band edge positions, open circuit potential (OCP), and photo potential, 

allowing us to gain a better knowledge of the electronic band structure and 

photoelectrochemical behaviour of g-C3N4. 

 

5.3 Experimental Section 

5.3.1 Synthesis of exfoliated g-C3N4 

Exfoliated g-C3N4 samples were synthesized using melamine as a precursor in a two-

step synthesis process as explained in section 4.3.3 of chapter 4. The prepared sample 

was named as MCN-exf. 

 

5.3.2 Working electrode preparation 

To perform photoelectrochemical measurements, the working electrodes used in this 

study were fabricated following the protocol that was formerly discussed in detail in 

section 3.3 of Chapter 3. In brief, fabrication of a typical working electrode follows 

the three steps which includes cleaning of conductive substrate (FTO coated glass was 

used in our work), Spray coating of photocatalyst (g-C3N4) on cleaned substrate and 

making an electrical contact (using copper wire). 
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5.3.3 Analytical characterization 

The exfoliated g-C3N4 samples were characterized by X-ray diffraction 

spectroscopy (XRD), Fourier-Transform Infrared spectroscopy (FTIR), Raman 

spectroscopy, diffuse reflectance spectroscopy (DRS), field emission scanning 

electron microscope (FESEM) and BET surface area measurements. Details of all 

these characterization techniques are provided in chapter 3. Although outcome of these 

characterization techniques has previously been explained in section 4.4.1.4.  

An FESEM equipped with a dispersive energy X-ray (EDX/EDS) analyser was 

used to determine the bulk elemental composition of the samples under low vacuum 

pressure of ~10-4 bar at working distance of 5 mm and an accelerating voltage of 10 

kV. The resultant images were captured with a backscattered secondary electron 

(BSE) detector and the results obtained from EDX were analysed with the Aztec 

software that came with the instrument.  

X-ray photoelectron spectroscopy (XPS) was performed to study the surface 

composition and chemical states of prepared sample. The binding energy was 

calibrated to the C 1s peak at 248.8 eV. The peaks were fitted using CasaXPS software 

after performing the U 2 Tougaard background correction before quantification. 

Valence band XPS (VBXPS) and ultraviolet photoelectron spectroscopy (UPS) were 

also employed to explore the band edge energies and work function of g-C3N4. 

Synthesized sample was spray coated on Si wafer for uniformity to carry out XPS/UPS 

analysis. A He I emission UV source (21.22 eV) was used to collect UPS spectra of 

carbon nitride. The further details of all these instruments have been provided in 

section 3.4.4.  
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5.3.4 Photoelectrochemical methods 

The photoelectrochemical measurements were performed using a three-electrode 

system in a borosilicate glass beaker. This three-electrode configuration consisted of 

a platinum mesh paddle (5.9 cm2) as the counter electrode, saturated calomel electrode 

(Hanna instruments) as the reference electrode and earlier prepared photoelectrode as 

the working electrode. 0.1 M KClO4 solution (pH = 6) was used as an electrolyte. 450 

W Xe lamp was used an irradiation source. All photoelectrochemical measurements 

were performed on an electrochemical workstation (AUTOLAB PGSTAT 30). More 

details of the irradiation source, photoelectrochemical cell and electrochemical 

workstation are given in chapter 3. 

Linear sweep voltammetry (LSV) was used to determine the photocurrent-

potential behaviour in the absence and presence of monochromatic irradiation 

sweeping from -1.0 to +1.0 V at a sweep rate of 5 mV s-1. The photocurrent-time 

response was also measured over a range of fixed potentials. The open-circuit potential 

vs. SCE was measured in the dark and under irradiation in potentiometric mode. 

Electrochemical impedance spectroscopy (EIS) was employed in the dark and under 

illumination using frequency response analyser (FRA) potential scan in the potential 

range of -1.0 to +1.0 V and frequency range of 10 mHz to 100 kHz to determine the 

flat band potential of the sample. More details are provided in chapter 3. 

 

5.4 Results and discussion 

5.4.1 Electronic properties 

The physicochemical properties of exfoliated g-C3N4 were investigated using EDX to 

determine the bulk elemental composition, UV-Visible diffuse reflectance 

spectroscopy to determine the bandgap, X-ray photoelectron spectroscopy (XPS) to 
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study the elemental composition and electronic states on the surface region, and UV 

photoelectron spectroscopy (UPS) was used to determine the binding energy of 

valance band maximum (EVBM) with respect to Fermi level and work function (ϕs) of 

carbon nitride. 

 

5.4.1.1 Elemental mapping by EDX 

The elemental compositions of g-C3N4 were explored using EDX and the 

results are shown in Fig. 5.1. Individual EDX elemental maps revealed a uniform 

distribution of nitrogen (N) and carbon (C), and no additional peak was found other 

than Si which came from the substrate, shows the purity of synthesized material. 

Quantitative analysis of exfoliated g-C3N4 showed that atomic proportion of C and N 

in prepared sample were 41.4 and 57.4%, respectively which gives the C/N ratio of 

0.72. Although true C/N ratio in g-C3N4 is 0.75 which is subject to change with 

precursor types and reaction conditions.19 The EDX results were further confirmed by 

XPS. 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

a b 

c d 
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Fig. 5.1. (a) FESEM image of exfoliated g-C3N4, and corresponding EDX elemental mapping 

for (b) C, (c) N, (d) Si, and (e) EDX spectrum. 
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5.4.1.2 Optical bandgap determination 

The optical properties of exfoliated g-C3N4 was studied by UV-Visible diffuse 

reflectance spectroscopy. The obtained spectrum is shown in Fig. 5.2a and its 

transformed Tauc plot is shown in Fig. 5.2b. The optical bandgap of exfoliated g-C3N4 

was calculated using the K-M function which is used to plot (F(R)*hν)1/n vs. photon 

energy (hν) graph, where F(R) is Kubelka-Munk function, ν is light frequency and n=2 

as g-C3N4 follows indirect absorption. The intercept of the tangents to the plots of 

(F(R)*hν)1/n vs. photon energy (hν) provides the approximate bandgap of 2.68 eV 

which is in agreement with the reported literature. 

 

 
Fig. 5.2. (a) UV-Vis diffuse reflectance spectra, and (b) Tauc plots for the band gap energy 

calculation, for melamine derived exfoliated g-C3N4  
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5.4.1.3 X-ray photoelectron spectroscopy analysis 

The XPS analysis for exfoliated g-C3N4 sample was carried out to examine the 

elemental composition and electronic states on the surface region. A typical XPS 

analysis includes a wide energy survey scan (WESS) and a high-resolution scan for 

each element possibly available in the material. All the scans were performed at 

minimum four different sites to reduce error in determining the elemental proportion. 

The typical wide energy survey scan of exfoliated g-C3N4 is shown in Fig. 5.3. All the 

peaks were calibrated for charge correction with respect to adventitious carbon peak 

(C 1s at 284.8 eV). The survey spectrum of g-C3N4 contains C 1s, N 1s and O 1s peaks. 

Atomic percentage of C 1s peak (ca. 43.62%) comprises the adventitious carbon peak 

at 284.8 eV as well as the other carbon bonding configurations present in g-C3N4. 

 
Fig. 5.3. XPS survey spectrum for exfoliated g-C3N4 

Pomilla et al. (2018) has well reported the carbon - nitrogen bonding 

configurations present in g-C3N4 structure. According to them g-C3N4 framework has 
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N2-H (edge group), N3-C3 (sp3 hybridized central nitrogen) and N4-H2 (terminal 

group) as shown in Fig. 5.4.20  

 
Fig. 5.4. Structure of the repeating heptazine carbon nitride unit with the corresponding atomic 

assignment according to XPS analysis. [Reproduced form Pomilla et al., J. Phys. Chem. C 

2018, 122, 28727–28738]20 

To investigate the above bonding configurations, present in the g-C3N4, high 

resolution spectra (also called narrow scan spectra) were obtained for elements C1s, 

N1s, and O1s in their specific energy regions. After deconvoluting the narrow scan 

spectrum for each element, the observed binding energy for each bond were at the 

anticipated positions and in good agreement with the values reported in the 

literature.20,21 The high-resolution spectra of C 1s, N 1s and O 1s for exfoliated g-C3N4 

are shown in Fig. 5.5-5.7. The C 1s spectrum (Fig. 5.5) splits into four synthetic peaks 

at binding energies 284.9 eV, 288.1 eV, 288.8 eV, and 293.9 eV which corresponds 

to adventitious carbon contamination (C-C), C1, C2 and π−π interactions, 

respectively. Similarly, the N 1s spectrum (Fig. 5.6) is incorporated into five peaks at 

398.6 eV, 399.3 eV, 400.1 eV, 401.2 eV and 404.5 eV which were assigned to N1, 

N2, N3, N4 and π−π transitions, respectively.  
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Fig. 5.5. High resolution C 1s spectrum of exfoliated g-C3N4  

 
Fig. 5.6. High resolution N 1s spectrum of exfoliated g-C3N4 
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was also spotted by Hellgren et al.22 that XPS gives higher C/N ratio; 5-20%, than its 

actual value present in sample. Thus, EDX and XPS results can be justified as 

comparable with each other and confirm the existence of g-C3N4. Further details of 

peak fitting and their characteristic bond are provided in Table 5.2.  

 

Fig. 5.7. High resolution O 1s spectrum of g-C3N4  

Table 5.2. C, N and O bonding compositions and corresponding binding energies estimated 

from deconvolution of high-resolution spectrum obtained by XPS 
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5.4.1.4 Band edge positions and work function determination 

X-ray and UV photoelectron spectroscopy (XPS and UPS) were used to 

determine the binding energy of valance band maximum (EVBM) with respect to Fermi 

level and work function (ϕs) of carbon nitride. Fig. 5.8 depicts the valence band XPS 

spectrum of g-C3N4 obtained from XPS which reveals the VBM position with 

reference to fermi level (EF-EVBM) of g-C3N4 to be 1.81±0.06 eV which can also be 

termed as electronic bandgap.20 With the optical band gap of g-C3N4 derived from 

DRS (i.e., 2.68±0.01 eV) and the electronic bandgap obtained from XPS, the 

conduction band minima (EF-ECBM) energy can be calculated using equation (5.1), 

which equals 0.87±0.07 eV.  

(EF-ECBM) = Eg - (EF-EVBM)                       (5.1) 

 
Fig. 5.8. Valence band XPS spectrum of exfoliated g-C3N4 

The band edge energies can also be estimated using the work function. The 

work function (ϕs) can be defined as the energy barrier to free space that prevents an 
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to escape an electron from the Fermi level into vacuum.23 To determine the work 
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function of g-C3N4, its UPS spectra were collected using a He I emission UV source 

(21.22 eV). An obtained spectrum is shown in Fig. 5.9. A small bias of 10 V was 

applied to the sample surface to deconvolute the true work function of the surface from 

the spectrometer's internal work function.  

 
Fig. 5.9. UPS spectrum of exfoliated g-C3N4 
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as shown in Fig. 5.10 and measured to be 1.73 eV which is quite close to the value of 

(EF-EVBM) obtained from XPS. However, to avoid ambiguity only the results obtained 

from UPS analysis will be considered for further interpretation and calculation. As 

before, the value of (EF-ECBM) can also be calculated using equation (5.1) which yields 

a value of 0.95 eV.  

 
Fig. 5.10. Magnified UPS spectrum of exfoliated g-C3N4 near valance band region 

 
Fig. 5.11 Schematic band diagram for g-C3N4 showing the position of its Fermi level 
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The energy difference (EF-EVBM = 1.73 eV & EF-ECBM = 0.95 eV) obtained for 

g-C3N4 suggests that Fermi level for g-C3N4 lies far below the conduction band and 

far away the valence band as shown in Fig. 5.11. Since the Fermi level is not close 

enough to either conduction band or valence band, it cannot be called a true either n-

type or p-type semiconductor. 

Furthermore, the position of EVBM and ECBM with respect to vacuum can be 

estimated with the help of work function using following equations (5.3 and 5.4): 

EVBM (vs. vacuum) = -( Φs + onset)                               (5.3) 

ECBM (vs. vacuum) = (EVBM + Eg)                              (5.4) 

With reference to vacuum, the band edge energies of EVBM and ECBM calculated from 

equations (5.3 and 5.4) are -6.01 and -3.33 eV, respectively which can also be reported 

on the electrochemical scale relative to NHE which is approximately placed at −4.5 

eV (at 298.15 K) with respect to the vacuum level.27,28 Hence, potentials for g-C3N4 

on the NHE scale can be write as +1.51 V (VB edge) and -1.17 V (CB edge). 

 

5.4.2 Photoelectrochemical measurements 

In this section, photoelectrochemical properties of exfoliated g-C3N4 (MCN-

exf) sample were investigated by different photoelectrochemical methods to 

understand how its electronic structure changes when exposed to a redox electrolyte 

under the action of electromagnetic radiation. 

 

5.4.2.1 Linear sweep voltammetry  

Linear sweep voltammetry method was carried out in the dark and upon UV-

Vis irradiation to measure the photocurrent (type, magnitude) and photocurrent onset 

potential for working electrode of exfoliated g-C3N4 by varying the applied potential 
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in the range of -1.0 V to +1.0 V vs. SCE, the resulting current–potential curve, also 

known as voltammogram is shown in Figs. 5.12-5.16. Exfoliated g-C3N4 electrode 

generated a very small photocurrent (<1 μA.cm-2). Along with the small photocurrent, 

peculiar behavior was observed in the current-potential response for g-C3N4 

electrodes. The photocurrent switching behavior was spotted in the applied potential 

range which is termed as the PEPS effect (photoelectrochemical photocurrent 

switching)29. It is defined as photocurrent polarity switching in response to changes in 

photoelectrode potential and/or incident light wavelength. In case of g-C3N4, we have 

observed the switching in photocurrent polarity in response to changes only in 

electrode potential. Some researchers have previously reported the photocurrent 

switching behavior for g-C3N4.
30–32  

 
Fig. 5.12. LSV of exfoliated g-C3N4 from -1.0 to +1.0 V, Electrolyte 0.1 M KClO4, irradiation 

source 450 W Xe lamp. 
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(vs. SCE) or -0.44 V (vs. NHE) which again converted to anodic photocurrent at +0.05 

V (vs. SCE) or +0.29 V (vs. NHE) with sweeping the bias from -1.0 to +1.0 V. Thus 

g-C3N4 photoelectrode behaved as a p-type semiconductor in the potential range of -

0.68 V to +0.05 V, beyond this region it behaved as n-type semiconductor. Cathodic 

to anodic photocurrent transition has also been observed by Jing et al.30 at 0.02 V (vs. 

Ag/AgCl) or 0.22 V (vs. NHE) which is very close to the value obtained in this work. 

For a better demonstration of the photocurrent switching behavior of g-C3N4, 

corresponding regions (A and B) of the LSV plot are magnified in Figs. 5.13 and 5.14. 

The photocurrent onset potential, the potential beyond which positive current occurs 

under illumination, is monitored at about -0.01 V (vs. SCE), or +0.23 V (vs. NHE) 

with sweeping the bias from -1.0 to +1.0 V as demonstrated in Fig. 5.15 which is in 

close agreement with the value 0.06 V (vs. Ag/AgCl) or 0.26 V (vs. NHE) reported by 

Jin et al.33 Fig. 5.16 depicts the recorded chopped voltammogram of g-C3N4 as the 

applied potential is varied in the range of -1.0 to +1.0 V. 

 
Fig. 5.13. Enlarged area A from LSV (Fig. 5.12) of exfoliated g-C3N4, showing anodic (n-

type) to cathodic (p-type) photocurrent transition, Electrolyte 0.1 M KClO4, irradiation source 

450 W Xe lamp. 
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Fig. 5.14. Enlarged area B from LSV (Fig. 5.12) of exfoliated g-C3N4, showing cathodic (p-

type) to anodic (n-type) photocurrent transition, Electrolyte 0.1 M KClO4, irradiation source 

450 W Xe lamp. 

 

 

Fig. 5.15. Enlarged area C from LSV (Fig. 5.12) of exfoliated g-C3N4 showing photocurrent 

onset potential, Electrolyte 0.1 M KClO4, irradiation source 450 W Xe lamp. 
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Fig. 5.16. Chopped LSV of g-C3N4 (magnified in the range of -0.2 to +0.5 V). Point B showing 

cathodic (p-type) to anodic (n-type) photocurrent transition. Electrolyte 0.1 M KClO4, 

irradiation source 450 W Xe lamp. 

The reasons for photocurrent switching in a photo-electrochemical setup may 

include several factors, including the band edge potential and redox properties of the 

semiconductor, the availability of donors and acceptors in the electrolyte, the applied 
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shown in Fig. 5.11) was thought to be the cause of the dual photocurrent behaviour of 

g-C3N4. A photocurrent is produced when the semiconductor is photoexcited with an 

energy larger than the band gap. Although the direction of photocurrent is determined 

by the net result of the various redox processes. Anodic (positive) photocurrents are 

observed when the oxidation reactions predominate at the working electrode, whereas 

the cathodic (negative) photocurrents require efficient reduction reactions. 

Photoexcitation of g-C3N4 directs to a spatial charge separation between the 

electron in the CB and the hole in the VB. According to the density functional theory 
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(DFT) calculations revealed by Wang et al.,36 the valence bands (VBs) are composed 

of nitrogen Pz orbitals while the conduction bands (CBs) are composed of carbon Pz 

orbitals. Therefore, nitrogen provides holes to act as oxidation reaction sites for H2O 

to produce O2 (oxygen evolution reaction), and carbon offers electrons to work as 

reduction reaction sites for H+ to H2 (hydrogen evolution reaction). CB electrons can 

also reduce the oxygen into superoxide radicals that may further produce H2O2 or •OH 

radicals followed by multiple reduction reactions.36,37 However, Pomilla et al.20 has 

questioned the stability of C3N4 as a photocatalyst. In their experiments, they found 

the modification of the C3N4 structure (photo corrosion) due to the substitution of N 

with O. The authors suspected that instead of water splitting, photoexcitation causes 

the oxidation of C3N4 itself because the valence band edge of g-C3N4 (+1.51 V) is 

close to the water oxidation potential (+1.23 V), and it has a limited overpotential to 

drive water oxidation reaction. This it may accumulate intermediate reactive oxygen 

species that could lead the oxidation of C3N4 by substituting N with O.  Based on VB 

and CB edge potentials, the following electrochemical or photoelectrochemical 

oxidation and reduction reactions may possibly undergone in this 

photoelectrochemical setup: 

g-C3N4 + hν → g-C3N4 
* + e−CB + h+

VB (Photoexcitation)          (5.5) 

e−CB + h+
VB → heat or energy               (Recombination)           (5.6) 

O2 + e−CB → Oଶ
ି⦁                             Eo(-0.33 V)            (5.7) 

2H+ + 2e− → H2                             Eo(0.0 V)               (5.8) 

2H2O + 4h+ → 4H+ + O2                            Eo(1.23 V)             (5.9) 

O2 + 2H+ + 2e- → H2O2                                         Eo(0.28 V)           (5.10) 

g-C3N4 
*+ O2 → g-C3N3 -O* + NO⦁      (Photo-corrosion)       (5.11) 
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Linear sweep voltammetry is a quick way to determine the photocurrent 

component of materials. However, photocurrent measured by linear sweep 

voltammetry contains both Faradaic and capacitive components. As a result, 

chronoamperometry measurements (current-time responses at fixed potential) are 

required to separate capacitive and Faradaic components. 

 

5.4.2.2 Chronoamperometry 

The photocurrent - time response was recorded on applying fixed potentials 

from the range of 0.0 V to +1.0 V and demonstrated in Fig. 5.17a and b.  

The photocurrent was measured for 100 s at every applied potential. The 

anodic photocurrent was observed up to +0.2 V on applying fixed potential from the 

range of +1.0 to +0.2 V which is a characteristic of an n-type semiconductor while 

photocurrent switched to cathodic photocurrent at near +0.2 V (+0.18 V as shown in 

Fig. 5.17 b) which is a characteristic of a p-type semiconductor. These results are 

consistent with the outcomes obtained from liner sweep voltammetry and gives the 

double confirmation to the dual photocurrent behaviour of g-C3N4 depending on 

potential range. Although the switching potential obtained from chronoamperometry 

(+0.18 V), is higher than the potential value obtained from LSV (+0.05 V). 
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Fig. 5.17. Photocurrent response for exfoliated g-C3N4 at various potentials (a) ranging from 

0.0 V to 1.0 V, and (b) showing photocurrent transition potential. Electrolyte 0.1 M KClO4, 

irradiation source 450 W Xe lamp 

 

5.4.2.3 Spectral photocurrent response 

As stated earlier that photoelectrochemical photocurrent switching can be in 
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V (SCE) and 0.0 V (SCE) while varying the wavelength of the incident irradiation 

from 280 to 480 nm at 10 nm periods and obtained results are shown in Figs. 5.18a-b. 

 

 

Fig. 5.18. Spectral response for exfoliated g-C3N4 measured at (a) +1 V, and (b) 0 V varying 

the incident irradiation wavelength from 280 to 460 nm at 10 nm periods and 30 s exposure-

delay cycle. The blue numbers indicate the wavelength of irradiation at which photocurrent is 

measured. Electrolyte 0.1 M KClO4, irradiation source 450 W Xe lamp.  
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It is clear from Fig. 5.18 that g-C3N4 showed the switching in photocurrent 

polarity in response to changes only in electrode potential and that the switching was 

not dependent on the incident irradiation wavelength. The photocurrent response of g-

C3N4 photoelectrode was measurable up to 460 nm, which corresponds to an effective  

bandgap of 2.7 eV. Action spectra recorded anodic photocurrent at +1.0 V whereas  at 

0.0 V it was cathodic photocurrent which again approve the results obtained from LSV 

and chronoamperometry and gives the third confirmation to the dual photocurrent 

behaviour of g-C3N4 in response to changes only in photoelectrode potential.  

The obtained spectral wavelength versus photocurrent data at +1 V was used 

to calculate the incident photon-to-current conversion efficiency (IPCE) for C3N4. 

IPCE was calculated from spectral photocurrent response obtained in the wavelength 

range of 250-460 nm using equation 3.4. A plot of the incident spectral irradiances vs. 

wavelengths for 450 W Xe lamp is given chapter 3. Fig. 5.19 shows the IPCE plot as 

a function of wavelength. 

 
Fig. 5.19. IPCE (%) for exfoliated g-C3N4 plotted as a function of wavelength  
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5.4.2.4 Open-circuit potential (Eocp) and Open circuit Photopotential (Eoph) 

The open circuit potential (OCP), also known as the rest potential of an 

electrode, is the potential of an electrode that is not electrically connected to any other 

conducting materials, thus there is no net current at OCP conditions. In other words, 

the OCP is the measure of electrolyte redox potential or Fermi level in the equilibrium. 

When an electrode is irradiated at the open-circuit potential condition, there is a 

change in potential due to electron-hole pairs generation which continues until the 

rates of hole and electron transfer equalize, this new equilibrium upon illumination is 

referred to as quasi-Fermi level. The difference between illuminated quasi-Fermi level 

and dark Fermi level is named as open circuit photopotential38. Fig. 5.20 depicts the 

open-circuit potential for g-C3N4 under dark and illumination.  

 
Fig. 5.20. Open circuit potential for exfoliated g-C3N4 under dark and UV-vis irradiation. 

electrolyte 0.1 M KClO4, irradiation source 450 W Xe lamp. 
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around +0.19 V (SCE), which indicated that the measured electrode is a p-type 

semiconductor. It has already been seen in the results of linear sweep voltammetry and 

chronoamperometry that g-C3N4 behaves as a p-type semiconductor near potential of 

OCP value. The observed positive shift of 0.28 V is the result of electron-hole pairs 

generation upon irradiation, although it can be seen in Fig. 5.20 that change in open 

circuit potential is very slow which indicates the slow charge separation and high 

surface recombination which is the sufficient reason behind poor photocatalytic 

activity of g-C3N4. 

 

5.4.2.5 Electrochemical impedance spectroscopy 

To investigate the excitation and transfer of photogenerated charge carriers, 

electrochemical impedance spectroscopy (EIS) was performed on exfoliated g-C3N4 

photoelectrode. The EIS measurements were carried out at open circuit potential i.e., 

-0.09 V (vs. SCE) as a set potential, 10 mV AC amplitude, the frequency range of 10 

mHz to 100 kHz, a logarithmic frequency step and a single sine wave type. The 

obtained results can be represented as Nyquist plot (Fig. 5.21) and Bode plot (Fig. 

5.22). A Nyquist plot gives information about the charge transfer resistance at the 

electrode/electrolyte interface which is equal to the diameter of the semi-circle in the 

Nyquist plot. Therefore, a smaller diameter represents less resistance implying more 

conductive material.39,40 Fig. 5.21 demonstrates the Nyquist plot for the prepared 

exfoliated g-C3N4 sample obtained under dark and UV-Vis irradiation conditions. It is 

evident that after irradiation, the resistance of the g-C3N4 electrode is reduced (smaller 

diameter) compared to the resistance of dark condition (larger diameter) suggesting 

improved electron transfer process.41 
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Fig. 5.21. The EIS Nyquist plot for exfoliated g-C3N4 measured at OCP = -0.09 V under dark 

and UV-vis irradiation. AC amplitude = 10 mV, frequency range of 10 mHz to 100 kHz, 

electrolyte 0.1 M KClO4, irradiation source 450 W Xe lamp. 

Further, to calculate the value of resistance, the EIS Nyquist plot was fitted and 

simulated using Nova software (version 1.11) using [R(RQ)] circuit model, which 

includes electrolyte solution resistance (Rs), charge transfer resistance (Rct or Rp) and 

electrochemical double-layer capacitance (Q).40,42 The Nyquist plot was well fitted 

with [R(RQ)] circuit model, indicating that it was a legitimate circuit model. The 

resulting electrochemical equivalent circuit is displayed in Fig. 5.23a and b, which 

reveals that upon light irradiation, the charge separation resistance of exfoliated g-

C3N4 electrode was reduced from 440 kΩ in the dark condition to 163 kΩ which leads 

to better separation of the e--h+ pairs and improved interfacial charge transfer.39 

However even upon irradiation, the charge separation resistance is very high which 

restricts the separation and migration of charge carriers, resulting in small 

photocurrent and poor photocatalytic activity of g-C3N4. 

0 50 100 150 200 250 300

0

50

100

150

200

250
 MCN-exf-Dark
 MCN-exf-light

-Z
'' 

(k


)

Z' (k)



176 
 

 
Fig. 5.22 The EIS Bode phase plot for exfoliated g-C3N4 measured at OCP = -0.09 V under 

dark and UV-vis irradiation. AC amplitude = 10 mV, frequency range of 10 mHz to 100 kHz, 

electrolyte 0.1 M KClO4, irradiation source 450 W Xe lamp. 

                   
Fig. 5.23 The electrochemical equivalent circuit obtained after simulating impedance data for 

exfoliated g-C3N4 (a) in dark, and (b) UV-Vis irradiation 

Furthermore, the EIS Bode phase plot can be used to estimate the electron lifetime (τ) 

with the help of equation (5.12).39,41  

τ ൎ ଵ

ଶ஠୤
                      (5.12) 

where f is the characteristic peak frequency, Fig. 5.22 shows that the characteristic 
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exfoliated g-C3N4 was reduced to be 102 ms (in light) from 270 ms (in dark) indicating 

increase in charge recombination, hence poor photocatalytic activity. Thus, it can be 

concluded from EIS measurements that high charge transfer resistance and rapid 

recombination are the primary reason behind poor photocatalytic activity of g-C3N4. 

 

5.4.2.6 Mott-Schottky analysis 

The Mott-Schottky analysis was employed to estimate the flat band potential 

and nature of exfoliated g-C3N4. The flat band potential provides the precise position 

of conduction band edge for a semiconductor. A frequency response analysis (FRA) 

potential scan was carried out in the dark at OCP = -0.09 V as the set potential, in the 

potential range of -1.0 to +1.0 V with step potential of 0.02 V at a frequency of 1 Hz 

and single sinusoidal 10 mV AC voltage as the root mean square (RMS) value to 

obtain Mott-Schottky (M-S) plot, as shown in Fig. 5.24. The flat band potential was 

computed from the intercept of liner part of the Rs-Cp/Rp Mott-Schottky plot to the 

potential axis. The M-S plot for exfoliated g-C3N4 shows both positive and negative 

slop, confirming the amphoteric nature of g-C3N4 which is in consistent with the 

voltametric and chronoamperometric results.  

Extrapolating the positive slop (1/Cp
2 = 0) of the M-S plot returned a flat band 

potential (𝐸ி஻
௡ ) of -1.42 V (SCE) or -1.18 V (NHE) indicating that it is an n-type 

semiconductor, whereas extrapolating the negative slop (1/Cp
2 = 0) of the M-S plot 

yielded a flat band potential (𝐸ி஻
௣ )  of +0.23 V (SCE) or +0.47 V (NHE) implies to be 

a p-type semiconductor. The obtained flat band potential (𝐸ி஻
௡ ), i.e., -1.18 V (vs. NHE) 

from the M-S plot is similar to the CB edge, i.e., -1.17 V (vs. NHE) obtained from 

XPS and UPS results. 
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Figure 5.24 Mott-Schottky plot for exfoliated g-C3N4 sample in the potential range of -1.0 to 

+1.0 V, step potential 0.02V, Electrolyte 0.1 M KClO4 (pH = 6)  

 

5.4.3 A proposed energy band diagram  

A schematic energy level diagram of the exfoliated g-C3N4 based on obtained 

results from DRS, VBXPS, UPS and photoelectrochemical measurements is proposed 

here in Fig. 5.25 at vacuum and NHE scale. Optical bandgap of exfoliated g-C3N4 was 

determined to be 2.68 eV by DRS and from the VBXPS and UPS results, we obtained 

band edge energies of g-C3N4 as -6.01 eV (EVBM) and -3.33 eV (ECBM) with reference 

to vacuum which turns to +1.51 V (VB edge) and -1.17 V (CB edge) on the NHE 

scale. The flat band potential obtained from Mott-Schottky analysis also justifies these 

energy levels.  
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Fig. 5.25. Schematic energy band diagram of g-C3N4 derived from DRS, VBXPS and UPS 

measurements 

In a semiconductor, The Fermi level refers to the probability of occupying 
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the Fermi level is positioned in the middle of forbidden band whereas for an n-type 

semiconductor, the Fermi level lies just below the conduction band and for p-type 

semiconductor, the Fermi level is just above the valence band. 
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positive slope demonstrated in Mott Schottky plots43,44. In the present work, the Mott-

Schottky plot also suggested the amphoteric behaviour of g-C3N4 due to existence of 

both positive and negative slope. Therefore, it can be concluded that g-C3N4 is 

behaving as an intrinsic semiconductor because its Fermi level is placed in 

approximately middle of the forbidden gap which results in poor photocatalytic 

activities. 

 

5.5 Conclusions 

In summary, the poor photocatalytic performance of exfoliated g-C3N4 was 

investigated through its physiochemical properties, i.e., bandgap energy, band edge 

positions, work function, photocurrent, open circuit photopotential, and flat band 

potential, etc.  EDX analysis revealed the C/N ratio to be 0.72 in sample matrix and a 

uniform distribution of nitrogen (N) and carbon (C) also indicated the purity of 

synthesized material. Using the bandgap energy (2.68 eV) obtained from Tauc plot 

and the work function (4.28 eV) obtained from UPS study, the band edge energies for 

g-C3N4 on the NHE scale was calculated to be +1.51 V (VB edge) and -1.17 V (CB 

edge). The analysis of UPS results also showed that Fermi level of g-C3N4 is 

approximately in the middle of the forbidden gap, indicating that it behaves as an 

intrinsic semiconductor.  

A very small photocurrent and photoelectrochemical photocurrent switching 

(PEPS) effect was observed in photoelectrochemical results. Although further research 

is needed to determine what is truly happening in this photoelectrochemical system 

and source of anodic and cathodic current. The very slow change in open circuit 

potential indicated the slow charge separation and high surface recombination. 

Electrochemical impedance spectroscopy (EIS) results exhibited the high charge 
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transfer resistance which inhibits the separation and migration of e--h+ pairs. Existence 

of both positive and negative slope in the M-S plot confirms the amphoteric nature of 

g-C3N4. Hence, position of Fermi level, slow change in open circuit potential and high 

charge transfer resistance restricts the separation and migration of charge carriers, 

resulting in small photocurrent and poor photocatalytic activity of g-C3N4. 
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Chapter 6 - Synthesis of BiVO4 micro/nano structures with 

different morphologies: characterization and 

photocatalytic activities 

 

6.1 Aim and objectives 

6.1.1 Aim: This chapter aims to synthesize different morphologies of bismuth 

vanadate (BiVO4) and to investigate their physiochemical, electronic and 

photoelectrochemical properties and correlate to the photocatalytic activities.  

 

6.1.2 Objectives 

1. To synthesize BiVO4 spheres using a hydrothermal method 

2. To prepare BiVO4 nanoplates using a hydrothermal method 

3. To grow BiVO4 pyramids/thorns on FTO coated glass using seed-mediated 

aqueous growth method 

4. To study the crystalline properties of the synthesized samples using XRD 

5. To study the morphology and elemental mapping of materials through 

FESEM-EDX 

6. To determine the elemental composition and chemical states present in 

prepared BiVO4 samples using XPS. 

7. To explore photoelectrochemical properties of prepared BiVO4 

photoelectrodes  

8. To investigate the photocatalytic activity of BiVO4 for the degradation of a 

model organic pollutant under UV-Vis irradiation  
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6.2 Introduction 

In recent years, researchers have been made great efforts to develop effective 

semiconductor photocatalysts to harness the visible spectrum of sunlight in 

photocatalytic applications. Bismuth vanadate (BiVO4) is a material which has gained 

worldwide research attention in the field of photocatalysis. Being an n-type 

semiconductor with narrow bandgap (~2.4 eV) and good photostability, it has been 

recognized as a potential visible light active photocatalyst.1 BiVO4 is found in three 

crystal phases: monoclinic-scheelite (m-s), tetragonal-zircon (t-z), and tetragonal-

scheelite (t-s).2,3 Tetragonal-zircon phase absorbs predominantly UV light with a 

bandgap of 2.9 eV, whereas monoclinic-scheelite phase absorbs light from both the 

visible and UV regions of the solar spectrum with a bandgap of 2.4 eV. UV light 

absorption in monoclinic and tetragonal phase are associated with the band transition 

from O 2p to V 3d and visible region absorption is caused by the transition from a 

valence band formed by Bi 6s or a hybrid orbital (made by overlapping of O 2p and 

Bi 6s) to a conduction band of V 3d. Owing to distorted Bi-O band which increases 

the separation efficiency of the photo-induced electrons and holes, the monoclinic 

phase is believed to be most photoactive phase among the three crystal phases.4  

BiVO4 has been employed in various applications such as gas sensors, solid-

state electrolytes, paints and batteries, and for photocatalytic applications such as 

water splitting and pollutant degradation.5 Several methodologies have been used for 

the synthesis of BiVO4 including hydrothermal method, solid-state reactions, 

solvothermal method, sol-gel method, chemical bath deposition, electrospinning, 

microwave synthesis and solution combustion processes.1,6,7 The hydrothermal 

method has been commonly used to prepare monoclinic BiVO4. Numerous 

morphologies of BiVO4 have been developed using above mention methods such as 
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hollow nanosphere, micro ribbons, microtubes, spheres, peanut, dendrite, dumbbells, 

polyhedral, octahedral, nanoplates and many more.2 The final morphology of BiVO4 

is strongly influenced by the preparation method and reaction conditions especially 

the initial pH of precursor solution.8 It has been commonly stated that the crystal 

morphology plays an important role in the determination of their properties.6  

In this study, a hydrothermal method and a seed-mediated method were used 

to prepare BiVO4 particles with three different morphologies (spheres, nanoplates, and 

pyramids/thorns), adapted from methods reported in the literature by Zhao et al.,9 Xi 

et al.,10 and Su et al.,11.  The materials were analysed for their morphology, structure, 

elemental composition, optical properties and photoelectrochemical properties. The 

as-synthesized BiVO4 samples were also tested for their efficacy in photocatalytic 

phenol degradation under UV-vis irradiation.  

 

6.3 Experimental Section 

6.3.1 Materials 

All the chemicals, Bi(NO3)3.5H2O (Aldrich, 98%), NH4VO3 (Aldrich, 

99.99%), HNO3 (Sigma-Aldrich, 65%), NaOH (Sigma-Aldrich, 98%), ethanolamine 

(Sigma-Aldrich, 98%), citric acid (Sigma-Aldrich, 99.5%), polyvinyl alcohol 

(Aldrich, 99%), acetic acid (Fisher scientific), NaHCO3 (Aldrich, 99 %) were of 

analytical grade and used in experiments without any further purification. 

 

6.3.2 Synthesis of BiVO4 

In this study, three different morphologies (spheres, nanoplates, and pyramids/thorns) 

of BiVO4 were prepared using hydrothermal method and seed-mediated method.  
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6.3.2.1 Spheres: hydrothermal synthesis 

Bismuth vanadate spheres were synthesized by adapting the method reported 

by Zhao et al.9. In a typical synthesis, 0.02 mol Bi(NO3)3.5H2O was dissolved in 35 

mL of 4M HNO3 and stirred for 30 min in a glass beaker. This solution was named as 

solution A. Similarly, 0.02 mol NH4VO3 was dissolved in 35 mL of 4M NaOH and 

stirred for 30 min in another glass beaker. This solution is called as solution B. 

Afterwards solution B was slowly added to solution A and the pH of this final mixture 

was adjusted to pH 6 using NaOH and stirred for 60 min. 

This final suspension was transferred to a 100 mL sample container made of 

Teflon which was then placed inside a hydrothermal Parr reactor built with stainless-

steel (Fig. 6.1a). The Parr reactor was tightly screwed and allowed to heat at 150ºC for 

18 h, raising the pressure to 5 bar. After 18 h of reaction, the reactor was allowed to 

cool down naturally at room temperature. After opening the Parr reactor, yellow 

precipitates were obtained which were collected by centrifugation at 5000 rpm and 

washed several times with distilled water to remove any insoluble acidic residue, until 

the pH of the solution became neutral. Finally, the precipitates were rinsed with 

ethanol to remove any organic impurities and dried overnight in a vacuum oven at 

80ºC. In the end, the obtained yellow colour product was collected and ground into 

fine powder using mortar and pestle before further characterization and that was called 

BiV-1. A flowchart for the hydrothermal synthesis of BiVO4 spheres is given in 

chapter 3 (section 3.2.3). 

 

6.3.2.2 Nanoplates: hydrothermal synthesis 

BiVO4 nanoplates were synthesized via a hydrothermal route by adapting the 

method reported by Xi et al.10. Except for a few changes, all materials and steps were 



190 
 

simliar to the procedure followed for the preparation of BiV-1. Stochiometry of 

precurpors was reduced by half (0.01 mol) compared to that used to prepare BiV-1. 

Instead of NaOH, ethanolamine was used for pH ajustment of the precursor solution 

(pH = 6.5). In addition, hydrothermal treatment was given at the same temperature 

(150ºC) for 12 h. The yellow colour product obtained was collected and ground into 

fine powder using mortar and pestle before further characterization and that was called 

BiV-2. Flowchart for the hydrothermal synthesis of BiVO4 nanoplates is provided in 

chapter 3 (3.2.3). 

 

6.3.2.3 Pyramids/thorns: Seed-mediated method 

Bismuth vanadate pyramids/thorns were synthesized using a seed mediated 

method also known as nucleation method by adopting the procedure reported by Su et 

al.11. A typical synthesis process is as follows: These BiVO4 structures were grown on 

pre cleaned FTO coated glass in a two step process. In first step, A thin layer of BiVO4 

seeds was deposited on FTO coated glass by spray coating of precursor solution using 

a lab spray gun (air brush). Precursor solution was prepared by dissolving 0.005 mol 

of Bi(NO3)3.5H2O, 0.005 mol of NH4VO3, and 0.01 mol of citric acid in 15 mL of 

23.3% HNO3 aqueous solution. The solution was stirred until it became a clear, blue 

coloured solution. After that, polyvinyl alcohol (0.08 g) and acetic acid (0.25 mL) 

were mixed into this blue-coloured solution and stirred well to get final precursor 

solution. The seed layer coated FTO glass was annealed in a muffle furnace at 400°C 

for 5 h.  

In the second step of process, the seed layer coated FTO glass was immersed 

in an Erlenmeyer flask containing the BiVO4 solution, with the seed layer facing up. 

This Erlenmeyer flask was then placed on a temperature-controlled water bath and 
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connected to a condenser as a part of reflux system (Fig. 6.1b). The seed layer coated 

FTO glass was positioned in such a way as to ensure reflux of BiVO4 solution with 

constant magnetic stirring for 6 h at 60°C. After 6 h, FTO glass was carefully taken 

out, rinsed with DI water, and dried under oxygen-free nitrogen stream. Finally, this 

BiVO4 coated FTO glass was annealed at 500 °C for half hour. Annealed sample was 

named BiV-3. Flowchart for the seed mediated synthesis of BiVO4 pyramids/thorns is 

provided in chapter 3 (3.2.3) 

        
Fig. 6.1 Experimental setup for (a) Hydrothermal synthesis of spherical and plate shape BiVO4 

particles, (b) Reflux set up for seed mediated synthesis of pyramid/thorn shape BiVO4 

particles. 

6.3.3 Electrode preparation 

To perform photoelectrochemical measurements, the working electrodes used 

in this study were fabricated following the protocol that was formerly discussed in 

detail in section 3.3 of Chapter 3. In brief, fabrication of a typical working electrode 

follows the three steps which includes cleaning of conductive substrate (FTO coated), 

(a) (b) 
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spray coating of photocatalyst (BiVO4) on cleaned substrate and making an electrical 

contact (using copper wire).  

 
6.3.4 Analytical characterization 

The resultant products were examined for their morphology by a field emission 

scanning electron microscope (FESEM). An energy dispersive X-ray (EDX/EDS) 

analyser attached to FESEM was used to determine the bulk elemental composition of 

the samples under low vacuum pressure of ~10-4 bar at working distance of 10 mm 

and an accelerating voltage of 10 kV. The synthesized BiVO4 samples were 

characterized by X-ray diffraction (2θ range of 5–70°), and Raman spectroscopy in 

the range of 1200-100 cm−1. Optical properties were analysed using UV diffuse 

reflectance spectroscopy (DRS). X-ray photoelectron spectroscopy (XPS) was 

performed to study the surface composition and chemical states of prepared sample. 

The binding energy was calibrated to the C 1s peak at 248.8 eV. The peaks were fitted 

using CasaXPS software after performing the U2Tougaard background correction 

before quantification. Valance band XPS (VBXPS) were also employed to determine 

the valance band edge energies of as-prepared samples. The details of all the 

characterization\\n techniques are provided in chapter 3. 

 

6.3.5 Photoelectrochemical methods 

The photoelectrochemical measurements were performed using a three-

electrode system in a beaker. This three-electrode configuration consisted of a 

platinum mesh paddle (5.9 cm2) as the counter electrode, saturated calomel electrode 

(Hanna instruments) as the reference electrode and earlier prepared photoelectrode as 

the working electrode. 0.1 M KClO4 solution (pH   6) was used as an electrolyte. A 

450 W Xe lamp was used an irradiation source. All photoelectrochemical 
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measurements were performed on an electrochemical workstation (AUTOLAB 

PGSTAT 30). More details of the irradiation source, photoelectrochemical cell and 

electrochemical workstation are given in chapter 3. 

The photocurrent-potential response was investigated using linear sweep 

voltammetry (LSV) in dark, continuous, and chopped irradiation sweeping from -1.0 

to +1.0 V or +1.0 V to -1.0 V at a sweep rate of 5 mV s-1. The photocurrent-time 

response was also measured over a range of fixed potentials. All potentials mentioned 

in the chapter were referenced to SCE electrode unless stated otherwise.  

 

6.3.6 Photocatalysis experiment 

The photocatalytic activities of as prepared BiVO4 samples were evaluated for 

phenol degradation under UV-visible irradiation. The details about set up and 

conditions followed for photocatalysis experiment are provided in section 3.6.  

 

6.4 Result and discussion 

6.4.1 Morphology and micro/nanostructures 

It is well known that initial pH and other reaction conditions have a significant 

impact on the final morphology of BiVO4 particles. The morphologies of the as-

prepared BiVO4 samples were determined by field emission scanning electron 

microscopy (FESEM), and the obtained typical FESEM micrographs are shown in Fig. 

6.2a-h, demonstrating that the synthesized products, BiV-1, BiV-2, and BiV-3, are 

composed of sphere-like (Fig. 6.2a and b), plate-like (Fig. 6.2c and d), and 

pyramid/thorn-like (Fig. 6.2f and h),  micro/nano structures, which were prepared 

using different synthesis methods and reaction conditions.  
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Fig. 6.2 FESEM images of BiVO4 samples synthesized by different methods: BiV-1 (a) BiVO4 

Spheres, and (b) BiVO4 spheres at high magnification showing clusters of nano-size particles. 

BiV-2 (c) BiVO4 plates, and (d) BiVO4 plates at high magnification. BiV-3 (e) seed layer, (f) 

BiVO4 pyramids/thorns, (g) Sea urchin-like structures, and (h) BiVO4 pyramids/thorns at high 

magnification 

a 

c d 

e f 

g h 

b 
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Spherical and plate shape particles were produced by hydrothermal method 

whereas pyramid/thorn shape particles were the end product of the seed mediated 

method. The low magnification FESEM image (Fig. 6.2a) gives the all-around view 

of BiV-1 sample and shows that most of the crystals have a solid spherical shape with 

an average diameter of about 2.5 µm. Fig. 6.2b depicts a magnified view of a sphere, 

indicating that these spheres are clusters of numerous nano-size particles. The BiV-2 

sample (Fig. 6.2c and d) contains plate-like BiVO4 particles with a thickness of 30-70 

nm. Fig. 6.2e portrays the seed layer of precursor solution (post annealing) on FTO 

coated glass. Fig. 6.2f confirms the vertical growth of BiVO4 particles on the seed 

layer coated FTO glass (BiV-3), showing arrays of pyramids/thrones with a length of 

4-8 µm, a diameter of 200-500 nm at the bottom and a tip of about 20-50 nm (Fig. 

6.2h). The agglomeration of these thorns resulted in the formation of some Sea urchin-

like structures in the BiV-3 sample as shown in Fig. 6.2g. The diameter of these Sea 

urchin-like structures was about 20-25 µm. Although there was no growth seen 

without the seed layer which means that seed layer provides the nucleation site to grow 

BiVO4 further. 

 

6.4.2 Structure and composition  

6.4.2.1 X-ray diffraction analysis 

BiVO4 exists in three crystal structures: monoclinic scheelite phase (m-s), 

tetragonal zircon phase (t-z), and tetragonal scheelite (t-s) phase. X-ray diffraction 

analysis can be used to determine the phases present in synthesized samples. Fig. 6.3a-

b depict the XRD patterns of BiVO4 samples synthesized with different methods, 

which represent a series of diffraction peaks belonging to mostly monoclinic phase 

and a few tetragonal phases of BiVO4 that are in good agreement with standard data 
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of monoclinic BiVO4 (space group I2/a) with cell constants of a=5.196 Å, b=11.704 

Å, and c=5.092 Å (JCPDS No. 00-044-0081) and tetrahedral BiVO4 (space group 

I41/amd) with cell constants of a=7.299 Å, b=7.299 Å, and c=6.457 Å (JCPDS No. 

00-014-0133). Apart from BiVO4, no other major peak was found in the matrix of all 

the three samples.  

 

 
Fig. 6.3 (a) XRD patterns of BiVO4 samples synthesized by different methods (b) XRD 

patterns of seed layer stage and final annealed BiV-3 sample synthesized by seed mediated 

method. 
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In Fig. 6.3a, all the diffraction peaks of sample BiV-1 and BiV-3 can be 

indexed to monoclinic BiVO4 phase while the XRD pattern of BiV-2 contains a mixed 

phase pattern including tetragonal zircon and monoclinic phases. Fig. 6.3b shows the 

XRD reflections of the seed layer and the final product (BiV-3) which are plotted 

separately to clearly highlight the phase changes between these two steps. The seed 

layer XRD pattern has some intense peaks that come from the FTO glass substrate, 

almost disappeared after formation of the final phase. It can be seen that peak height 

at 30.6° increases significantly in final stage compared to the seed layer stage which 

belongs to (004) plane, determines the one-dimensional growth of BiVO4 structures. 

Su et al.11 also made a similar observation in their report.  

 

6.4.2.2 Raman spectroscopy 

Raman spectroscopy is an efficient technique for exploring the structure and 

bonding in metal-oxide compounds using their vibrational characteristics. Fig. 6.4 

displays the Raman spectra recorded under ambient conditions for BiV-1, BiV-2 and 

BiV-3 which exhibit six visible vibrational bands at 127, 210, 325, 366, 704 and 823 

cm−1 that correspond to the vibrational characteristics of the VO4 tetrahedron and are 

in accordance with the interpretation of Hardcastle et al.12,13 The intense band at 823 

cm−1 was ascribed to the shorter symmetric V–O stretching modes (Ag) and the weak 

band at 704 cm−1 to the longer (Ag) symmetric V–O stretching modes. The asymmetric 

(Bg) and symmetric (Ag) bending vibrations of the VO4 tetrahedron were observed at 

325 and 366 cm−1, respectively, and external modes appear at 210, 127 cm-1. The 

Raman spectra of BiV-3 displays the weaker bands at 325 and 366 cm−1 than other 

samples which could be due to the calcination at higher temperature.14  
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Fig. 6.4 Raman spectra of BiVO4 samples synthesized by different methods, (laser 532 nm) 

6.4.2.3 Elemental mapping by EDX 

The elemental composition of the as-prepared BiVO4 samples was studied by 

the energy-dispersive X-ray spectroscopy (EDX) attached to FESEM and mapping 

results for BiV-1, BiV-2 and BiV-3 are shown in Fig. 6.5-6.7 respectively.  

Their individual EDX elemental maps revealed a uniform distribution of 

bismuth (Bi) and vanadium (V), and oxygen (O) throughout the sample. The EDS 

analysis results find the ratio of At% of Bi:V to be almost 1:1 in both the samples, 

BiV-1 (Bi – 22.2%, V – 21.2%) and BiV-2 (Bi – 24.6%, V- 24.6%) indicating the 

absence of other compounds. Although EDX result shows the presence of ~12% 

carbon which may come from silicon substate, or the solvent (methanol) used for EDX 

sample preparation. At% of Bi in sample BiV-3 is 6% higher than At% of V (Bi – 

20.7%, V – 14.8%) implying the presence of unreacted Bismuth or other oxides in the 

sample.  
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Fig. 6.5 FESEM image and corresponding EDX elemental mapping for Bi, V, O, and EDX 

spectrum for BiVO4 sample having spherical shape (BiV-1) Scale = 2.5μm 
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Fig. 6.6 FESEM image and corresponding EDX elemental mapping for Bi, V, O, and EDX 

spectrum for BiVO4 sample having nanoplates shape (BiV-2). Scale = 2.5μm 
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Fig. 6.7 FESEM image and corresponding EDX elemental mapping for Bi, V, O, and EDX 

spectrum for BiVO4 sample having pyramid/thorns shape (BiV-3). Scale = 2.5μm 
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6.4.3 Optical bandgap determination 

The optical response of as-prepared BiVO4 samples was studied by UV-Vis 

diffuse reflectance spectroscopy. The obtained spectra were transformed into Tauc 

plot and is shown in Fig. 6.8. The optical bandgap of BiVO4 samples was calculated 

using the Kubelka-Munk function which is used to plot (F(R)*hν)1/n vs. photon energy 

(hν) graph, where F(R) is Kubelka-Munk function,  ν is light frequency and n=1/2 as 

BiVO4 follows direct absorption.15 The intercept of the tangents to the plots of 

(F(R)*hν)1/n vs. photon energy (hν) provides the approximate bandgap of 2.45 eV, 

2.47 eV and 2.56 eV for BiV-1, Biv-2 and BiV-3 which is close to the reported value 

(~2.4 eV) for monoclinic BiVO4.  

 
Fig. 6.8 Tauc plots for the band gap energy calculation, for as-prepared BiVO4 samples 

6.4.4 X-ray photoelectron spectroscopy analysis  

  X-ray photoelectron spectroscopy (XPS) was performed to determine the 

surface chemical composition and chemical states of the prepared BiVO4 samples. A 

typical XPS analysis includes a wide energy survey scan (WESS) and a high-
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resolution scan for each element possibly available in the material. All the scans were 

performed at minimum four different sites to reduce error in determining the elemental 

proportion.  Figs. 6.9-6.13 show the survey scan and high-resolution spectra of Bi 4f, 

V 2p, C 1s, and O 1s for sample BiV-1. All the peaks were calibrated for charge 

correction with respect to adventitious carbon peak (C 1s at 284.8 eV).  

  

Fig. 6.9 Typical XPS survey spectra for BiV-1 

 

Fig. 6.10 High-resolution spectra of Bi 4f for BiV-1 
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Fig. 6.11 High-resolution spectra of V 2p for BiV-1 

 

 

Fig. 6.12 High-resolution spectra of C 1s for BiV-1 
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Fig. 6.13. High-resolution spectra of O 1s for BiV-1  

The survey spectrum of BiV-1 (Fig. 6.9) contains various peaks including Bi 

4f, V 2p, C 1s, and O 1s peaks. Fig. 6.10 reveals that the high-resolution spectrum of 

Bi 4f contained two sets of spin-orbit doublet peaks for the Bi 4f7/2 (159.0, 160.0 eV) 

and Bi 4f5/2 (164.3, 165.3 eV) orbitals indicating the presence of two Bi states, both 

close in energy to Bi3+ (presumably Bi3+ and Bi5+). Using the area of both states listed 

in Table 6.1, the ratio of the areas of the two peaks was calculated to be nearly 1:1, 

implying the hypothesis that there might be two distinct Bi atoms in the unit cell, 

resulting in two different Bi states. Although XRD pattern of the BiV-1 (Fig. 6.3a) did 

not contain any major phase other than BiVO4. Moreover, the separation between both 

sets of Bi 4f7/2 and Bi 4f5/2 peaks ({159.0 eV, 164.3 eV}, {160.0, 165.3 eV}) was 5.3 

eV, which is a characteristic of Bi3+ state as stated by Bhatka et al.16 All these 

arguments reject the dominant presence of another Bi state in BiV-1 sample. There 

might be some impurities present such as oxides or carbonates (i.e., Bi2O4, NaBiO3) 

that have Bi5+ states in their structure, resulting in shoulders in the XPS spectrum of 
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Bi 4f. Zalecki et al.17 also observed a similar peak splitting in Bi 4f spectrum, although 

they found the large separation of 2.2 eV between the two Bi states but in our case this 

peak separation was only 1 eV. Huang and his colleagues also observed the peak 

splitting in Bi 4f spectrum of BiVO4 and explained it in relation to pH variation of the 

precursor solution. According to them, alkaline pH can cause hydrolyzation of Bi3+, 

resulting  in Bi3+ to Bi5+ conversion.4  

Fig. 6.11 depicts that the high-resolution spectrum of V 2p that splits into two 

peaks at binding energies 516.9 eV and 524.3 eV which corresponds to V 2p3/2 and V 

2p1/2 respectively, indicates the presence of V5+ oxidation state in BiV-1 matrix. C 1s 

spectra of BiV-1 (Fig. 6.12) has a single peak at 285.11 which corresponds to 

adventitious carbon contamination (C-C) while O 1s spectra of BiV-2 (Fig. 6.13) splits 

into two synthetic peaks at BE 530.0 eV and 531.3 eV, associated to the surface lattice 

oxygen and adsorbed oxygen (O2, OH-), respectively.4,18 Further details of peak fitting 

and their characteristic bond are provided in Table 6.1. 

Table 6.1. Bi, V, C and O bonding compositions and corresponding binding energies 

estimated from deconvolution of high-resolution spectrum of BiV-1 obtained by XPS 

Element state BE (eV) 
Characteristic 

bond 
FWHM Area % 

Bi 4f 

Bi 4f5/2 165.31 Bi5+ 1.22 1.84 20.32 

Bi 4f5/2 164.32 Bi3+ 1.10 2.03 22.51 

Bi 4f7/2 159.99 Bi5+ 1.29 2.62 29.03 

Bi 4f7/2 159.02 Bi3+ 1.08 2.54 28.14 

V 2p 
V 2p1/2 524.31  2.57 1.47 31.65 

V 2p3/2 516.95 V5+ 1.29 3.17 68.35 

C 1s 285.11 C-C 2.04 7.47 100 

O 1s 
531.27 O2, OH- 2.33 4.59 21.48 

530.02 lattice oxygen 1.17 16.79 78.52 
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Figs. 6.14-6.18 show the survey scan and high-resolution spectra of Bi 4f, V 

2p, C 1s, and O 1s for sample BiV-2. Similar to BiV-1, BiV-2 also has two sets of 

spin-orbit doublet peaks for the Bi 4f7/2 (158.9, 159.9 eV) and Bi 4f5/2 (164.2, 165.2 

eV) orbitals in the high-resolution spectrum of Bi 4f. The V 2p, C 1s and O 1s of BiV-

2 showed almost identical behaviour to that of BiV-1. Thus, the same explanation can 

be given here. Further details of peak fitting and their characteristic bond are provided 

in Table 6.2. 

 

Table 6.2. Bi, V, C and O bonding compositions and corresponding binding energies 
estimated from deconvolution of high-resolution spectrum of BiV-2 obtained by XPS 

Element state BE (eV) 
Characteristic 

bond 
FWHM Area % 

Bi 4f 

Bi 4f5/2 165.21 Bi5+ 1.24 2.02 17.39 

Bi 4f5/2 164.20 Bi3+ 1.10 3.02 25.97 

Bi 4f7/2 159.87 Bi5+ 1.29 2.82 24.33 

Bi 4f7/2 158.91 Bi3+ 1.09 3.75 32.32 

V 2p 
V 2p1/2 524.18  2.51 1.66 32.16 

V 2p3/2 516.79 V5+ 1.18 3.50 67.84 

C 1s 
287.16  3.30 3.18 26.53 

284.80 C-C 1.60 8.82 73.47 

O 1s 
531.25 O2, OH- 2.73 5.04 19.17 

529.92 lattice oxygen 1.15 21.26 80.83 
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Fig. 6.14 Typical XPS survey spectra for BiV-2 

 

 

 Fig. 6.15 High-resolution spectra of Bi 4f for BiV-2 
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Fig. 6.16 High-resolution spectra of Bi V 2p for BiV-2 

 
 

 
Fig. 6.17 High-resolution spectra of C 1s for BiV-2 
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Fig. 6.18 High-resolution spectra of O 1s for BiV-2 

Figs. 6.19-6.23 display the survey scan and high-resolution spectra of Bi 4f, V 

2p, C 1s, and O 1s for sample BiV-3. Alike BiV-1 and BiV-2, Bi 4f spectrum of BiV-

3 (Fig. 6.20) contained three sets of spin-orbit doublet peaks for the Bi 4f7/2 (158.6, 

159.5, 161.2 eV) and Bi 4f5/2 (163.9, 164.8, 166.5 eV) orbitals in the high-resolution 

spectrum of Bi 4f showing the separation of 5.3 eV. This may be due to presence of 

other oxides along with BiVO4 in the BiV-3 sample. This is in line with the EDX 

analysis of BiV-3 that revealed the presence of 6% higher Bi than V. Bi2O4 contains 

mixed valence states in its structure as alternative arrangement of Bi3+ and Bi5+ 

states.19,20 Although XRD pattern of the BiV-3 contain no other major phase than 

BiVO4 but there is a possibility of peak overlapping. After a thorough examination of 

the XRD patterns of other bismuth oxides, the peak positioned at 26.7° was found to 

match with Bi2O4 which is different from FTO peak at 26.4°. Thus, the Bi5+ from 

Bi2O4 may be accountable for the shifting of Bi 4f peaks towards higher binding 

energies.21 It can be concluded that binding energy sets (158.6 eV, 163.9 eV), (159.5 
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eV, 164.8 eV), and  (161.2 eV, 166.5 eV) are associated with monoclinic BiVO4 (Bi3+), 

Bi2O4 (Bi3+) and Bi2O4 (Bi5+), respectively.  

 

Fig. 6.19 Typical XPS survey spectra for BiV-3 

 

 

Fig. 6.20 High-resolution spectra of Bi 4f for BiV-3 
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The V 2p spectrum of BiV-3 (Fig. 6.21) splits into three synthetic peaks at the 

binding energies 516.6 eV, 518.1 eV and 524.3 eV. V p3/2 has two peaks at 516.6 eV 

and 518.1 eV which may assigned to V5+ species in BiVO4 and V2O5, respectively22,23. 

Although, there was no distinct XRD peak of V2O5 found in BiV-3 which may be due 

to the overlapping of peaks. Thus, it can be stated that there are some impurities 

present in BiV-3 film in the form of Bi2O4 and V2O5.  

C 1s spectra of BiV-3 (Fig. 6.22) deconvoluted in two peaks at 284.8 eV and 

286.8 eV which corresponds to adventitious carbon contamination, C-C and C-O 

species respectively, while O 1s spectra of BiV-3 (Fig. 6.23) splits into three synthetic 

peaks at BE 529.8 eV, 531.3 eV, and 533.6 eV were attributed to the surface lattice 

oxygen and adsorbed oxygen (O2, OH-) and oxygen vacancies, respectively. Further 

details of peak fitting and their characteristic bond are provided in Table 6.3. 

 

Fig. 6.21 High-resolution spectra of V 2p for BiV-3 
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Fig. 6.22 High-resolution spectra of C 1s for BiV-3 

 

Fig. 6.23 High-resolution spectra of O 1s for BiV-3 
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Table 6.3. Bi, V, C and O bonding compositions and corresponding binding energies 

estimated from deconvolution of high-resolution spectrum of BiV-3 obtained by XPS 

Element state BE (eV) 
Characteristic 

bond 
FWHM Area % 

Bi 4f 

Bi 4f5/2 166.48 Bi5+ 1.38 1.40 9.22 

Bi 4f5/2 164.76 Bi3+ 1.69 2.48 16.31 

Bi 4f5/2 163.87 Bi3+ 1.21 2.63 17.30 

Bi 4f7/2 161.17 Bi5+ 1.41 1.98 13.03 

Bi 4f7/2 159.48 Bi3+ 1.62 3.08 20.23 

Bi 4f7/2 158.57 Bi3+ 1.22 3.64 23.92 

V 2p 

V 2p1/2 524.34 - 3.15 1.72 30.03 

V 2p3/2 518.15 V5+ (V2O5) 1.81 1.80 31.41 

V 2p3/2 516.65 V5+ (BiVO4) 1.28 2.20 38.56 

C 1s 
286.80 C-O 3.47 10.26 58.18 

284.83 C-C 1.40 7.38 41.82 

O 1s 

533.58 
oxygen 

vacancies 
1.34 1.29 3.83 

531.31 O2, OH- 1.94 16.33 48.51 

529.76 lattice oxygen 1.35 16.05 47.67 

6.4.5 Photoelectrochemical measurements 

In this section, photoelectrochemical properties of the prepared BiVO4 samples 

were investigated through different photoelectrochemical measurements such as linear 

sweep voltammetry, photocurrent at fixed potential under dark, light, and chopped 

irradiation. Only the results of samples BiV-1 and BiV-3 will be discussed here as the 

photoanode for sample BiV-2 could not be prepared due to very poor dispersion in the 

solvent, so it was not possible to prepare its photoanode using spray coating. An 

attempt was also made to obtain the BiV-2 sample by the drop-cast method but the 

deposited film peeled off after being put into the electrolyte, so photoelectrochemical 

measurements couldn’t be performed for BiV-2. 
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6.4.5.1 Current-potential measurements (LSV) 

Fig. 6.24 shows the linear sweep voltammogram of BiV-1 under chopped UV-

vis irradiation while sweeping the bias from -1.0 to +1.0 V. It was observed that the 

cathodic photocurrent converted to anodic photocurrent at about +0.15 V (SCE) or 

+0.39 V (NHE).  

 

Fig. 6.24 Chopped linear sweep voltammogram of BiV-1 from -0.2 V to +1.0 V under UV-

vis irradiation. Irradiation source 450 W Xe lamp, scan rate = 5 mV s-1, electrolyte 0.1 M 

KClO4, 10s exposure-dark cycle. 

Chen et al.24 has also observed the similar photocurrent switching effect in 

BiVO4 electrodes at +0.24 V (SCE) which is consistent with the present study. They 

also stated that the photocurrent switching potentials can be influenced by the presence 

of electron donor/acceptor species. When electrode is irradiated, it behaves as a p-type 

semiconductor which means the bands bend downwards at the electrolyte interface, so 
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upon irradiation the electrons migrate to the surface under the influence of the space 

charge region and reduce the oxygen dissolved in the electrolyte resulting in cathodic 

photocurrents.24 Fig. 6.25a depicts the photocurrent response of BiV-3 photoelectrode 

under dark and light conditions, whereas Fig. 6.25b displays the photocurrent response 

under chopped UV-vis irradiation while sweeping the bias from -1.0 to +1.0 V. It can 

be seen in Fig. 6.25a that there is a much larger oxidation peak at about -0.4 V in dark 

which turns in to two clear peaks (-0.4 & -0.15 V) during light on and shows the 

photocurrent switching from cathodic to anodic photocurrent at -0.24 V. Chopped 

LSV of BiV-3 (Fig. 6.25b) further confirms that system behaves as an n-type 

semiconductor in the positive applied bias when sweeping the bias from negative to 

positive. 

The photocurrent behavior of BiV-3 electrode was investigated when 

sweeping the potential from positive to negative (Fig. 6.26a and b). While sweeping 

bias from positive to negative, we see the only cathodic photocurrent through the BiV-

3 electrode, as it behaves a p-type semiconductor where the majority charge carriers 

are valence band holes.  
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Fig. 6.25 Linear sweep voltammogram for BiV-3 while sweeping from negative to positive 

potential under (a) continuous light condition in the range, -0.6 V to +1.0 V, and (b) Chopped 

light in the range +0.2 V to +1.0 V under UV-vis irradiation. Irradiation source 450 W Xe 

lamp, Scan rate = 5 mV s-1, electrolyte 0.1 M KClO4, 10s exposure-dark cycle.  
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Fig. 6.26 Linear sweep voltammogram for BiV-3 while sweeping from positive to negative 

potential (a) continuous light condition in the range, -0.4 V to +1.0 V, and (b) Chopped light 

in the range -0.4 V to +1.0 V under UV-vis irradiation. Irradiation source 450 W Xe lamp, 

Scan rate = 5 mV s-1, electrolyte 0.1 M KClO4, 10s exposure-dark cycle. 
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6.4.5.2 Current-time measurements at fixed potential  

Fig. 6.27a-b demonstrates the photocurrent - time response recorded for BiV-

1 and Fig. 6.28 for BiV-3 at certain fixed potentials.  

 
 

 
Fig. 6.27 Photocurrent response for BiV-1 at various potentials ranging from, (a) 1.0 V to 0.0 

V, (b) 0.0 to -0.1 V. Irradiation source 450 W Xe lamp, SR = 5 mV s-1, electrolyte 0.1 M 

KClO4.  
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Fig. 6.28 Photocurrent response for BiV-3 at various potentials ranging from +1.0 V to -0.4 

V. Irradiation source 450 W Xe lamp, Scan rate = 5 mV s-1, electrolyte 0.1 M KClO4. 

The photocurrent was measured for 200 s at each applied potential. It can be 

depicted from Fig. 6.27a and b that amplitude of photocurrent generated from BiV-1 

electrode is not significant (nA range) and the switching potential lies somewhere 

between +0.2 V and -0.1 V. which are in consistent with the results obtained from 

liner sweep voltammetry. BiV-1 photoelectrode behaves as n-type semiconductor in 

the applied positive bias whereas it shows p-type photocurrent in the applied negative 

bias. Similar to LSV results, BiV-3 photoelectrode (Fig. 6.28) showed negative 

photocurrent (p-type) while measuring photocurrent at different potentials ranging 

from +1.0 V to -0.4 V in 200 seconds chopped UV-Vis irradiation. 

The BiVO4 samples showed both anodic (positive) and cathodic (negative) 

photocurrent depending on the applied potential range. The VB and CB edge position 

of BiVO4 has been reported as +2.9 eV and +0.5V (vs. NHE) respectively. Multiple 

oxidation states  are possessed by both Bi (+1, +2, +3, +5) and V ( +2, +3, +4, +5) so 

there are high chances of modification of material during electrochemical and 
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photoelectrochemical reactions. Additionally, prepared BiVO4 samples might have 

some impurities of other oxides such as Bi2O3, V2O5, Bi2O4 etc. which can readily 

dissolve in the solution and get oxidized or reduced on the availability of charge 

carriers with or without applying external bias. Following electrochemical or 

photoelectrochemical reactions (equations 6.1-6.10) possibly occurred in this PEC 

setup.25–28 

BiVO4 + hν → BiVO4
* + e−CB + h+

VB      (Photoexcitation)            (6.1) 

e−CB + h+
VB → heat or energy                  (Recombination)            (6.2) 

2H+ + 2e− → H2 (g)                                         Eo(0.0 V)                (6.3) 

2H2O + 4h+ → 4H+ + O2                                                  Eo(1.23 V)              (6.4) 

H2O + h+ → •OH + H+      Eo (2.32 V)              (6.5) 

Bi3+ + 3e− → Bi(s)                                           Eo(0.308 V)            (6.6) 

Bi3+ + e− → Bi+                                                                        Eo(0.20 V)              (6.7) 

Bi3+ + e− → Bi2+                                                                      Eo(<0.20 V)           (6.8) 

VO2+ + 2H+ +e− →V3+ + H2O(l)                      Eo(0.337 V)            (6.9) 

V3+ + e− → V2+                                                                         Eo( -0.255 V)       (6.10) 

 

6.4.6 Photocatalytic activity  

The as-prepared BiVO4 samples, BiV-1 and BiV-2 were explored to evaluate 

their photocatalytic efficacy for the photocatalytic degradation of phenol as a model 

organic pollutant, under UV-Vis irradiation. The results are shown in Fig. 6.29, which 

reveals that BiV-1 or BiV-2 did not show any photocatalytic degradation of phenol in 

5 hours of irradiation possibly due to the self-recombination.29 The non-photocatalytic 

activity by BiVO4 was further investigated using a chemical probe. 
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Fig. 6.29. Photolytic and photocatalytic phenol degradation using BiV-1 and BiV-2 samples 

under UV-Vis irradiation. (1kW Xe lamp, Initial phenol concentration: 0.1 mM, 

Photocatalyst: 100 mg L-1) 

6.4.7 Chemical probe study 

To understand the non-photocatalytic activity by BiVO4, chemical probe study 

was performed to detect reactive oxygen species whether they are being generated or 

not. The VB edge position of BiVO4 has been reported to be situated at ~ +2.9 eV (vs. 

NHE) which, is more positive than the electrochemical potential of water oxidation 

(+2.73 eV, vs. NHE), hence favourable to generate the hydroxyl radicals (•OH).  In a 

photocatalytic process photogenerated holes can either oxidize adsorbed/surface 

hydroxyl groups or oxidize water, resulting in •OH radicals (equations 6.11 and 6.12). 

h+ + OHୟୢ
ି  → •OHad                       (6.11) 

h+ + H2O → •OHad + H+                     (6.12) 

Therefore, •OH radical probe study was performed to analyse the 

photocatalytic activity of BiVO4. p-nitrosodimethylaniline (RNO) is being used as an 
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efficient scavenger for •OH radicals, with the first recommendation by Kraljic and 

Trumbore in 1965.30,31 RNO can selectively trap and scavenge the hydroxyl radicals. 

Baxendale and Khan32 measured the absolute rate constant of the reaction between 

hydroxyl radicals and RNO to 1.25×1010 M-1 s-1. These •OH radicals can oxidize RNO 

by converting yellow coloured nitroso (R-N=O) group into colourless R-N=O•OH, 

where R is dimethylaniline (C8H10N) compound (equation 6.13). Therefore, the 

photocatalytic degradation of RNO was examined as a mean to detect the •OH radicals 

produced by BiVO4. 

R-N=O + •OH → R-N=O•OH         (6.13) 

The photocatalytic degradation of RNO was analysed for 60 min in the stirred 

tank reactor under the same conditions which was followed for phenol degradation. 

200 mL of 20 μM RNO solution was poured in stirred tank reactor with 20 mg of 

BiVO4 photocatalysts (BiV-1 and BiV-2). In every 10 min, 3 mL sample was taken 

out and was quantified by measuring its absorbance at wavelength 440 nm using a 

UV-Vis spectrophotometer. The control experiment was done in the absence of 

photocatalyst. It can be seen in Fig. 6.30 that RNO concentration is getting reduced 

with time for both BiV-1 and BiV-2 suggesting the generation of hydroxyl radicals. 

In 60 min, 27% discolouration of the yellow-coloured solution was observed for BiV-

1, whereas it was 45% for BiV-2, suggesting it to be more efficient than BiV-1 in 

generating hydroxyl radicles probably due to the presence of mixed phase BiVO4 as 

observed in XRD spectra of BiV-2 (Fig. 6.3a). Wang et al. have also reported the 

enhanced photocurrent and photo electrocatalytic activity for mixed phase BiVO4 

compared to single phase BiVO4.33 Although even after producing •OH radicals, 

BiVO4 did not show photocatalytic activity for phenol degradation, possibly due to its 

positive conduction band edge potential (~+0.5 V vs. NHE) which is not enough to 
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reduce oxygen, so e--h+ recombination dominates, resulting in poor photocatalytic 

activity.  

 

Fig. 6.30. Photolytic and photocatalytic RNO degradation using BiV-1 and BiV-2 samples 

under UV-Vis irradiation. (Initial RNO concentration: 20 μM, Photocatalyst: 100 mg L-1) 

 

6.5 Conclusions  

In summary, different morphologies of BiVO4 were synthesized using 

different methods and investigated for their physiochemical properties by FESEM, 

EDX, XRD, Raman, DRS, XPS, photoelectrochemical measurements and correlated 

to the photocatalytic activities. FESEM micrographs confirmed the sphere-like (BiV-

1) and plate-like BiVO4 particles (BiV-2) which were synthesized by a hydrothermal 

method in a Parr reactor and pyramid/thorns-like morphology of BiVO4 (BiV-3) were 

vertically grown on FTO coated glass using seed-mediated method. BiVO4 spheres 

had an average diameter of about 2.5 µm, BiVO4 nano plates had a thickness of 30-70 

nm, and BiVO4 pyramids/thrones had a length of 4-8 µm, a diameter of 200-500 nm 

at the bottom and a tip of about 20-50 nm. The agglomeration of these pyramids 
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resulted in the formation of Sea urchin-like structures having an average diameter of 

20-25 µm. XRD patterns and Raman spectra confirmed the formation of BiVO4. The 

XRD patterns of BiV-1 and BiV-3 had only monoclinic BiVO4 phase while BiV-2 

contained a heterophase pattern including tetragonal zircon and monoclinic phases. 

The EDX analysis gave the ratio of At% of Bi:V to be almost 1:1 in BiV-1 (Bi - 22.2%, 

V-21.2%) and BiV-2 (Bi-24.6%, V-24.6%) indicating the absence of other compounds 

however BiV-3 had 6% more Bi atoms than V (Bi-20.7%, V-14.8%) implying the 

presence of unreacted Bismuth or other oxides in the sample. DRS spectra were 

transformed into Tauc plot which provided the approximate bandgap of 2.45 eV (BiV-

1), 2.47 eV (BiV-2), and 2.56 eV (BiV-3).  

XPS measurements were performed to determine the surface chemical 

composition and chemical states of the prepared BiVO4 samples. Interestingly, high-

resolution spectrum of Bi 4f for BiV-1 and BiV-2 contained two sets of spin-orbit 

doublet peaks for the Bi 4f7/2 (159.0, 160.0 eV) and Bi 4f5/2 (164.3, 165.3 eV) 

indicating the presence of two Bi states (Bi3+ and Bi5+) due to some impurities such as 

oxides or carbonates (i.e., Bi2O4, NaBiO3). Likewise Bi 4f spectra of BiV-3 had three 

sets of spin-orbit doublet peaks suggesting the presence of other oxides along with 

BiVO4. Considering the EDX results (6% higher Bi atom) and deep XRD analysis it 

was concluded that the other oxide may be Bi2O4 which contains mixed valence states 

in its structure as alternative arrangement of Bi3+ and Bi5+ states. The V 2p spectrum 

of BiV-3 also indicated the presence of V2O5. BiV-1 displayed cathodic to anodic 

photocurrent switching at about +0.15 V (SCE) or +0.39 V (NHE). Surprisingly, 

nature of photocurrent for BiV-3 was changed with potential sweeping direction. It 

behaved as an n-type semiconductor (positive photocurrent) in the positive applied 

bias when sweeping the bias from negative to positive and vice versa. Prepared 
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samples were also tested for their efficacy for the photocatalytic degradation of phenol 

but did not show any photocatalytic degradation of phenol. To understand the non-

photocatalytic activity by BiVO4, chemical probe study was performed by observing 

RNO photocatalytic discolouration to detect hydroxy radicals. RNO concentration is 

getting reduced with time for both BiV-1 and BiV-2 suggesting the generation of 

hydroxyl radicles. In 60 min, 27% discolouration of the yellow-coloured solution was 

observed for BiV-1, whereas it was 45% for BiV-2, indicating the generation of 

hydroxyl radicles. Despite producing •OH radicals, BiVO4 did not show photocatalytic 

activity for phenol degradation, possibly due to its positive conduction band edge 

potential (~+0.5 V vs. NHE) which is not enough to reduce oxygen, so e--h+ 

recombination dominates, resulting in poor photocatalytic activity. 
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Chapter 7 - Conclusions and future work  

 

7.1 Conclusions 

The overall aim of this research was to explore the different materials as 

photocatalysts for water treatment and disinfection, and to correlate their 

physiochemical and photoelectrochemical properties to the photocatalytic activity. In 

this aim, two semiconductors, i.e., graphitic carbon nitride (g-C3N4) and bismuth 

vanadate (BiVO4) were investigated as photocatalysts for their synthesis, 

characterization, and photocatalytic applications. 

The objectives established at the beginning of the research were all met in same 

order to fulfil the aim and are discussed in depth in chapter 4, chapter 5, and chapter 

6. Their overall conclusion are as follows: 

In chapter 4, bulk and exfoliated g-C3N4 samples were prepared by a simple 

thermal polymerization of various precursors i.e., thiourea, dicyandiamide, melamine, 

and urea at different combinations of reaction conditions. All the obtained g-C3N4 

samples were characterized for their physicochemical properties by wide 

characterisation techniques such as XRD, FTIR, Raman, BET, and DRS. The prepared 

samples were compared with each other for their structural, optical, and morphological 

properties. The XRD patterns of melamine-derived samples at different temperatures 

suggested that melamine could not be fully transformed from the melem phase to the 

melon phase (which is elementary unit of g-C3N4) until the calcination temperature 

was higher than 500°C. There was a peak shift from 27.3° to 27.8° with increase in 

temperature indicates a structural contraction along the layer stacking direction, 

probably as a result of a more prolonged condensation of the carbon nitride chains at 

higher temperature. Increase in calcination temperature from 510°C to 650°C led to 
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increase in surface area from 9.9 m2 g-1 to 33.1 m2 g-1 and decrease in band gap 

energies from 2.75 eV to 2.54 eV, hence more available active sites, and increased 

light absorption (from 450 nm to 500nm) which may improve the photocatalytic 

activity of g-C3N4. A physical colour change from light yellow to dark yellow was 

also observed with increasing temperature which also represented the improved 

absorption in the visible light region. Increase in temperature also led to the low mass 

yield for final product i.e., 51.1% (at 510°C), 50.2% (at 545°C), 39.1% (at 580°C) and 

37.2% (at 650°C). An approximate linear relationship (Eg (T) = 3.5016 - 0.0015T) was 

established between temperature and band gap energy of g-C3N4.  

The urea-derived g-C3N4 displayed highest specific surface area (52.7 m2 g-1) 

than other precursor’s mediated g-C3N4 samples due to high evolution of ammonia 

and CO2 gas during pyrolysis. In g-C3N4 samples prepared at 545°C for 4 h, the 

efficiency or mass yield of precursor to g-C3N4 conversion was found to be 47.5% 

(melamine), 33.3% (thiourea), and 4.7% (urea). Very low mass yield for urea is due 

to the rapid degree of polymerization and condensation. Moreover, above 550°C there 

was no product found in case of urea as it decomposed completely above this 

temperature. After exfoliation surface area and bandgap energy of exfoliated g-C3N4 

samples were increased compared to their bulk counterpart. Surface area increased 

from 11.1 m2 g-1 to 70.4 m2 g-1 (melamine), from 39.1 m2 g-1 to 117.9 m2 g-1 (thiourea) 

and from 52.7 m2 g-1 to 183.9 m2 g-1 (urea) whereas bandgap increased from 2.69 to 

2.70 eV(melamine), from 2.56 to 2.69 eV (thiourea) and from 2.74 to 2.98 eV (urea) 

compared to their bulk counterpart prepared at 545°C for 4 h. Samples having 

favourable physicochemical properties were tested for their photocatalytic 

performance by degrading model organic pollutant, phenol, and E. coli inactivation 

under UV-Vis irradiation. The thiourea and urea derived exfoliated g-C3N4 samples 



232 
 

exhibited better phenol degradation with reaction rates (rate constants) of 1.83×10-7 

mol L-1 min-1 (TCN-exf) and 2.14×10-7 mol L-1 min-1 (UCN-exf) and E. coli 

disinfection (~3-log reduction) performance than all the other samples due to their 

high specific surface area which could be correlated with an increase in the available 

active sites for photocatalytic reactions. However, P25-TiO2 was still outperformed 

the C3N4 for both phenol degradation (k=4.48×10-7 mol L-1 min-1) and total E. coli 

inactivation (~6-log reduction) within 180 min. 

The experimental data of E. coli inactivation by each g-C3N4 sample were 

fitted with the nine models of the GInaFiT tool to get the inactivation rate. After the 

comparison of obtained parameters (i.e., sum of squared errors (SSE), root mean sum 

of squared errors (RMSE), the coefficient of determination (R2) etc.), Weibull model 

was found to be the best suit for light control and MCN-exf sample, while double 

Weibull model was for TCN-exf and UCN-exf samples. Urea derived exfoliated g-

C3N4 showed faster first log reduction than other exfoliated samples (U<T<M). 

However, the photocatalytic efficiency demonstrated by all the g-C3N4 samples is still 

far behind the photocatalytic efficiency of P25-TiO2 tested for phenol degradation and 

E. coli disinfection.  

In chapter-5, the poor photocatalytic performance of exfoliated g-C3N4 was 

investigated through its physiochemical properties i.e., bandgap energy, band edge 

positions, work function, photocurrent, open circuit photopotential, and flat band 

potential, etc. by EDX, DRS, XPS/UPS, and photoelectrochemistry. EDX analysis 

revealed the C/N ratio to be 0.72 in sample matrix and a uniform distribution of 

nitrogen (N) and carbon (C) also indicated the purity of synthesized material. Using 

the bandgap energy (2.68 eV) obtained from Tauc plot and the work function (4.28 

eV) obtained from UPS study, the band edge energies for g-C3N4 on the NHE scale 
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was calculated to be +1.51 eV (VB edge) and -1.17 eV (CB edge). The analysis of 

UPS results also showed that Fermi level of g-C3N4 is approximately in the middle of 

the forbidden gap, indicating that it behaves as an intrinsic semiconductor.  

A very small photocurrent (<1 μA.cm-2) and photoelectrochemical 

photocurrent switching (PEPS) effect was observed in photoelectrochemical results. 

The LSV results depicted that anodic (or positive) photocurrent switched to cathodic 

(or negative) photocurrent at -0.68 V (vs. SCE) or -0.44 V (vs. NHE) which again 

converted to anodic photocurrent at +0.05 V (vs. SCE) or +0.29 V (vs. NHE) with 

sweeping the bias from -1.0 to +1.0 V. Thus g-C3N4 photoelectrode behaved as a p-

type semiconductor in the potential range of -0.68 V to +0.05 V, beyond this region it 

behaved as n-type semiconductor. PEPS behavior was further confirmed by 

chronoamperometry and spectral response. The open circuit potential for g-C3N4 

electrode was measured as -0.09 V (SCE) and upon irradiation it behaved as a p-type 

semiconductor (positive shift of 0.28 V). The very slow change in open circuit 

potential indicated the slow charge separation and high surface recombination. 

Electrochemical impedance spectroscopy results exhibited the high charge 

transfer resistance which inhibits the separation and migration of e--h+ pairs. Mott-

Schottky plot had both positive and negative slope which also indicated the amphoteric 

nature of g-C3N4. Hence, position of Fermi level, slow change in open circuit potential 

and high charge transfer resistance restricts the separation and migration of charge 

carriers, resulting in small photocurrent and poor photocatalytic activity of g-C3N4. A 

schematic energy level diagram of the exfoliated g-C3N4 was also proposed on the 

basis of obtained results from DRS, VBXPS, UPS and photoelectrochemical 

measurements. 
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In chapter 6, different morphologies of BiVO4 were synthesized using different 

methods and investigated for their physiochemical properties by FESEM, EDX, XRD, 

Raman, DRS, XPS, photoelectrochemical measurements and correlated to the 

photocatalytic activities. FESEM micrographs confirmed the sphere-like (BiV-1) and 

plate-like BiVO4 particles (BiV-2) which were synthesized by a hydrothermal method 

in a Parr reactor and pyramid/thorns-like morphology of BiVO4 (BiV-3) were 

vertically grown on FTO coated glass using seed-mediated method. BiVO4 spheres 

had an average diameter of about 2.5 µm, BiVO4 nano plates had a thickness of 30-70 

nm, and BiVO4 pyramids/thrones had a length of 4.8 µm, a diameter of 200-500 nm 

at the bottom and a tip of about 20-50 nm. The agglomeration of these thorns resulted 

in the formation of Sea urchin-like structures having an average diameter of 20-25 µm.  

XRD patterns and Raman spectra confirmed the formation of BiVO4. The 

XRD patterns of BiV-1 and BiV-3 had only monoclinic BiVO4 phase while BiV-2 

contained a mixed phase pattern including tetragonal zircon and monoclinic phases. 

The EDX analysis gave the ratio of At% of Bi:V to be almost 1:1 in BiV-1 (Bi – 

22.2%, V – 21.2%) and BiV-2 (Bi – 24.6%, V- 24.6%) indicating the absence of other 

compounds however BiV-3 had 6% more Bi atoms than V (Bi – 20.7%, V – 14.8%) 

implying the presence of unreacted bismuth or other oxides in the sample. DRS spectra 

were transformed into Tauc plot using Kubelka-Munk function which provided the 

approximate bandgap of 2.45 eV (BiV-1), 2.47 eV (BiV-2), and 2.56 eV (BiV-3). XPS 

measurements were performed to determine the surface chemical composition and 

chemical states of the prepared BiVO4 samples. Interestingly, high-resolution 

spectrum of Bi 4f for BiV-1 and BiV-2 contained two sets of spin-orbit doublet peaks 

for the Bi 4f7/2 (159.0, 160.0 eV) and Bi 4f5/2 (164.3, 165.3 eV) indicating the presence 

of two Bi states (Bi3+ and Bi5+) due to some impurities such as oxides or carbonates 
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(i.e., Bi2O4, NaBiO3). Likewise Bi 4f spectra of BiV-3 had three sets of spin-orbit 

doublet peaks suggesting the presence of other oxides along with BiVO4. Considering 

the EDX results (6% higher Bi atom) and deep XRD analysis it was concluded that 

the other oxide may be Bi2O4 which contains mixed valence states in its structure as 

alternative arrangement of Bi3+ and Bi5+ states. The V 2p spectrum of BiV-3 also 

indicated the presence of V2O5.  

BiV-1 displayed cathodic to anodic photocurrent switching at about +0.15 V 

(SCE) or +0.39 V (NHE). Surprisingly, nature of photocurrent for BiV-3 was changed 

with potential sweeping direction. It behaved as an n-type semiconductor (positive 

photocurrent) in the positive applied bias when sweeping the bias from negative to 

positive and vice versa. Prepared samples were also tested for their efficacy for the 

photocatalytic degradation of phenol but did not show any photocatalytic degradation 

of phenol.  

To understand the non-photocatalytic activity by BiVO4, chemical probe study 

was performed by observing RNO photocatalytic discolouration to detect hydroxy 

radicals. RNO concentration is getting reduced with time for both BiV-1 and BiV-2 

suggesting the generation of hydroxyl radicles. In 60 min, 27% discolouration of the 

yellow-coloured solution was observed for BiV-1, whereas it was 45% for BiV-2, 

indicating the generation of hydroxyl radicles. Despite producing •OH radicals, BiVO4 

did not show photocatalytic activity for phenol degradation, possibly due to its positive 

conduction band edge potential (~+0.5 V vs. NHE) which is not enough to reduce 

oxygen, so e--h+ recombination dominates, resulting in poor photocatalytic activity. 

To summarize, this thesis provides the detailed insights into appropriate 

selection of precursors and reaction conditions for g-C3N4 synthesis and their effect 

on physicochemical and photocatalytic performance of graphitic carbon nitride and 



236 
 

photocatalytic efficiency comparison for water treatment against P25-TiO2. Further, 

electronic and photoelectrochemical properties of exfoliated g-C3N4 were investigated 

for finding out the reason behind its poor photocatalytic activity and a schematic 

energy band diagram was proposed. Last section was focused on BiVO4 where 

different morphologies of BiVO4 were synthesized using different methods and 

investigated for their physiochemical properties and correlated to the photocatalytic 

activities.  

 

7.2 Future work and recommendations 

The thesis attained the main objectives set out, by detailed investigation into 

the physiochemical properties of g-C3N4 and BiVO4, as well as their corelation to 

photocatalytic water treatment. Considering the originality of this work, it should be 

seen as laying the foundation for future research in the field of photocatalytic water 

treatment, using g-C3N4 and BiVO4 as photocatalysts. However, there can be a 

plethora of potential follow up studies that can be adopted to elaborate new 

perspectives in this field for developing an effective visible light photocatalyst that 

can address energy and environmental issues in true sense. The future research 

directions that can be followed are as follows: 

1. Even though urea-derived g-C3N4 had the highest specific surface area in our 

research but one should avoid using urea as a precursor to g-C3N4 because of 

it has very low efficiency in precursor to g-C3N4 conversion. Also, it cannot be 

heated more than 550°C.  

2. In this research, exfoliated g-C3N4 showed better photocatalytic activity than 

bulk g-C3N4 because exfoliation increases specific surface area drastically, 

thus one can explore the different methods to exfoliate g-C3N4 for further 
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increase in specific surface area. Multiple methods have been reported so far 

for exfoliation of carbon nitride such as chemical exfoliation,1 ultrasonic 

exfoliation,2 gas bubble exfoliation,3 etc. which can be employed for the 

preparation of single layer g-C3N4 and may enhance the photocatalytic of g-

C3N4. 

3. We encountered difficulties in preparing electrodes of g-C3N4 and BiVO4 for 

photoelectrochemical measurements because of their poor dispersibility in 

water and organic solvents, as well their poor adhesion with FTO coated glass, 

thus new approaches need to explore for addressing the issue. Exfoliation of 

g-C3N4 improves its dispersibility in water and organic solvents, hence 

exfoliating g-C3N4 will resolve the dispersibility issue. 

4. It has been established that g-C3N4 and BiVO4 as a single are not an effective 

photocatalyst because of not having appropriate band edge positions. 

However, g-C3N4 has a very negative conduction band and BiVO4 has a very 

positive valance band which is favourable for photocatalytic water treatment, 

thus a heterojunction formed with them should be investigated. Although It’s 

been observed in our lateral studies that physical mixing of these materials 

does not accelerate their photocatalytic activities. Therefore in-situ deposition 

on FTO using electrodeposition and hydrothermal method, or some other 

preparation method such as mixing in an organic solvent such as methanol 

under ultrasonication, should be explored.4–7  

5. In our case, pure BiVO4 was not obtained, there were some impurities of other 

oxides present which might affect photocatalytic activities of BiVO4. Thus, it 

is recommended to prepare pure BiVO4 to prevent hindrances due to 

impurities. Purity of BiVO4 can be controlled by Bi/V ratio in the solution. In 
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situ deposition of BiVO4 on FTO coated glass using hydrothermal method is 

also a better option to improve the purity of BiVO4. The final product should 

be given multiple washes by distilled H2O followed by methanol to remove 

soluble or unreacted solids. 

6. Although in this work we tested photocatalysts in suspension form but using a 

photocatalyst suspension means that the catalyst must be removed post 

treatment, adding cost and complexity. Further work might consider the 

immobilisation of the photocatalyst on a supporting substrate such as FTO as 

we mentioned in the above points.  
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