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Abstract 

Photocatalysis is a green and powerful technology and the key factor is the efficiency 

of the photocatalysts. Graphitic carbon nitride (g-C3N4), possessing an excellent high 

thermal stability and unique electronic structure, is a promising metal-free 

photocatalyst. Great efforts have been made to synthesize g-C3N4-based photocatalysts 

with enhanced photocatalytic activities. This study aims to develop metal-free, visible-

light-responsive photocatalysts for water remediation and solar energy conversion 

based on graphitic carbon nitride.  Surface modification and hybridization with metal-

free nanocarbons (nanodiamonds and single-walled carbon nanotubes) were employed 

to extend the absorbance threshold and enhance the photocatalytic efficiency of the 

prepared photocatalysts.  

Various characterization methods were used, such as X-ray diffraction (XRD), UV-vis 

diffusion, photoluminescence (PL), scanning electron microscopy (SEM), 

thermogravimetric analysis/differential temperature gradient (TGA/DTG) and N2 

sorption isotherms. The photocatalytic activities of these prepared composites were 

investigated for photodegradation of organic pollutants in water. The test of 

photoelectrochemical activity was carried out on an electrochemical workstation. The 

mechanism was also discussed. 
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1.1 Motivation 
In recent years, with the rapid development of modern society, water pollution from 

industrial processes and domestic households has become serious public health concern 

[1, 2]. Photocatalysis, employment of an additional substance (called photocatalyst) to 

facilitate the rate of photochemical reactions, has led to a great level of contributions in 

field of environmental remediation [3]. It can be used for reduction of heavy metals in 

water, and decomposition of organic compounds in air or water to carbon dioxide, water 

and other non-toxic ions/groups, with the potential utilization of solar energy. 

Currently, the majority of photocatalysts that have been applied widely in research are 

metal oxides [4], metal sulfides [5], and plasmonic noble metals [6]. During the 

reactions, metal ions of these photocatalysts might be discharged into water which may 

induce the secondary water pollution[7], while the metal-free photocatalysts will 

completely avoid this problem. Hence, this study tends to find some green and eco-

friendly photocatalysts based on metal-free materials.  

Graphitic carbon nitride, as a promising metal-free photocatalyst, has drawn extensive 

researchers’ interests [8-12], though its photocatalytic efficiency is still at a low level.  

In the meantime, great efforts have been done to tackle this drawback, while coupling 

with other nanocarbons appears to be more interesting because the metal-free nature is 

remained [1, 3]. 

In this study, different precursors, including melamine, urea, thiourea and D-glucose, 

were used to synthesize graphitic carbon nitride via a simple method (thermal 

condensation). The different precursors and reaction parameters were expected to offer 

a feasible control to the characteristics of graphitic carbon nitride. Afterwards, in order 

to enhance the photocatalytic activity of graphitic carbon nitride, two kinds of 

nanocarbons, nanodiamonds (NDs) and single-walled carbon nanotubes (SWCNTs), 

were used to couple with the graphitic carbon nitride, because both of them exhibited 

many merits, such as high thermal stability, large specific surface areas, and unique 

physical properties [13-15]. 
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1.2 Objectives of this research 
This research aims at the development of some novel metal-free photocatalysts based 

on graphitic carbon nitride for photodegradation of organic pollutants in water and solar 

energy conversion by photoelectrochemical applications. The detailed objectives are 

defined as below: 

a) Investigating the effect of precursors on the photocatalysis and 

photoelectrochemistry of graphitic carbon nitride; 

b) Developing a novel approach for preparation of surface modified graphitic 

carbon nitride as a metal-free photocatalyst using a solvothermal route; 

c) Preparing hybrid photocatalysts based on graphitic carbon nitride and different 

nanocarbons, such as nanodiamonds and single-walled carbon nanotubes; 

d) Comprehensive characterizing the newly prepared photocatalysts; and 

e) Applying the prepared hybrid photocatalysts for photodegradation of methylene 

blue solutions and photoelectrochemical applications under UV-visible light 

irradiations. 

 

 

1.3 Thesis structure 

This thesis structure is defined as below: 

Chapter 1: This chapter briefly introduced the motivations on the metal-free 

photocatalysts, objectives of this study and the overall thesis structure. 

Chapter 2: This chapter presented a comprehensive literature review on the green and 

sustainable technology of photocatalysis which played an increasingly important role 

in environmental remediation. It mainly focused on the development of photocatalysts, 

including both metal and metal-free based materials. And great attentions were paid on 

the metal-free photocatalysts. Furthermore, it also summarized and discussed the 

various modification techniques of g-C3N4. 

Chapter 3: This chapter reported that a series of g-C3N4 were prepared by a thermal 

condensation method using different ratios of combinational precursors including 
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melamine, urea, thiourea and D-glucose. The photocatalytic activities of these obtained 

g-C3N4 were tested for photodegradation of two aqueous contaminant solutions. 

Chapter 4: In this chapter, naodiamond (ND), a kind of nanocarbon, was employed to 

develop an effective metal-free photocatalyst based on graphitic carbon nitride via a 

solvothermal method. The synthesis, characterisations, photocatalytic activity and 

photoelectrochemical performance were illustrated and discussed. 

Chapter 5: In this chapter, a series of hybrid photocatalysts derived from graphitic 

carbon nitride (g-C3N4) and single-walled carbon nanotubes (SWCNTs) were 

synthesized. The prepared samples were investigated for photodegradation of 

methylene blue solutions and photocurrent generation. 

Chapter 6: This chapter concluded the overall work of this research and briefly 

analyzed the effect of parameters on surface modification of graphitic carbon nitride 

and nanocarbons as studied in Chapters 4 and5. At last, some perspective applications 

of g-C3N4/NDs and g-C3N4/SWCNTs for the future work were proposed. 
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2 
 

Chapter 2: Literature Review 
 

 

 

 

Abstract 

 
Photocatalysis is a green, feasible and versatile technology that has been widely applied 

for energy and environmental applications. Bearing the potential for solar energy 

utilization, extensive investigations have been carried out in the last decades. The 

fundamental mechanism and most applications were well established in the last century. 

Currently, the major focus in photocatalysis research is the design and development of 

photocatalyst materials. This chapter firstly introduces the historic milestones in 

photocatalysis studies, then a comprehensive survey is made on the various 

photocatalysts, including TiO2-based photocatalysts, ZnO and other metal oxides, metal 

sulfides, metal nitrides, and plasmon photocatalysts. After that, a particular attention is 

paid on metal-free graphitic carbon nitride (g-C3N4), a novel visible light photocatalyst. 

Various modification techniques of g-C3N4 are summarized and analyzed. Some 

emerging photocatalysts are mentioned. At last, perspectives on photocatalyst design 

and development are provided. 
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2.1 Introduction 
Human beings have had a long history to utilize solar energy since the discovery of 

solar energy drying by ancient people. As one of the green, clean and sustainable energy 

resources inducing no global warning and any contaminations, solar energy has 

attracted worldwide attention providing about 120,000 TW annually to the Earth. Such 

an enormous energy source might, at least partially, be the solution to the increasing 

energy consumption, which would be 27 TW by 2050 and highly likely to reach 43 TW 

by 2100, as comparison to the current level of 15 TW[1, 2]. The energy crisis, along 

with the environmental deterioration and climate change from fossil fuel combustion, 

has propelled the technological developments for versatile solar energy applications. 

Two main categories, e.g. solar thermal system and photovoltaic system have been 

operated in industrial processes. The first system includes solar water heating, steam 

generation, solar drying and dehydration, solar refrigeration and air-conditioning, while 

the latter one is represented by building-integration photovoltaic, solar electricity for 

industry, and solar powered water desalination industry[3, 4]. It can be seen that the 

above applications are mainly based on physical processes. 

 

It is anticipated that solar energy driven chemical processes would be able to greatly 

extend the application fields. This assumption can be verified by natural photosynthesis, 

which has literally populated the creatures on the Earth by converting carbon dioxide 

and water to green plants via harvesting sunlight[5]. Mimicking natural photosynthesis, 

i.e. artificial photosynthesis, led to the discovery of photocatalysis at the beginning of 

1970s. Japanese scientists, Fujishima and Honda, reported that water can be splitted to 

produce hydrogen and oxygen under irradiations when TiO2 was used as a 

semiconductor electrode[6]. Once semiconductor particles are used, on the surface 

numerous micro photoelectrochemical cells are formed to carry out the chemical 

reactions based on the effective separation of photoinduced electron-hole pairs[7]. As 

a result, heterogeneous photocatalysis appeared to be able to play a significant role in 

the fields. 

 

In typical photocatalysis processes, semiconductor photocatalysts such as TiO2, ZnO, 

Fe2O3, CdS and ZnS, are firstly activated by incoming photons, provided by either 

ultraviolet (UV) or visible light irradiations. Once the photon energy equals to or is 
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higher than that of band gap energy of the semiconductor photocatalyst, an electron can 

be activated from the valence band (VB) to the conduction band (CB) of the 

semiconductor, leaving a positively charged hole in the VB. The photoinduced electron-

hole pairs will migrate to the surface of the particle, undergoing bulk and surface 

recombination, and then reacting with the reactants on the surface. The redox potentials 

of the carriers are determined by the band structure, i.e. the positions of the VB 

(oxidation potential) and CB (reduction potential) [8]. Such a principle for 

heterogeneous photocatalysis process has derived a variety of applications. 

 

The historical milestones in photocatalysis are summarized here. Photocatalysis was 

firstly discovered in 1972 for artificial photosynthesis by splitting of water for hydrogen 

production.[6] The photocatalytic oxidation ability was then utilized for oxidation or 

decomposition of organics in contaminated water[9, 10]. Following the idea of water 

reduction, photocatalytic reduction of carbon dioxide was reported in 1979, 

demonstrating a novel route for converting CO2 to hydrocarbons[11]. In 1988, 

Yamagata et al. reported the photocatalytic oxidation of alcohols on TiO2 in which 

oxygen participated in a radical chain mechanism in the oxidation of ethanol to 

acetaldehyde, opening the venue for selective oxidation of organics[12]. In 1991 

photocatalytic gas-phase oxidation of hydrocarbons on TiO2 and ZnO surfaces was 

reported by Anpo and co-workers[13]. Inorganic ions or metal ions were also able to 

be removed by photocatalysis [14, 15]. The photo-induced hydrophilicity has enabled 

the application of photocatalysis as self-cleaning technology for developing building 

materials[16]. In fact, this field is the only one that has been commercialized at a 

reasonable scale.  It can be seen that most historical applications were observed on the 

classical photocatalyst of titanium dioxide[17]. 

 

The wide applications of photocatalysis in hydrogen production, CO2 reduction, 

degradation, synthesis and self-cleaning in 1970s and 1980s had paved sound 

fundamentals, leading to a number of excellent review papers published in 1990s. 

Legrini et al.[18] reviewed different photochemical processes for water treatment, and 

indicated that the presence of TiO2 under UV can lead to similar degradation to those 

with oxidants such as H2O2 or O3. Kamat [19] discussed the photochemistry on 

nonreactive and reactive surfaces of semiconductors, providing the surface activation 
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and charge transfer processes and the induced photocatalytic degradation mechanism. 

Fox and Dulay [20] discussed the mechanism of heterogeneous photocatalysis with 

particular attention on catalyst preparation, surface group conversion and surface 

reactions in photocatalysis. Using TiO2 as a typical photocatalyst, more comprehensive 

mechanism discussion was reviewed by Linsebigler et al. [8]. The band structure, 

photoexcitation, separation and migration of photoinduced charges, surface adsorption, 

photochemistry and modification of TiO2 surface were introduced. Hoffmann et al[21]. 

presented an excellent review on the environmental applications of semiconductor 

photocatalysis with concentration on reaction kinetics of photocatalysis for removal of 

aqueous and gaseous pollutants. Later on, more review papers focusing on 

environmental applications of photocatalysis appeared [22-24]. With abovementioned 

reviews, knowledge base and application implications had been well established.   

 

The practical application of photocatalysis was believed to be restricted by the low 

efficiency of photocatalysts, i.e. TiO2. Thereafter, the adventure of photocatalysis was 

navigated to the development of photocatalyst materials. In this chapter, a 

comprehensive survey on the photocatalyst materials was made. Particular attention 

was paid on novel metal-free photocatalyst of graphitic carbon nitride, and its 

modifications for visible light photocatalysis.  

 

 
(A) 
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(B) 

Fig.2.1 (A) The crystal structures of rutile and anatase TiO2, and (B) Typical 

photocatalysis processes on TiO2[8]. 

 

2.2 Metal oxide photocatalysts 
2.2.1 TiO2 and its modified counterparts   

Titanium dioxide (TiO2) is a typical semiconductor having three main crystallographic 

structures, e.g. brookite, anatase and rutile. Anatase TiO2, with a band-gap energy of 

3.2 eV, has been believed to possess higher photocatalytic activity than rutile, while 

brookite shows the lowest efficiency. Fig.2.1 (A) shows the two different crystal 

structures (rutile and anatase) of TiO2 and Fig. 2.1(B) displays the typical photocatalytic 

processes on TiO2 [8]. It is known that the most milestones in photocatalysis were made 

on TiO2 [6, 9-12, 14, 15]. Same to any other semiconductor photocatalyst, TiO2 

undergoes photoexcitation, charge separation and surface reactions for a typical 

photocatalysis process. As a result, enhanced TiO2 photocatalysis can be achieved by 

modulating the material for controlling each steps. A variety of modifications have been 

undertaken.  
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Surface modification was firstly proven to be effective. Noble metals such as Pt, Au, 

Pd, Rh and Ag can be deposited on TiO2 surface [25-27], therefore the charge 

separation can be promoted for enhanced photocatalysis. Surface sensitization inspired 

another route which applies an organic dye sensitizer to absorb more photons followed 

by charge transfer to a semiconductor for photocatalysis. It was reported that some dyes, 

such as erythrosin B, thionines and different kinds of Ru(bpy)3
2+ can be used as efficient 

sensitizers to harvest visible light for photocatalysis [28-30]. Coupling another lower 

band-gap semiconductor to TiO2 could integrate the advantages of surface modification 

and sensitization by harvesting more photons and inhibiting photoinduced charge 

recombination. Spanhel et al. [31] reported that illuminated CdS can inject electrons to 

attached TiO2, indicating the enhanced activity in photocatalytic applications. It has 

been demonstrated that metal sulfides such as CdS [32], MoS2 and WS2 [33], and some 

metal oxides [34] can help the TiO2 composites visible light responsive and more 

efficient as a photocatalyst.  

 

Compositional modification, i.e. heteroatom doping is also expected to bring out 

profound influence to TiO2 photocatalysis. Initially, transition metal ions were 

extensively employed as a dopant for TiO2. The introduction of metal ions can lead to 

formation of new energy levels in the band gap, and sometimes reduce the 

recombination of the electron-hole pairs[14, 35]. Though extensive studies on transition 

metal [36-38] or rare earth [39-41] -doped titania had been conducted and reported, 

some disadvantages of metal doping cannot be avoided. For example, thermal stability 

of the doped ions is poor. Also the newly created energy bands can also act as 

recombination centres leading to lower quantum efficiency.  

 

Non-metal doped TiO2 has attracted extensive attention in TiO2-based photocatalysis 

due to the visible light response, which can utilize 42% solar spectrum energy compared 

to less than 4% from ultraviolet light. In 2001, Asahi et al.[42] reported their synthesis 

of nitrogen-doped TiO2 and the application in visible light photocatalysis. Inspired by 

this excellent work, numerous studies on nitrogen doping have been conducted and 

reported [43-48]. Based on heteroatom doping, co-doping with nitrogen by metals [49, 

50] or non-metals [51-53] have been also investigated. Carbon doped titania was also 

developed. In 2002, Khan et al. [54] found that carbon doped titania can also show 
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strong visible light response and enhanced photocatalysis. Carbon-doped TiO2 prepared 

by different methods and their different applications were then reported [55-58], as well 

as its co-doping studies with other elements [52, 59-61]. In addition to nitrogen or 

carbon doping, other elements, such as sulfur [62-64], phosphorus [65-67], boron [68-

71], and halogen elements [72-74] were also used to synthesize visible-light-driven 

TiO2 photocatalysts.  

 

With extensive studies, TiO2 was proposed to be the most suitable candidate for 

practical applications [17, 75]. 

 

2.2.2 ZnO and other metal oxide photocatalysts 

ZnO has a similar band-gap energy of 3.2 eV as anatase TiO2, and has also 

demonstrated as an efficient photocatalyst. [13, 31, 76-78] In fact ZnO could show a 

higher photocatalytic activity than TiO2 [76, 78], yet the stability is poor due to photo-

corrosion [79, 80]. For improving the stability, enhancing the photocatalytic activity, 

and extending the absorption to visible light region, a variety of modification methods, 

such as semiconductor coupling [81-84], noble metal-[85-88] or transition metal- 

doping [89-91], and non-metal doping [92-94], have been employed to modify the 

physicochemical properties of zinc oxide. 

 

Besides TiO2 and ZnO, some other semiconductor metal oxides have demonstrated 

effective photocatalysis. Hou et al.[95] reported that β-Ga2O3 shows efficient 

photodegradation of gaseous benzene in air under UV light, with one order of 

magnitude higher than that over P25. Wang et al. [96] found the photocatalytic activity 

of Ga2O3 for water splitting, which can be significantly enhanced by tailored α-β 

junction. Faust et al. [97] firstly reported that α-Fe2O3 can act as an efficient 

photocatalyst for photocatalytic oxidation of SO2 in water. Further studies showed that 

it can be promising photocatalysts for water splitting and organics degradation via 

photocatalysis.[98-100] Due to the lower band-gap energy and more negative 

conduction band position, Cu2O has been employed as an efficient photocatalyst for 

photoreduction, i.e. splitting of water for hydrogen production [101, 102]. Other metal 

oxides such Ta2O5 [76, 103], Bi2O3 [104, 105], and WO3 [106, 107] have demonstrated 

photocatalytic activity in various applications.  
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2.2.3 Complex metal oxides and single-site photocatalysts 

Two or more metals would make it easier to modulate the band structures, e.g. band-

gap energy and the positions of VB and CB of the oxides, therefore complex metal 

oxides have attracted extensive attention in photocatalysis. In 2001, Zou et al.[108] 

reported that In1-xNixTaO4 (x=0-0.2) can induce direct water splitting into 

stoichiometric amounts of O2 and H2 under visible light irradiations with a quantum 

yield of 0.66%. Some other oxides, such as AgInW2O8, CaBi2O4, BiWO6 and Zn2GeO4 

were also developed by their group.[109-112]  Our group have prepared BiTaO4, 

InTaO4 and other bi-metallic oxides for photodegradation of gas organic pollutants 

[113-115]. 

 

Once the isolated and tetrahedrally coordinated metal oxide moieties, for example Ti, 

W, Cr, Mo, or V oxides are located in the silica or silica-based zeolites and similar 

porous materials, a single-site photocatalyst can be produced[116]. Anpo et al. [117, 

118] prepared Ti-, V- Cr-oxide single-site photocatalysts and isolated them within 

zeolite frameworks. Their photocatalytic activities were evaluated in the decomposition 

of NOx or CO2 conversion. The novel photocatalysis mechanism was also discussed. 

 

2.3 Metal sulfides and nitrides (oxynitrides) 
In pursuit of visible light photocatalysis that cannot be realized on TiO2 and ZnO, metal 

sulfides were employed as alternatives. CdS has a band-gap energy of around 2.4 eV 

and can respond to visible light with a absorption threshold at about 520 nm[119]. In 

1983, Aruga et al. [120] reported that CdS can produce hydrogen from water under 

visible light photocatalysis using sulfite anion as a hole scavenger. For a stable 

photocatalytic activity, CdS has been frequently applied to fabricate hybrid 

photocatalysts for hydrogen production [121-124]. With proper modification or 

hybridization, CdS has been also used for photodegradation of organic pollutants in 

water [125-127]. ZnS has been proven to be a good photocatalyst owing to the rapid 

generation of electron-hole pairs and its excellent reduction potential for hydrogen 

production and CO2 conversion [128, 129]. Photodegradation of organic pollutants in 

water has been also investigated.[130, 131] Bulk MoS2 is not a good photocatalyst 

while nanoscaled MoS2 can exhibit an excellent photocatalytic activity[132]. Other 
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metal sulfides, such as WS2 [133], NiS [134], CuS [135], In2S3 [135], Ag2S [136] and 

some complex sulfides, such as A2(I)-Zn-A(IV)-S4 (A(I) = Cu and Ag; A(IV) = Sn and 

Ge) [137], CuInS2 [138], and Zn1-xCdxS [139] have demonstrated their photocatalytic 

activity in a variety of photocatalytic reactions.  

 

Hitoki et al.[140] reported that Ta3N5 can be an efficient photocatalyst responding to 

visible light and produce hydrogen and oxygen from water splitting. Ma et al.[141] 

observed enhanced water oxidation on a Ta3N5 photocatalyst which was modified by 

alkaline metal salts. Lee et al.[142] reported that Ge3N4 can be used for overall water 

splitting. Metal oxynitrides, such as TaON [143] and ZnxTiOyNz [144] have been also 

investigated as visible light photocatalysts. 

 

2.4 Noble metal-based plasmonic photocatalysts 
Some novel photocatalysts appeared to initiate further exploration of photocatalysis 

mechanism. In 2005, Tian and Tatsuma [145] investigated the plasmon-induced photo-

electrochemistry in the visible region on Au-TiO2 composites, and found that gold 

nanoparticles can be photo-excited due to surface plasmon resonance (SPR). The 

charge separation can occur when the electrons are transferred from gold nanoparticles 

to the TiO2 conduction band, and then the induced photocatalysis can oxidize organics. 

The associated mechanism is schematically shown in Fig.2.2 [145]. 
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Fig. 2.2 Photoelectrochemistry of gold nanoparticle-TiO2 system under visible light 

irradiations [145]. 

 

 Chen et al.[146] prepared several metal oxide supported Au nanoparticles, such as 

Au/ZrO2, Au/Fe2O3, Au/CeO2, and Au/SiO2, and observed efficient photodegradation 

of gas pollutants under sunlight. In 2008, Awazu et al. [147] proposed that the 

photocatalytic performance of TiO2 might be improved by the assistance of the near-

field amplitudes of localized surface plasmon (LSP) of silver nanoparticles. Wang et al. 

[148] described the synthesis and Ag@AgBr and proposed it as a highly active 
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plasmonic photocatalyst with visible light response. An et al. [149] reported the facile 

synthesis of AgCl:Ag plasmonic nanoparticles as photocatalysts. The prepared 

materials showed efficient degradation of organics under sunlight, and the activity was 

ascribed to the strong SPR of metallic Ag components. The plasmonic photocatalysis 

can be used for degradation, hydrogen production, and chemical synthesis [150, 151]. 

 

The plasmonic photocatalysis has offered new opportunities for this field, and more 

mechanistic aspects can be found in review papers [152, 153].  

 

2.5 Metal-free photocatalysts 
2.5.1 Graphitic carbon nitride 

Scarcity in nature and toxic metal leaching from photo-corrosion can be significant 

barriers of metal-based photocatalysts to practical applications[154]. A metal-free 

photocatalyst, for example, graphitic carbon nitride (g-C3N4) has been proposed to be 

a promising candidate. Polymeric graphitic carbon nitride consisting of metal-free 

compositions of carbon, nitrogen and hydrogen, has been believed to be the most stable 

allotrope among CxNy, due to the layered structure similar to graphene. g-C3N4 is a 

polymeric semiconductor with a band-gap energy of 2.7 eV and unique structure and 

remarkable physicochemical properties[155]. In 2009, Wang et al.[156] for the first 

time observed efficient hydrogen production from visible light photocatalysis on  g-

C3N4 and the quantum efficiency was 0.1% under the irradiations in 420 – 460 nm. The 

crystal structure and optical property of g-C3N4 are shown in Fig. 2.3. The low activity 

can be ascribed to several aspects, such as the high excitation energy, the low charge 

mobility of a polymer compared to metals or oxides, the low surface area (2 -10 m2/g), 

and poor absorption in longer wavelength[157]. Therefore, a number of modification 

approaches have been applied to improve the photocatalytic activity. Shalom et al. [158] 

reported an ordered, hollow carbon nitride structures using a cyanuric acid-melamine 

complex as the precursors. Enhanced photocatalysis for degradation of organic 

pollutants was achieved. 
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Fig. 2.3 (a) Construction of graphitic carbon nitride from melem unit, (b) XRD pattern 

of g-C3N4, and (c) UV-visible diffuse reflectance spectrum and image (inset) of g-C3N4. 

[156]  

 

2.5.1.1 Structural modification 

It is well known that for the catalysts a higher specific surface area (SSA) can provide 

more active sites on the surface for enhanced catalysis. Modification on g-C3N4 began 

with the creation of porous structure and the increase of SSAs. Hong et al. [159] 

employed SiO2 nanoparticles as the hard template and obtained mesoporous g-C3N4 

with a high surface area of 128 m2/g, while unmodified one had a low BET around 12 

m2/g. Pluronic P123 was applied as a soft template to prepare g-C3N4 of worm-like pore 

and narrow pore size distribution and the BET surface area was increased to 90 m2/g 

[160]. 

 

Zhang et al.[161] prepared porous g-C3N4 by direct polymerization of urea and found 

that it had a BET surface area of 69.6 m2/g, compared to 11.3 and 12.3 m2/g of g-C3N4 

derived from thiourea and dicyandiamide. Han et al. [162] reported that the BET surface 

area of g-C3N4 can be increased to ca. 210 m2/g by a facile template-free method 

controlling the reaction of polymer according to Le Chatelier’s principle. Sano et al. 

[163] reported that the BET surface area of pristine g-C3N4 prepared by heating 

melamine at 550 oC was only 7.7 m2/g, which can be increased to 65 m2/g by 

hydrothermally treating the sample with NaOH solution at 90 – 150 oC. Niu et al. [164] 

reported that BET of g-C3N4 can be increased to 306 m2/g when it was exfoliated to 

nanosheets by a simple top-down method of thermal oxidation etching of bulk g-C3N4 

in air.  
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2.5.1.2 Heteroatom doping 

Doping heteroatoms into TiO2 has been extensively proven to be an effective strategy 

to extend the light absorption and enhance the photocatalytic performance [47, 48, 61]. 

This technique has been also employed to modify g-C3N4.  

 

Fe-doped graphitic carbon nitride (g-C3N4) nanosheets were prepared by Tonda et al. 

[165] using ferric chloride as the Fe-precursor. The dopant of Fe appeared to be +3 

oxidation state and could significantly influence the electronic and optical properties of 

g-C3N4. It was reported that 2 mol% Fe-doped g-C3N4 showed almost 7-time and 4.5-

time higher activity than unmodified g-C3N4 and g-C3N4 nanosheets, respectively. 

Potassium-doped g-C3N4 was prepared by thermal polymerization of dicyandiamide 

and KI. It was found that the doped potassium can enhance the photocatalytic activity 

by lowering the valence band and increasing charge separation rate.[166] Besides, Zr-

doped and W-doped g-C3N4 were also developed for enhanced photocatalysis [167, 

168]. 

 

In consideration of the metal-free nature of the modified g-C3N4, non-metal doping has 

attracted more extensive attention. Fluorinated g-C3N4 was prepared by directly 

incorporating NH4F into the thermal condensation process in g-C3N4 synthesis.[169] 

The doped F can shift both VB and CB to higher energy values, which were beneficial 

for the redox properties and enhanced heterogeneous photocatalysis. In photocatalytic 

hydrogen evolution, F-g-C3N4 with 3 wt% Pt as the co-catalyst demonstrated about 2.7 

times higher activity than the unmodified g-C3N4. Boron-doped g-C3N4 was prepared 

by heating a mixture of melamine and boron oxide.[170] It was found that boron doping 

for g-C3N4 can improve the efficiency of photodegradation of Rh B owing to the 

increased dye adsorption and light absorption of the catalyst. 

 

Zhang et al. [157] developed sulfur-mediated synthesis to stimulate carbon nitride bulk 

condensation by trithiocyanuric as the precursor in which the –SH groups were 

supposed to play a key role in adjusting the physicochemical properties of the prepared 

g-C3N4. Trace amount of sulfur doping showed effective modifications of the texture, 

optical and electronic properties, as a result the activity in water oxidation reactions 

were improved. Liu et al.[171] reported that sulfur-doping can induce a unique 
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electronic structure that shows an increased VB along with an elevated CB minimum 

and minor declined absorbance. Fig. 2.4 shows the changes of band structure induced 

by sulfur doping and various properties of the modified g-C3N4[171]. Significant 

changes in optical properties and electronic structures would lead to the enhanced 

photocatalysis in hydrogen evolution over sulfur-doped g-C3N4, with 7.2 and 8.0 times 

higher than unmodified one under λ > 300 and 420 nm, respectively.  

 

 
Fig. 2.4 (a) Band structure changes over surface and homogeneous anion doping, (b) 
optical properties, (c) fluorescence spectra, (d) the total densities of states (DOSs) of 
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the samples, (e0 ultraviolet photoelectron spectra, and (f) electronic structure of the 
samples [171]. 
 

Phosphorus-doped g-C3N4 was prepared by poly-condensation of a mixture with the 

precursor of g-C3N4 (dicyandiamide) and a heteroatom source namely a phosphorus-

containing ionic liquid. The modification can provide a much better electric 

conductivity and an improvement in photocurrent generation[172]. Phosphorus doping 

and structure modification were integrated by Ran et al.[173], who prepared porous P-

doped g-C3N4 nanosheets by combining P doping and thermal exfoliation of bulk 

material. The P-doping and novel macroporous nanosheets morphology can 

significantly increase the visible light photocatalytic H2-production compared to 

pristine g-C3N4. The newly formed mid-gap states (-0.16 V vs. SHE) were observed 

due to the P-doping. With a similar strategy of simultaneous tailoring of texture and 

electro-/optical- properties, mesoporous P-doped g-C3N4 nanostructured flowers were 

prepared by a co-condensation method in the absence of any templates. [174] Improved 

hydrogen evolution under visible light irradiation was observed due to the promoted 

light trapping, mass transfer and charge separation. 

 

Iodinated g-C3N4 nanosheets were prepared by a simple and scalable physical method 

using ball-milling technique [175]. Both photoelectrochemical and photocatalytic 

properties were changed by I-doping. Fig. 2.5 shows photoelectrochemical tests of 

pristine and I-doped g-C3N4 samples. The electrochemical impedance spectroscopy 

(EIS) of three samples, bulk g-C3N4 (GCN), I-free GCN (modified g-C3N4 by ball-

milling) and IGCNSS1/2 (the mass ratio of iodine to bulk GCN is ½ in ball-milling 

process) was measured in a 0.2 M Na2SO4 aqueous solution in the dark. The Nyquist 

plots in Fig. 2.5(a) suggest that electrons of IGCNSS1/2 can be more freely transferred 

to the protons than other two samples. Moreover, the I-doped sample also demonstrated 

the highest photocurrent density among all the samples under visible light irradiations 

as shown in Fig. 2.5(c). Such an enhanced photoelectrochemical performance also led 

to the best hydrogen evolution rate of 44.5 µmol/h on IGCNSS1/2, as compared to 4.9 

and 19.5 µmol/h on bulk GCN and I-free GCN, respectively. 
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Fig. 2.5 (a) Nyquist plots and electrical equivalent-circuit model (inset) of IGCNSs1/2. 

(b) Dependence of Rct on applied biases. (c) Transient photocurrents responses under 

visible light irradiation. Samples: bulk GCN (i), I-free GCNSs (ii) and IGCNSs1/2 

(iii).[175] 

Porous O-doped g-C3N4 was prepared by a precursor pre-treatment method forming 

hydrogen bond-induced supramolecular aggregates for creation of porous structure and 

tailored O-doping.[176] The porous structure and O-doping worked together to achieve 

6.1 and 3.1 times higher hydrogen evolution than bulk and porous g-C3N4 (non-doping).  
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Nitrogen-doped g-C3N4 was fabricated by the co-thermal condensation of the precursor 

of melamine with a nitrogen-rich additive of hydrazine hydrate [177]. The band 

structure of C3N4+x was changed compared to pristine g-C3N4. Fig. 2.6 shows the 

modified band structure determined by the integration of UV-vis DRS, XPS, Mott-

schotty plots. Fig. 2.6(a) shows that N-doping can lower the band gap of 2.72 eV of 

pristine g-C3N4 to 2.65 eV of C3N4+x. Fig. 2.6(b) indicates that the valence band 

maximum of pristine g-C3N4 is at 1.84 eV. Mott-Schotty plots in Figs. 2.6 (c) and (d) 

show the typical n-type characteristic and a flat band potential of -0.98 and -1.13 eV vs. 

Ag/AgCl for C3N4+x and g-C3N4 respectively. With above analysis, the band structure 

can be shown in Fig. 2.6(e). The modified band structure can improve the photocatalytic 

activity. In hydrogen evolution, the rate of C3N4+x was 1.8 times higher than pristine g-

C3N4 photocatalysts.   

 
Fig. 2.6 UV-vis DRS (a) and XPS band analysis (b) of C3N4+x and g-C3N4; Mott–

Schottky plots of C3N4+x (c) and g-C3N4 (d); electronic band structure (e). Inset of (a): 

band gap estimation.[177] 
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2.5.1.3 Semiconductor coupling 

Coupling a semiconductor to another is a popular technique to create heterojunction for 

extended absorbance and improved charge separation so as to enhance the 

photocatalysis performance of the photocatalysts. Yan and Yang [178] reported that 

coupling TiO2 to C3N4 can remarkably increase the photocatalytic hydrogen evolution 

rate due to the improved charge separation efficiency. Li et al. [179]  prepared various 

TiO2 nanostructures, such as 0D nanoparticles, 1D nanowires, 2D nanosheets, and 3D 

mesoporous nanocrystals and attached each of them onto g-C3N4 to create different 

heterojunctions. Meso-TiO2/g-C3N4 demonstrated the highest activity in 

photodegradation of MO and phenol, with 29-37 times higher than bare g-C3N4. Jo and 

Natarajan [180] investigated the influence of TiO2 morphology (nanoparticles and 

nanotubes) on the photodegradation of isoniazid and found that the Z-scheme g-

C3N4/TiO2 nanotube (3%-CN/TNT) exhibited enhanced photocatalysis (90.8% 

degradation in 4 h) than that of nanoparticles/CN (79.5%) and pure TiO2 (56.3%) and 

g-C3N4 (13.5%).  

 

Song et al.[181] reported the fabrication of g-C3N4/(0 0 1) TiO2 composite by a solvent-

free in situ method. The compact connection between g-C3N4 and (0 0 1) TiO2 can 

facilitate the interfacial charge transfer process, as proposed in Fig. 2.7. Therefore, the 

photocatalytic activity was enhanced in removal of NO, with 2.4 times higher than pure 

(0 0 1) TiO2 and 4.1 times higher than g-C3N4 under UV, respectively. Huang et al.[182] 

studied the effect of contact interface between (0 0 1) or (1 0 1) TiO2 and g-C3N4 and 

found that g-C3N4 can efficiently remove the photo-generated electrons on (1 0 1) facets 

for the enhanced photocatalysis. 
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Fig. 2.7 Charge transfers of g-C3N4/(0 0 1) TiO2 composite in photocatalytic 

reactions[181]. 

 

ZnO was used to hybridize g-C3N4 by a monolayer-dispersed method. The prepared 

hybrids showed 5 times higher photocurrent than ZnO and a photocurrent under visible 

light was also observed. Moreover, the photocatalytic activity under UV was enhanced 

by 3.5 times and the photo-corrosion of ZnO was suppressed [183]. ZnO/g-C3N4 

composite was also prepared by a simple impregnation method for CO2 conversion to 

fuels. It was found that the light-absorbance was not changed much but the 

heterojunction could inhibit the recombination of photo-induced charges. Therefore, 

the optimal ZnO/g-C3N4 composite showed a higher CO2 conversion rate which are 4.9 

and 6.4 times higher than pristine g-C3N4 and P25, respectively. 

 

Some other metal oxides, such as α-Fe2O3[184], SnO2 [185], WO3 [186], were also used 

to couple with g-C3N4. A variety of bimetallic oxides, such as SnNb2O6 nanosheet [187], 

NaNbO3 [188], CuFe2O4 [189], and Ag3VO4 [190] have been demonstrated to be 

effective for modification of g-C3N4. Besides, metal sulfides [191], metal oxohalides 

[192, 193], ternary compounds [194-197] and other novel materials (phosphates [198, 

199], polyoxometalate [200], and zinc phthalocyanine [201]) were also able to modify 

g-C3N4 for enhanced photocatalysis. 
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2.5.1.4 Metal-free modification and coupling 

To maintain the metal-free nature, metal free compounds were employed for 

modification of g-C3N4. Zhang et al.[202] described non-covalent modification of g-

C3N4 with graphene and suggested that with the π – π stacking interaction, the band 

structure of g-C3N4 can be modulated for enhanced photoelectrochemical properties. 

Graphene oxide (GO) modified g-C3N4 was prepared by a sonochemical approach.[203] 

GO was found to be of 2D sheet structure with chiffon-like ripples, which can form 

layer-layer structure with 2D g-C3N4. GO can act as a separation centre and electron 

acceptor and thus photodegradation of Rh B and 2,4-DCP under visible light irradiation 

was 3.8 and 2.08 times higher than pristine g-C3N4, respectively. Ge and Han [204] 

prepared MWCNT/g-C3N4 composites as efficient visible light photocatalysts for 

hydrogen evolution from water. At the optimal modification level of 2.0 wt%, the 

composite photocatalyst showed 3.7 folds higher hydrogen evolution from methanol 

solutions than pristine g-C3N4. 

 

Grafting functional groups onto g-C3N4 can be obtained by copolymerization with 

organic compounds having amino cyano moieties. Zhang et al. [205] employed various 

monomer building blocks with desired compositions and electronic structures 

modification of g-C3N4. Enhanced photocatalysis was claimed on the modified 

photocatalyst. Chu et al.[206] reported a simple bottom-up approach to prepare g-C3N4 

with desired band structure by incorporating electron-deficient pyromellitic 

dianhydride (PMDA) monomer. The modified g-C3N4 has a lowered VB ensuring a 

stronger photo-oxidation ability in degradation of MO. Moreover, the formation 

processes of reactive radicals were tuned by photoinduced holes other than electrons 

due to the band gap engineering. Some other metal-free compounds, such as 

polyacylonitrile (g-PAN)[207] and melem [208] were also employed to modify g-C3N4. 

 

2.5.3 Carbonaceous, boron-based and elemental photocatalysts 

Zhang et al.[209] reported the synthesis GO and rGO pillared by carbon nanotubes by 

a CVD method with acetonitrile as the carbon source. They observed that the CNT-

rGO composite showed excellent photocatalytic performances in degradation of Rh B 

owing to the porous structure and the improved electronic properties. GO was employed 
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as a novel photocatalyst for photocatalytic CO2 conversion to methanol by Hsu et 

al.[210] It was reported that carbon quantum dots (CQDs) can function as an efficient 

photocatalyst responsive to near infrared (NIR) light for selective oxidation 

reactions[211].  

 

Liu et al. [212] demonstrated that inexpensive boron carbides (B4.3C and B13C2) can be 

functioned as visible light photocatalysts for H2 production and the rate was about two 

orders of magnitude larger than that of g-C3N4. More recently, synthesis of a ternary 

semiconductor, boron nitride was developed and the photocatalyst showed excellent 

performances in hydrogen or oxygen evolution from water and CO2 reduction 

reactions[213]. 

 

In addition to conventional photocatalysts, several novel, elemental photocatalysts have 

been reported [214]. For example, α-sulfur [215], red phosphorus [216], and β-

rhombohedral boron [217] were all proven to be effective photocatalysts. 

 

2.6 Conclusions and perspectives 
Photocatalysis has been extensively investigated for over four decades, and 

demonstrated a wide variety of applications, such as water splitting for hydrogen 

evolution, CO2 conversion for hydrocarbon fuels, oxidation of aqueous and gaseous 

pollutants, reduction of heavy metals, building materials, and chemical synthesis. The 

mechanism and application implications have been well elucidated. The barrier of 

photocatalysis is the development of photocatalyst materials. 

 

TiO2 and ZnO as wide band gap semiconductors have been widely employed as 

photocatalysts. The wide band gap energy ensures high redox potentials, which are 

necessary for facilitating photocatalytic reactions. But their wide band gaps can only be 

activated by UV, so in solar energy utilization the overall efficiency is very low. For 

extending the light absorbance, surface modification, doping, dye-sensitization, and 

semiconductor coupling have been used. On the other hand, many other metal oxides, 

or bimetallic oxides, and metal sulfides and nitrides were also explored for enhanced 

photocatalysis and visible light response. It is very common that multiple modifications 
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are used for modulation of the physicochemical properties of the photocatalyst 

materials. 

 

The scarcity and metal toxicity of metal-based photocatalysts were raised as major 

concerns. Metal-free, polymeric graphitic carbon nitride (g-C3N4) was demonstrated as 

an efficient visible light photocatalyst for hydrogen evolution. It is generally prepared 

by a condensation approach which leads to a very low BET surface area, not higher 

than 10.0 m2/g. The polymeric nature indicates a low mobility of charges leading to a 

low photocatalytic activity. Also the band structure of high VB minimum and high CB 

maximum of g-C3N4 determines that it has a high reduction ability but a low 

photooxidation activity. Therefore, various methods have been applied to modify g-

C3N4 photocatalysts, such as creation of porosity, semiconductor coupling, 

carbonaceous materials coupling, metal-doping, non-metal doping, monomer 

modification, and sensitization. With the modifications, porosity, morphology, surface 

functional groups, and band structure can be modulated for enhanced photocatalytic 

activity and extended applications, i.e. from photoreduction to photooxidation. 

 

Some emerging photocatalysts, such as boron nitride, boron carbide, and elemental 

photocatalysts (sulfur, boron and phosphorus) were also developed as novel 

photocatalyst materials.  

 

So far photocatalysis is still restricted to fundamental research only, as the efficiency 

of the photocatalyst is not satisfactory. In future studies, based on the development of 

photocatalyst materials, several strategies can be applied as follows. 

 

(i) Basal photocatalyst for modification should be cheap, non-toxic and abundant on 

the Earth. Photocatalyst development sometimes has gone too far beyond reality with 

employment of very expensive rare earth elements or highly toxic metals. This kind of 

research is highly likely confined at lab-scale even if a superior solar energy utilization 

efficiency is succeeded. 

 

(ii) Multiple modification techniques offering both thermodynamic and kinetic controls. 

The photocatalysis involves photon absorption, charge formation, charge separation 
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and recombination, surface reactions for radical generation, and photocatalytic 

reactions. The final photocatalytic efficiency is literally controlled by each step, 

therefore multiple modifications, including changing composition, tailoring shape, and 

modulating surface feature, should be incorporated. 

 

(iii) Integrated studies employing both experimental and theoretical investigations. 

Photocatalyst design is very complicated. For example, for a simple element doping, 

the experiments can involve the kind, the level and the species of the dopant. In ISI 

database (on 23/01/2016), when “TiO2 and photocata* and nitrogen and dop*” is used 

in “TOPIC”, 2,561 results were obtained. Experimental studies will never be able to 

screen all the possible solutions. Therefore, theoretical studies, including molecular 

simulations and reaction kinetics should be used for the design of photocatalyst 

materials. 
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3 
 

Chapter 3: Synthesis of graphitic carbon nitride for 
degradation of methylene blue and sulfachloropyridazine 

solutions 
 

Abstract 
As a promising metal-free photocatalyst, graphitic carbon nitride (g-C3N4) has been 

widely studied. In this chapter, a series of g-C3N4 samples were synthesized by a 

thermal condensation method using different precursors such as melamine, urea, 

thiourea and D-glucose. These prepared g-C3N4 were investigated as photocatalysts and 

compared in degradation of methylene blue (MB) and sulfachloropyridazine (SCP) 

solutions under visible-light. This study demonstrated that the g-C3N4 prepared by 

melamine (heated at 550 ℃, 2 h) was the most stable and effective photocatalyst in 

degradation of 10 ppm MB solution. It also showed the highest efficiency in 

degradation in 20 ppm SCP solutions.  This work indicated that the easily obtained g-

C3N4 from the precursor of melamine is the most effective for degradation of organic 

pollutants. 
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3.1 Introduction 
In recent years, graphitic carbon nitride (g-C3N4) has attracted much more attention in 

photocatalyts for many applications, such as water splitting [1], CO2 reduction [2], 

decomposition of organic pollutants [3], organic synthesis [4] and bacterial disinfection 

[5]. At present, g-C3N4 has been considered as one of the most promising metal-free 

photocatalysts due to its unique merits, for example, low cost, earth abundance and 

stability and non-toxicity [6, 7] which lead to versatile applications in fields of energy 

conversion and environmental remediation. 

A variety of attempts have been carried out in order to obtain g-C3N4 with a high  

thermal stability and photocatalytic activity, such as top-down strategy, template 

approach, supramolecular preorganization and solvothermal method.[7] Using different 

synthesis method or different precursors might be able to control the properties of g-

C3N4. It was reported that several precursors have been employed, including melamine, 

urea, thiourea, cyanamide and dicyandiamide.[6, 8-11]  

Melamine, urea, thiourea and their mixtures, as the non-toxic and low-cost nitrogen-

rich precursors, can be used to simply synthesise pristine g-C3N4 via the thermal 

condensation method [6].Therefore, this study aims to investigate the effect of these 

cost-efficient precursors on the photocatalytic activity of g-C3N4 prepared.  

3.2 Experimental section 
3.2.1 Chemicals and materials 

Melamine (99%), thiourea (99%) and urea (99%) were received from Sigma-Aldrich. 

D-glucose (99.5%) was obtained from Sigma. And ethanol (99.9%) was purchased 

from Chem Supply. Methylene blue (MB, 99%) and sulfachloropyridazine (SCP, 99%) 

were obtained from Sigma. All the chemicals were used directly without any further 

purification. 

3.2.2 Synthesis of photocatalysts 

3.2.2.1 Synthesis of graphitic carbon nitride (g-C3N4) 

All the graphitic carbon nitrides (g-C3N4) samples were synthesized by a thermal 

condensation method. The first group of g-C3N4 was prepared via pure melamine. In 

this method, 5 g melamine was put into a 30 mL crucible with a cover and then the 
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crucible was transferred into a muffle furnace to heat in the static air at 550 ℃ for 2 h. 

The heating rate was 10 ℃/min. After that, the muffle furnace was naturally cooled 

down to room temperature. The g-C3N4 sample was then obtained and labelled as g-

C3N4 (P).  

The second sample was synthesized via the similar route with introducing ethanol as a 

solvent. Firstly, 5 g melamine was dissolved into 50 mL ethanol, and then the solution 

was kept magnetically stirring on a hotplate at 60 ℃ with 400 rpm for 6 h until the 

solution became pasty. Then, the pasty mixture was dried in an oven at 60 ℃ over 12 

h. After that the dried material was grinded into powders and then heated at a muffle 

furnace at 550 ℃ for 2 h. The sample received was labelled as g-C3N4 (M). 

The rest six g-C3N4 samples were synthesized by a modified way as that involving 

ethanol. But these g-C3N4 samples were synthesized by the different ratio of precursors, 

including melamine, urea, thiourea and D-glucose. Specifically, three samples were 

prepared by 4 g melamine and 1 g urea (g-C3N4 (4 g M + 1 g U)), 4 g melamine and 1 

g thiourea (g-C3N4 (4 g M + 1 g T)), 4 g melamine and 1 g D-glucose (g-C3N4 (4 g M 

+ 1 g D)), respectively. And another three samples were synthesized by 4 g melamine, 

0.5 g urea and 0.5 g thiourea (g-C3N4 (4 g M + 0.5 g U + 0.5 g T)), 4 g melamine, 0.5 

g urea and 0.5 g D-glucose (g-C3N4 (4 g M + 0.5 g U + 0.5 g D)), 4 g melamine, 0.5 g 

thiourea and 0.5 g D-glucose (g-C3N4 (4 g M + 0.5 g T + 0.5 g D)), respectively. 

3.2.3 Characterization of materials 

Powder X-ray diffraction (XRD) was employed to analyze all the crystalline structures 

of g-C3N4 samples. The XRD was carried out on a Bruker D8 Advance X-ray 

instrument using Cu Kα radiation with λ at 1.5418 Å with the 2 theta range of 5 to 70 ℃. 

A Micromeritics Tristar 3000 apparatus was used to measure the Brunauer-Emmett-

Teller (BET) surface area and pore size under the circumstance of liquid nitrogen 

temperature. Thermogravimetric-differential thermal analysis (TG-DTA) was 

performed in an air flow. The heating rate was kept at 10 ℃/min and α-Al2O3 was the 

reference material. 
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3.2.4 Photocatalyst activity tests 

3.2.4.1 Photodegradation of MB solutions 

The photocatalytic activity of these g-C3N4 samples was tested in an aqueous methylene 

blue solution under UV-visible light irradiations. A 300 W Newport Oriel Universal 

Xenon arc lamp performed as the light source. Specifically, 100 mg photocatalyst was 

added into 200 mL, 10 ppm methylene blue solution. A double-jacket cylindrical 

reactor and a water bath were used to control the reaction temperature at 25 ℃. A 

magnetically stirrer was used to ensure the photocatalyst to disperse homogeneously 

into the MB solution during the whole process of reaction. Firstly, the reaction system 

was kept in dark for 30 min to achieve adsorption-desorption equilibrium, then the first 

4 mL sample solution was taken into a centrifuge tube by a syringe. Afterwards, each 

4 mL sample solution was taken at each time interval under the light source. The whole 

reaction process ran in 180 min. At last, the centrifuged sample solutions were analyzed 

by an UV-visible spectrophotometer (λ = 664 nm). 

3.2.4.2 Photodegradation of SCP solutions 

The activity of these samples was then studied in degradation of aqueous SCP solutions, 

similar to the degradation of MB solutions. In details, 100 mg photocatalyst was put 

into 200 mL of 20 ppm SCP solution. After adsorption in dark for 30 min, the light 

irradiation was turned on. At each time interval, 4 mL sample solution was taken with 

a syringe and then 1 mL sample solution was filtered through a 0.45µm Nylon film into 

an utra-fast high performance liquid chromatography (UHPLC) vial. The whole 

reaction process ran in 240 min. The concentration of sample solution was analyzed by 

the UHPLC, with an UV detector set at λ = 270 nm. 

3.3 Results and discussion 
3.3.1 Characterization of samples 

3.3.1.1 XRD studies 

Fig. 3.1 shows XRD patterns of the samples. In the sample that was obtained from 

directly heated melamine (g-C3N4 (P)), a sharp peak was observed at 27.4 ℃ and 

another peak was found at 13.0 ℃, suggesting a typical graphitic structure [12]. While 

for the rest of samples, only one obvious peak was observed at 27.4 ℃. This indicates 
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that different precursors or different pre-treatment parameters might affect the crystal 

phase. Solvent (ethanol) treatment appeared to significantly change the condensation 

procedure and led to a less crystalline structure. 
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Fig. 3.1 XRD patterns of g-C3N4 samples. 

3.3.1.2 Thermal analysis 

Fig. 3.2 displays the thermal investigation of the samples. As shown in Fig. 3.2A, the 

two samples prepared using melamine as the precursor have the highest thermal 

stability in static air, and a quick weight loss occurred between 600 ℃ and 680 ℃. 

While the sample obtained from melamine and urea was stable up to 500 ℃, which has 

the lowest stability among all of these samples. The TGA curves of the rest five samples 

are similar which can endure the temperature around 550 ℃. This indicates that the 

preparation temperature determines the thermal stability of graphitic carbon nitrides to 

great degrees [13]. Fig. 3.2B depicts the exothermic peak of g-C3N4(P) is 659 ℃, while 

the  sample g-C3N4 (4 g M + 0.5 g D + 0.5 g T) has the lowest thermal stability at 561 ℃.  
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Fig 3.2 A TGA profiles of g-C3N4 samples. 
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Fig. 3.2 B DSC profiles of g-C3N4 samples. 
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3.3.1.3 Nitrogen isotherms 

Table 3.1 Specific surface areas (SSA) of g-C3N4 

                            Catalyst                                                 SSA (m2/g) 

                           g-C3N4-P                                                     13 

                         g-C3N4(5 g M)                                              15 

                      g-C3N4(4 g M+1 g U)                                      13 

                      g-C3N4(4 g M+1 g D)                                      24 

                      g-C3N4(4 g M+1 g T)                                       10 

               g-C3N4(4 g M+0.5 g U+0.5 g D)                            28  

               g-C3N4(4 g M+05 g U+0.5 g T)                             2.6 

               g-C3N4(4 g M+0.5 g D+0.5 g T)                            9.8 

 

Table 3.1 and Fig. 3.3 illustrate the specific surface areas and nitrogen sorption 

isotherms, pore size distributions of these graphitic carbon nitride samples. From Table 

3.1, it can be seen that g-C3N4 (4 g M+0.5 g U+0.5 g D) has the largest SSA while the 

sample g-C3N4 (4 g M+0.5 g U+0.5 g T) has the smallest SSA. Comparing the g-C3N4-

P and g-C3N4 (5 g M), no obvious difference of SSA was observed in Table 3.1, 

however, the pore size of g-C3N4 (5 g M) is bigger than g-C3N4-P. 
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Fig. 3.3 Nitrogen sorption isotherms and pore size distributions. 
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3.3.2 Photodegradation tests 

3.3.2.1 Photodegradation of MB solutions 

Fig. 3.4 illustrates the photocatalytic activity of the samples for MB degradation under UV-vis 

light irradiations. It can be seen that g-C3N4 (M) has the highest activity, 45% of MB was 

degraded in 180 min. And the pristine g-C3N4 (P) held the second position which degraded 40% 

of MB within 180 min. In the meantime, around 25 to 30% of MB was degraded by the rest of 

samples. The results indicated that the g-C3N4 prepared by the precursor of melamine 

demonstrated a higher activity than the g-C3N4 obtained from the mixed precursors. 
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Fig. 3.4 Photodegradation of MB solution [catalyst: 0.5 g/L, MB initial concentration: 

10 ppm] 

3.3.2.2 Photodegradation of SCP solutions 

In order to further evaluate photocatalytic activity of these samples, photodegradation 

of SCP was employed under the similar reaction system with test of MB. Fig. 3.5 shows 

that the sample (g-C3N4 (M)) prepared by the precursor of melamine with ethanol still 

has the highest activity than others. g-C3N4 ( 4 g M + 1g D) showed a similar 
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performance for SCP degradation. It was seen that the orders of the samples were not 

exactly the same as those for MB photodegradation, indicating different degradation 

mechanism in degradation of different organic pollutants. 
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Fig 3.5 Photodegradation of SCP solution [catalyst: 0.5 g/L, SCP initial 

concentration: 20 ppm] 

3.4 Conclusions 
In summary, a series of metal-free graphitic carbon nitride photocatalysts were 

synthesized via a thermal condensation method using different precursors. The 

photocatalytic performances of these samples were investigated in photodegradation of 

both MB and SCP solutions. This study indicated that graphitic carbon nitride obtained 

from the precursor of melamine with ethanol as a solvent presents the highest 

photocatalytic performance than other samples. This study presents a feasible method 

to prepare graphitic carbon nitride and demonstrates the effect of the precursors on 

photocatalytic performance. 
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4 
 

Chapter 4: Solvothermal synthesis of hybrids of graphitic 
carbon nitride and nanodiamonds for photocatalysis and 

photoelectrochemical applications 
 

 

Abstract 
Graphitic carbon nitride (g-C3N4) has been considered as a feasible, cost-effective and 

eco-friendly metal-free photocatalyst for various applications. However, its 

photocatalytic efficiency is still low. Great efforts have been made to improve the 

activity of g-C3N4 in recent years. Herein, a series of hybrids of g-C3N4 (GCN) and 

nanodiamonds (NDs) were synthesized using a solvothermal method. The 

photocatalytic activity of the GCN/NDs was investigated in photodegradation of 

methylene blue (MB) solutions. Photocurrent density under UV-visible light 

irradiations was also measured to demonstrate the potential application in the field of 

photoelectrochemistry. In this study, 0.1 g GCN/0.05 g NDs displayed the best 

photocatalytic activity and the strongest photocurrent density.  
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4.1 Introduction 

In modern society, the increasing water pollution that caused by rapid industrialization 

and expanding civilization has attracted worldwide concerns[1]. A variety of methods 

and technologies have been made to cope with water treatment. In the meantime, 

photocatalysis, as a green technology, has demonstrated a great potential in removal of 

organic pollutants from contaminated water because it is cost-effective, clean and 

sustainable [2-4]. The application of metal-based photocatalysts has resulted in 

secondary contamination from metal leaching into water [5]. More recently, the 

breakthrough of development in metal-free photocatalysts has shown a capability to 

overcome this drawback [6]. 

Graphitic carbon nitride, as a green, metal-free photocatalyst, has been widely 

employed for hydrogen production, CO2 reduction and removal of organic pollutants 

owing to its unique structure and physicochemical properties [4, 7-9]. However, the 

photocatalytic efficiency of g-C3N4 still remains at a low level because of the low 

specific surface area (SSA) (usually below 10 m2 g-1), high recombination rate, slow 

charge mobility and relatively short absorption range [10, 11]. Currently, great efforts 

have been made to enhance g-C3N4 photocatalytic activity, while coupling with other 

nanocarbons attracts more attention because the metal-free nature is still remained [2]. 

In recent years, nanodiamonds (NDs), as a non-toxic carbonaceous material, have 

attracted more scientific interests because they have large surface areas, unique optical 

and chemical properties.[12] As a result, NDs have been applied for fabrication of 

hybrids in composite materials, for example, nanodiamonds-TiO2 [13-15] and 

nanodiamonds-graphene oxide.[16] Jang et al. also reported that the composite of 

nanodiamonds-rGO had high and stable photoelectrochemical activity under visible 

light.[17] 

In this study, a series of novel hybrid photocatalysts, nanodiamonds-g-C3N4, were 

synthesized via a solvothermal route. The photocatalytic efficiency of the hybrids was 

investigated in photodegradation of aqueous methylene blue (MB) solutions under UV-

vis light irradiations. And the photoelectrochemical activity was evaluated in an 

electrochemical cell under irradiations. 
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4.2 Experimental section 
4.2.1 Materials and chemicals 

Nanodiamonds (particle size below 10 nm) and melamine (99.9%) were purchased 

from Sigma-Aldrich. Methylene blue (99.9%) and N, N-dimethylformamide (DMF) 

were obtained from Sigma. Ethanol (99.9%) was received from Chem Supply.  All the 

chemicals and materials were used as received without any further purification. 

4.2.2 Synthesis of catalysts 

4.2.2.1 Synthesis of graphitic carbon nitride 

Graphitic carbon nitride was prepared by using the precursor of melamine via a thermal 

condensation method. In details, 5 g melamine was put into a crucible with a loose 

cover and then heated at 550 ℃ for 2 h in a muffle furnace with a heating rate of 

10 ℃/min. When the temperature cooled down to room temperature, the solid pristine 

g-C3N4 was obtained and then grinded into powder for further use.  

4.2.2.2 Synthesis of g-C3N4/NDs 

0.1 g g-C3N4 and 0.05 g NDs were put into 80 mL N, N-dimethylformamide (DMF). 

The mixed solution was kept magnetically stirring for 30 min and then underwent 

ultrasonication for 30 min to ensure that g-C3N4 and NDs were dispersed 

homogeneously into DMF solution. After that, the mixture was transferred into a 

stainless steel autoclave and heated in an oven at 150 ℃ for 24 h. When the autoclave 

was cooled down to room temperature, the mixture was separated by a centrifuge at 

7500 rpm for 20 min. Then the solid was washed with ethanol and pure water each for 

twice. After washed thoroughly, the hybrid photocatalyst was dried in an oven at 60 ℃ 

for over 24 h. The 0.1 g g-C3N4/0.05 g NDs was obtained.  

In a same way, 0.1 g g-C3N4-DMF and the composites of 0.1 g g-C3N4/0.01 g NDs, 0.1 

g g-C3N4/0.075 g NDs and 0.1 g g-C3N4/0.1 g NDs were also prepared. 

4.2.3 Characterization of materials 

Powder X-ray diffraction (XRD) was used to analyze the crystalline structure of g-

C3N4/NDs on a Germany Bruker D8-X-ray diffractometer with Cu Kα radiation (λ = 

1.5418 Å). The XRD results were obtained from 2 theta range of 10 to 70o. A 
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Micromeritics 3000 was employed to evaluate the specific surface area (SSA) and pore 

size distribution of the g-C3N4/NDs samples by liquid nitrogen sorption at -196 oC. The 

thermal analysis of these photocatalysts was performed on a Mettler-Toledo-Star 

equipment under air flow with a heating rate of 10 ℃/min. The morphology of the g-

C3N4/NDs was investigated by a scanning electron microscopy (SEM). A JASCO V670 

UV-vis spectrophotometer was used to record the UV-visible diffuse spectra of these 

samples, and BaSO4 was used as the reference material. A Varian Eclipse spectrometer 

instrument (wavelength = 300 nm) was employed to obtain the photoluminescence (PL) 

spectra. 

4.2.4 Photocatalysis and photoelectrochemical performances 

4.2.4.1 Photodegradation of MB solutions 

The photodegradation efficiency of g-C3N4/NDs was tested in degradation of 

methylene blue (MB) solutions under UV-vis light irradiations. 10 mg photocatalyst 

was put into 200 mL of 10 ppm MB solution under a 300 W Newport Oriel Universal 

Xenon arc lamp light irradiations. Detailed procedure can be referred to Chapter 3. 

4.2.4.2 Photoelectrochemical activity test 

Firstly, 8 mg g-C3N4/NDs powders were mixed with 50 µL Nafion and 500 µL ethanol 

in a vial. Then the vial was ultrasonicated for 20 min to enable the samples to be 

dispersed thoroughly. After that, the mixed paste was smeared on a 1 cm2 square FTO 

glass and then the smeared glass was dried for a few minutes in air. The dried glass was 

used as the working electrode. The photoelectrochemical activity of the g-C3N4/NDs 

was investigated on an electrochemical workstation (Zahner Zennium) and 0 V voltage 

was applied. A solar simulator (TriSOL, OAI) provided the light irradiations and a 

three-electrode photoelectrochemical cell system was employed, including a counter 

electrode (a platinum wire), a reference electrode (Ag/AgCl) and a working electrode 

(the prepared smeared FTO glasses). Na2SO4 solution (0.2 mol/L) was used as the 

electrolyte. The light irradiation was switched on and off in each 20 sec respectively 

during the measurements. 
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4.3 Results and discussion 
4.3.1 Characterization of samples 

4.3.1.1 XRD results 
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Fig. 4.1 XRD patterns of g-C3N4 and g-C3N4/NDs. 

 

The XRD patterns of pristine g-C3N4 and hybrid photocatalysts are shown in Fig. 4.1. 

On pristine g-C3N4, two peaks were found at 13  and 27.4o, which is accordance with 

the crystalline structures of g-C3N4 [18]. After solvothermal treatment with DMF, the 

crystalline structure appeared to be damaged at a moderate scale. Only one peak was 

found at around 29o with a much lower density. It was also seen that with the increased 

amount of nanodiamonds, the intensity of graphitic phase declined. 

4.3.1.2 Thermal analysis 

Fig. 4.2 illustrates the TGA profiles of samples. It can be seen all these samples 

occurred a quick weight loss from 530 to 670 ℃. The significant or complete weight 

loss was due to the collapse of the graphitic structure and the decomposition of the 
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carbon nitride with oxygen into gases. The introduction of DMF (g-C3N4-DMF) 

produced porous structure and some amorphous phase in graphitic carbon nitride, and 

the newly formed features decreased the thermal stability of g-C3N4. It can be seen that 

the weight loss on g-C3N4-DMF started at around 250 oC. Further introduction of 

nanodiamonds to form a hybrid initiated earlier decomposition or oxidation of carbon 

nitride. Similar to weight loss of process, such effects from DMF and nanodiamonds 

were observed in the changes of exothermic peaks (all around at 660 ℃) between 

pristine g-C3N4 and the composites of g-C3N4/NDs. 
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Fig 4.2 TGA (a) and DSC (b) profiles of g-C3N4, g-C3N4-DMF and g-C3N4/NDs. 

 

4.3.1.3 Nitrogen isotherms 

Table 4.1 Specific surface area (SSA) of g-C3N4-P, g-C3N4-DMF and g-C3N4/NDs. 

                            Catalyst                                                 SSA (m2/g) 

                            g-C3N4-P                                                      13      

                           g-C3N4-DMF                                                 19                       

                    0.1 g g-C3N4/0.05 g NDs                                     90 

The specific surface areas of g-C3N4, g-C3N4-DMF and 0.1 g g-C3N4/0.05 g NDs are 

listed in Table 4.1. As expected, the SSA of composite 0.1 g g-C3N4/0.05 g NDs was 

much larger than pristine g-C3N4, meanwhile, a slight SSA increase was observed after 
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solvothermal process between pristine g-C3N4 and g-C3N4-DMF. It was found the 

composites containing more NDs have larger SSAs. The reason is NDs have a larger 

SSA which can increase the SSA of composites. For GCN/NDs composites, some 

significant increases in nitrogen sorption, were observed as comparison to pristine g-

C3N4 from Figs. 4.4 (a) and (b). In Fig. 4 (c), the mesopores were found at around 11.2 

nm on all the composites GCN/NDs while 2.2 and 2.5 nm were observed on pristine g-

C3N4 and g-C3N4-DMF, respectively. Compared pore size distribution of g-C3N4 and 

g-C3N4-DMF, we also found the mesopores on g-C3N4-DMF increased than pristine g-

C3N4, in the meantime the pore size on g-C3N4-DMF were smaller than that of pristine 

g-C3N4. This justified the solvothermal process in DMF could affect the pore size of 

materials. 
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Fig. 4.4 (a) and (b) nitrogen sorption distribution of g-C3N4, g-C3N4-DMF and g-

C3N4/NDs, and  (c) pore size distribution of g-C3N4, g-C3N4-DMF and g-C3N4/NDs. 
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4.3.1.4 SEM images 

 

 (a)  

 

(b) 
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(c) 

Fig. 4.5 SEM images of (a) g-C3N4, (b) g-C3N4-DMF and (c) 0.1 g g-C3N4/0.05 g 

NDs 

The morphology of pristine g-C3N4, g-C3N4-DMF and 0.1 g g-C3N4/0.05 g NDs were 

investigated by SEM imaging. As shown in Fig. 4.5, pristine g-C3N4 prepared by 

direction condensation of melamine has a bulk structure and a large particle size. After 

solvothermal treatment with DMF, the edges become smooth and porous structure was 

created. The introduction of NDs did not change the morphology much and the 

difference between g-C3N4-P and 0.1 g g-C3N4/0.05 g NDs was similar to that of g-

C3N4-DMF. 

4.3.1.5 UV-vis DRS spectra 

The UV-vis DRS spectra of g-C3N4, g-C3N4-DMF and 0.1 g g-C3N4/0.05 g NDs are 

illustrated in Fig. 4.6. The light absorption edge of pristine GCN was at about 470 nm, 

therefore, the band gap energy is around 2.64 eV, which is close to the reported value 

of 2.7 eV.[18] The absorption edge of g-C3N4-DMF showed a slight red-shift to 478 

nm, corresponding to a band gap energy of 2.59 eV.  The red-shift can be from the 

structural changes or the newly produced amorphous phase. Once NDs were introduced 
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to the sample, interestingly, blue shift was observed, due to the electrical structure of 

NDs. All band gap energies of these samples were below 3.1 eV, which indicated they 

have the ability to respond to visible light. 
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Fig. 4.6 UV-vis diffuse reflectance spectra of g-C3N4, g-C3N4-DMF and 0.1 g g-

C3N4/0.05 g NDs. 

4.3.1.6 Photoluminescence spectra (PL)  

The PL spectra of pristine g-C3N4, g-C3N4-DMF and 0.1 g g-C3N4/0.05 g NDs are 

shown in Fig. 4.7. All the emission peaks of these three samples are at about 450 nm. 

However, 0.1 g g-C3N4/0.05g NDs showed the lowest emission intensity than the other 

two samples which could justify that it had the better separation rate of photoinduced 

charges.[2, 19] 
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Fig. 4.7 Photoluminescence spectra of g-C3N4, g-C3N4-DMF and 0.1 g g-C3N4/0.05 g 

NDs. 

4.3.2 Photocatalysis and photoelectrochemical performances 

4.3.2.1 Photodegradation of MB solutions 
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Fig. 4.8 Photodegradation of MB solutions (catalyst: 0.05 g/L, MB initial concentration: 

20 ppm) 
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Fig. 4.8 displays the photocatalytic performance of these samples in MB solutions 

under UV-visible light irradiations. It was observed the composite 0.1 g g-C3N4/0.05 g 

NDs had the highest absorption rate in dark and the best photodegradation rate under 

visible light. In details, only about 25% of MB was degraded by pristine g-C3N4 within 

in 180 min, while more than 45% of MB was removed during the same reaction 

circumstance though the photocatalyst concentration was applied at a very low level 

(0.05 g/L). In sum, the hybrid photocatalyst can provide better performances for 

degradation of organic pollutants. But the content of NDs should be controlled, 

otherwise a higher level of NDs would result in a lower degradation than pristine g-

C3N4 and g-C3N4-DMF. 

4.3.2.2 Photoelectrochemical activity  

Fig. 4.9 shows the transient photocurrent densities of g-C3N4, g-C3N4-DMF and 0.1 g 

g-C3N4/0.05g NDs which were response to the circle of light and dark. Similar to 

photocatalytic performance in MB solution, the hybrid of 0.1 g g-C3N4/0.05g NDs 

demonstrated the highest electron-transfer efficiency. The biggest gap of photocurrent 

densities were observed on 0.1 g g-C3N4/0.05g NDs between the circle of light off and 

on, which indicated it had the highest photoelectrochemical activity. 
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Fig. 4.9 Transient photocurrent densities of samples at 0 voltage. 
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4.4 Conclusions 
In summary, the metal-free GCN/NDs photocatalysts were successfully synthesized 

using pure NDs and pristine g-C3N4 (obtained from thermal condensation of melamine) 

as the precursors via a solvothermal treatment process. The combination of NDs and g-

C3N4 exhibited the higher efficiency in MB photodegradation, and a higher 

photoelectrochemical activity than g-C3N4. This study not only proposes a feasible 

strategy to develop a metal-free photocatalyst but also achieves an attempt of 

photoelectrochemical application based on g-C3N4. 
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5 

 
Chapter 5: Hybrid photocatalysts of graphitic carbon 
nitride and single-walled carbon nanotubes and their 

photoelectrochemical performances 

 

Abstract 
In this chapter, a series of hybrid photocatalysts derived from graphitic carbon nitride 

(g-C3N4) and single-walled carbon nanotubes (SWCNTs) were prepared for 

photocatalysis and photoelectrochemical applications. A variety of characterizations 

were applied, including X-ray diffraction (XRD), UV-vis diffusion, photoluminescence 

(PL), scanning electron microscopy (SEM), thermogravimetric analysis/differential 

temperature gradient (TGA/DTG) and nitrogen sorption isotherms. The photocatalytic 

efficiencies of the composites were evaluated in photodegradation of methylene blue 

(MB) solutions. Moreover, photoelectrochemical applications of these samples were 

investigated in a classic three-electrode cell by an electrochemical workstation (Zahner 

Zennium). It was found that the introduction of single-walled carbon nanotubes can 

significantly modulate the physicochemical properties of g-C3N4 photocatalysts. 
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5.1 Introduction 
At present, environmental deterioration, such as water pollution and air pollution, is 

threatening the health of human beings[1].  Photocatalysis, an effective technology that 

can simultaneously addresses environmental and energy issues, has attracted 

considerable attention [2]. In recent years, some metal-free catalysts were widely used 

which demonstrated the high catalytic activity [3-4]. Graphitic carbon nitride (g-C3N4), 

as a typical metal-free photocatalyst, has been seriously considered by researchers due 

to its excellent properties and perspective applications [5-8]. In order to enhance the 

photocatalytic activity of g-C3N4, many strategies have been applied. Among these 

strategies, synthesis of hybrid photocatalyst of g-C3N4 and nanocarbons was reported 

[9]. 

Among the materials of nanocarbons, carbon nanotubes (CNTs) including multi-walled 

carbon nanotubes (MWCNTs) and single-walled nanotubes (SWCNTs), appear to 

attract more researchers’ interests on development of photocatalysis. The composites 

of photocatalysts based on CNTs can improve the efficiencies in removing organic 

pollutants from contaminated water, such as dye and phenolics [10-13], and have been 

reported. As for SWCNTs, most publications focused on the synthesis of photocatalysts 

of the hybrids of titanium dioxide and SWCNTs [14-17]. Recently, our group found 

that SWCNTs could be used to promote catalytic oxidation in advanced oxidation 

processes[18].  

In Chapter 4, g-C3N4/Nanodiamonds composites were chosen to improve the 

photocatalytic efficiency of pristine g-C3N4. In this chapter, SWCNTs were employed 

to improve the catalytic activity of graphitic carbon nitride because SWCNTs possess 

many excellent physical properties and chemical characteristics, such as large specific 

surface areas, single dimensional structure, flexible electronic property and high 

thermal stability [19-21]. A various samples with ratios of combination between g-C3N4 

and SWCNTs were prepared via a solvothermal method. In photodegradation of 

methylene blue (MB) solutions, 0.1 g g-C3N4/0.05 g SWCNTs demonstrated the highest 

catalytic activity which was similar to g-C3N4/nanodiamonds described in Chapter 4. 
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5.2 Experimental section 
5.2.1 Materials and chemicals 

SWCNTs were purchased from Timesnano, Chengdu, China. Methylene blue (99.9%) 

and N, N-dimethylformamide (DMF) were received from Sigma. Melamine (99.0%) 

were obtained from Sigma-Aldrich, Na2SO4 (99.0%) and Nafion were purchased from 

Sigma-Aldrich as well. Ethanol (99.9%) were provided by Chem Supply. All the 

materials and chemicals were used as received. 

5.2.2 Synthesis of catalysts 

5.2.2.1 Synthesis of g-C3N4 

We used the same pristine g-C3N4 (GCN) as described in Chapter 4. The details of 

preparation of g-C3N4 was illustrated in Chapter 4 (refer to 4.2.2.1 Synthesis of 

graphitic carbon nitride).  

5.2.2.2 Synthesis of g-C3N4/SWCNTs 

A solvothermal route was used to prepare the composites of g-C3N4/SWCNTs. In 

details, 0.1 g g-C3N4 and 0.05 g SWCNTs were transferred into a beaker, then mixed 

with 80 mL N, N-dimethylformamide (DMF) solution. The mixed solution was stirred 

for over than 30 min on a hot plate. After that, the mixture solution was sonicated for 

30 min. Then, the mixed solution was poured into a Teflon-lined stainless steel 

autoclave. The autoclave was heated in an oven at 150 ℃ for 24 h. When the autoclave 

was cooled down to room temperature, the solid was obtained by centrifugation. Then 

it was washed by ethanol and pure water for each 3 times. The cleaned solid was put 

into an oven at 60 ℃ over 24 h. The dried solid was grinded into the fine powder which 

was referred to 0.1g g-C3N4/0.05 g SWCNTs. 

Using the same method, the composites of g-C3N4-DMF, 0.1g g-C3N4/0.01 g SWCNTs, 

0.1g g-C3N4/0.075 g SWCNTs and 0.1 g g-C3N4/0.1g SWCNTs were also synthesized. 

5.2.3 Characterization of materials 

The crystalline structures of these composites were investigated with X-ray diffraction 

(XRD) patterns. XRD was performed on a Bruker D8 diffractometer (Bruker-AXS, 

Karlsruhe, Germany) with Cu Kα radiation (λ = 1.5418 Å). The specific surface areas 
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(SSA) and pore size distribution of these prepared samples were analyzed by liquid 

nitrogen sorption. Thermal stability of these composites was evaluated by 

thermogravimetric-differential thermal analysis (TG-DTA) under air flow with a 

heating rate of 10 ℃/min. A scanning electron microscopy (SEM) system was 

employed. UV-visible diffuse spectra of these samples were obtained from a JASCO 

V670 UV-vis spectrophotometer, and BaSO4 was used as the reference. The 

photoluminescence (PL) spectra of the photocatalysts were studied on a Varian Eclipse 

spectrometer instrument, and wavelength was set up at 300 nm. 

5.2.4 Catalyst activity test 

5.2.4.1 Photocatalytic decomposition of MB 

The photocatalytic decomposition of methylene blue (MB) was used to evaluate the 

photocatalytic efficiency of these composites under UV-visible light irradiations. The 

light irradiation was provided by a 300 W Newport Oriel Universal Xenon arc lamp. 

The reactions of photodegradation were carried out in a stable temperature (25 ℃) with 

a 1 L double-jacket reactor and a water bath to control the temperature. Firstly, 10 mg 

of GCN/SWCNTs was dispersed into 200 mL of MB solution (10 ppm). In order to 

achieve in sorption equilibrium, the reaction system was kept in dark for 30 min, 

afterwards, the light was switched on. Each 4 mL sample solution was taken at each 

time interval during the whole process of photoreaction. The sample solution was 

centrifuged for 20 min by a typical centrifuge machine with 7500 rpm. At last, a UV-

visible spectrophotometer (λ = 664 nm) was employed to analyze the centrifuged 

sample solution. 

5.2.4.2 Photoelectrochemical activity test 

Photoelectrochemical activity tests were conducted on an electrochemical workstation 

(Zahner Zennium) and 0 V voltage was applied. A traditional three-electrode cell 

system was employed, including the counter electrode (Pt wireless), a reference 

electrode (Ag/AgCl) and a working electrode. The working electrode was prepared by 

the 0.1 g g-C3N4/0.05 g SWCNTs which was coated on a piece of F-doped tin oxide 

(FTO) glass. The working electrode was prepared via the same way as described in 

Chapter 4 (refer to 4.2.4.2). Na2SO4 solution at 0.2 mol/L (PH=6.8) was used as the 

electrolyte [22]. 
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5.3 Results and discussion 
5.3.1 Characterization of samples 

5.3.1.1 XRD studies 
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Fig. 5.1 XRD patterns of g-C3N4 and g-C3N4/SWCNTs. 

Fig. 5.1 shows XRD patterns of pristine g-C3N4 and composites g-C3N4/SWCNTs. 

Only g-C3N4 shows two peaks around at 13.0 and 27.4o, which are corresponding to the 

crystalline structures of pristine g-C3N4 [23]. On these hybrid photocatalysts, only one 

peak was observed around 27.5-28o which is similar to the composites g-

C3N4/Nanodiamonds as discussed in Chapter 4. Due to the low amount of SWCNTs, 

no peaks associated with them were observed. 

5.3.1.2 Thermal analysis 

Fig. 5.2 indicated the TGA and DSC profiles of pristine g-C3N4, g-C3N4-DMF and 0.1 

g g-C3N4/0.05 g SWCNTs. The pristine g-C3N4 demonstrated the highest stability up 

to 600 oC. As confirmed in Chapter 4, DMF treatment decreased the thermal stability 

in air and weight loss starts at around 300 oC. Further introduction of SWCNTs made 
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the weight loss occur a bit earlier. DSC curves in Fig. 5.2 show that the weight loss was 

due to the decomposition of the polymeric material in air. 
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Fig. 5.2 TGA (a) and DSC (b) profiles of g-C3N4, g-C3N4-DMF and 0.1g g-C3N4/0.05 

g SWCNTs. 
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5.3.1.3 Nitrogen isotherms 

Table 5.1 Specific surface area (SSA) of g-C3N4, g-C3N4-DMF and g-C3N4/SWCNTs 

                            Catalyst                                                 SSA (m2/g) 

                            g-C3N4-P                                                      13      

                           g-C3N4-DMF                                                 19                       

             0.1 g g-C3N4/0.05 g SWCNTs                                   175 

Table 5.1 shows the SSA of pristine g-C3N4, g-C3N4-DMF and 0.1 g g-C3N4/0.05 g 

SWCNTs. As expected, the SSA of GCN/SWCNTs was increased significantly to be 

more than 10 times of pristine g-C3N4. This is because that SWCNTs have a large SSA 

[19]. From Fig. 5.3 (a), it can be seen clearly that the nitrogen adsorption capacity of 

0.1 g g-C3N4/0.05 g SWCNTs was higher than g-C3N4 and g-C3N4-DMF. In Fig. 5.4 

(b), it was found that the pore size of composites was larger than pristine g-C3N4.  
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Fig. 5.3 (a) nitrogen sorption distribution, and (b) pore size distribution 

5.3.1.4 SEM images 

 

(a) 
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(b) 

 

(c) 

Fig. 5.4 SEM images of (a) g-C3N4, (b) g-C3N4-DMF, and (c) 0.1 g g-C3N4/0.05 g 

SWCNTs. 
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SEM was used to study the morphology of pristine g-C3N4, g-C3N4-DMF and 0.1 g g-

C3N4/0.05 g SWCNTs. Fig. 5.4 (a) showed a bulk structure of pristine g-C3N4. 

Compared with pristine g-C3N4 in Fig. 5.4 (a), a more porous structure of g-C3N4-DMF 

was obtained after the process of solvothermal treatment in DMF as shown in Fig. 5.4 

(b). From Fig. 5.4(c), it can be found that SWCNTs indicated a close interaction with 

particles of g-C3N4. We also found that the surfaces of SWCNTs and g-C3N4 were more 

porous, indicating that these two materials were corroded by DMF under temperature 

of 150 ℃. 

5.3.1.5 UV-vis diffuse reflectance spectra (DRS)  
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Fig. 5.5 UV-vis DRS of g-C3N4, g-C3N4-DMF and 0.1 g g-C3N4/0.05 g SWCNTs. 

Fig. 5.5 demonstrated the UV-vis DRS of pristine g-C3N4 and g-C3N4 composites. G-

C3N4 indicated an absorption at around 460 nm which results in  a band gap energy of 

2.69 eV. This band gap energy is close to the previous reported value[24]. While 0.1 g 

g-C3N4/0.05 g SWCNTs showed significant red-shift and demonstrated response to full 

visible light range with extending to IR. The improved optical property of the hybrid 

photocatalyst might promise an enhanced visible light photocatalysis. 
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5.3.1.6 Photoluminescence spectra (PL)  

Fig. 5.6 presented the PL spectra of pristine g-C3N4 and g-C3N4 composites. 

Comparing the three samples, 0.1 g g-C3N4/0.05 g SWCNTs demonstrated the lowest 

intensity of photoluminescence, indicating a low recombination of carriers and a high 

photocatalytic efficiency [2]. The low recombination of the photoinduced electron/hole 

pairs might lead to a higher photocatalysis than pristine and DMF modified g-C3N4. 
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Fig. 5.6 PL spectra of g-C3N4, g-C3N4-DMF and 0.1 g g-C3N4/0.05 g SWCNTs. 

5.3.2 Catalytic activity tests 

5.3.2.1 Photodegradation of MB solutions 

The photocatalytic activities of the pristine g-C3N4 and g-C3N4/SWCNTs were 

investigated in MB solutions under UV-vis light source, and the results were depicted 

in Fig. 5.7. It can be seen that 0.1 g g-C3N4/0.1 g SWCNTs had the highest efficiency 

of absorption in dark because it had the largest SSA. Comparing with all of these 

samples, the composite of 0.1g g-C3N4/0.05 g SWCNTs not only demonstrated the 

excellent absorptive capacity but also presented the highest photocatalytic activity. 
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More than 50% of MB was removed by 0.1g g-C3N4/0.05 g SWCNTs at a dosage of 

0.05 g/L in 210 min while MB was hardly photodegraded by pristine g-C3N4 during the 

same reaction conditions though pristine g-C3N4 had been a notable metal-free 

photocatalyst [2, 5, 23]. To be concluded, the photocatalytic efficiency of composite 

based on g-C3N4 was improved dramatically.  
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Fig. 5.7 Photodegradation of MB solutions (catalyst: 0.05 g/L, MB initial concentration: 

10 ppm) 

5.3.2.2 Photoelectrochemical performance evaluation 

Fig. 5.8 presented the photoelectrochemical efficiencies of the pristine g-C3N4,  g-C3N4-

DMF and 0.1 g g-C3N4/0.05 g SWCNTs. Compared to the pristine g-C3N4 and g-C3N4-

DMF, the hybrid photocatalyst of 0.1 g g-C3N4/0.05 g SWCNTs showed the larger 

stable gap of transient photocurrent densities during the circles of light on and off. 

Interestingly, 0.1 g g-C3N4/0.05 g SWCNTs demonstrated the opposite corresponding 

photocurrent, indicating the delay in generation of photocurrent. However, it still can 

be considered that the composite of 0.1 g g-C3N4/0.05 g SWCNTs had the highest 

photoelectrochemical activity due to the strongest density. 
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Fig. 5.8 Transient photocurrent densities of samples at 0 V voltage. 

5.4 Conclusions 
In conclusion, g-C3N4/SWCNTs hybrids were synthesized by a simple solvothermal 

method. Compared to the efficiencies of photodegradation of MB solutions under UV-

vis light irradiations, 0.1 g g-C3N4/0.05 g SWCNTs exhibited an excellent 

photocatalytic activity. In addition, the composite of 0.1 g g-C3N4/0.05 g SWCNTs also 

presented the potential applications in photoelectrochemical field. This study proposes 

a feasible strategy to develop a new metal-free photocatalyst based on graphitic carbon 

nitride. 
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6 

 
Chapter 6: Conclusions and Perspective 
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6.1 Concluding remarks 
The main objective of this research is to develop new metal-free, carbonaceous 

photocatalysts based on graphitic carbon nitride (g-C3N4) for photocatalysis and 

photoelectrochemical applications. A series of g-C3N4 photocatalysts were prepared 

using different ratios of pure and mixed precursors via a simple thermal condensation 

method. In order to enhance the photocatalytic activity of g-C3N4, two carbonaceous 

materials, nanodiamonds and SWCNTs, were applied to hybridize with pristine g-C3N4 

in DMF via a solvothermal route. Compared to the pristine g-C3N4, the activities of 

hybrid photocatalysts were greatly improved. The photocatalytic performances of all 

the samples were examined in photodegradation of aqueous MB or SCP solutions, and 

the UV-vis light was provided by a 300 W Newport Oriel Universal Xenon arc lamp. 

Furthermore, the photoelectrochemical performances of the composites were also 

studied on an electrochemical workstation using a traditional three-electrode system. In 

sum, two types of novel metal-free photocatalysts, the composites of g-

C3N4/Nanodiamonds and g-C3N4/SWCNTs were delivered by this study. 

6.1.1 Effects of different precursors on the photocatalysis of g-C3N4  

Various precursors were used to synthesize graphitic carbon nitride, including 

melamine, urea, thiourea and D-glucose. A simple thermal condensation method was 

employed. It was found that the graphitic carbon nitride obtained from the precursor of 

pure melamine exhibited an excellent thermal stability and high photocatalytic activity 

by a series of characterizations and photocatalytic reactions. 

6.1.2 Effect of DMF on surface modification of g-C3N4  

DMF was used as the functional medium to promote the solvothermal reaction to 

proceed smoothly between nanocarbons and graphitic carbon nitride. Comparing SEM 

images of pristine g-C3N4 and g-C3N4-DMF, it was found that g-C3N4-DMF exhibited 

more porous surfaces. Therefore, it was supposed that the surfaces of graphitic carbon 

nitride were modified by DMF to increase the specific surface areas. As a result, the 

surfaces of graphitic carbon nitride composites were modified with porous structures 

for enlarged surface areas. 
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6.1.3 Effects of nanocarbons on the physiochemical properties of g-C3N4  

In this study, nanodiamonds and SWCNTs were employed to modify graphitic carbon 

nitride. After synthesis with the graphitic carbon nitride, the obtained composites still 

remained the metal-free merit due to the nature of the carbonaceous materials, 

nanodiamonds and SWCNTs. While compared to the pristine graphitic carbon nitride, 

the composites presented a higher performance in photocatalysis and 

photoelectrochemistry. 

 

6.2 Perspectives 
Photocatalysis, as a green and sustainable technology, has been widely studied by 

researchers. The key factor is to develop the effective photocatalysts especially with 

visible light response. Currently, metal oxide photocatalysts have been intensively 

applied. Compared to metal oxide photocatalysts, metal-free photocatalysts present 

more advantages, such as environmentally and ecosystem-friendly. However, the 

metal-free photocatalysts are suffering from low efficiency. Future study needs to focus 

on development of some effective novel metal-free photocatalysts based on graphitic 

carbon nitride to remove organic pollutants from water under UV-vis light irradiations 

as well as to convert and store solar energy.  

Our results demonstrated a feasible strategy to obtain green, metal-free photocatalysts 

via surface modification and hybridization of graphitic carbon nitride. Based on this 

study, a variety of new metal-free photocatalysts may be discovered. 

This study focused on investigation of the photodegradation of organic pollutants in 

aqueous solutions and potential photoelectrochemical applications using these prepared 

photocatalysts. In the future work, these photocatalysts may be applied in water 

splitting for hydrogen production, CO2 reduction, and water oxidation. 
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